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PREFACE

Tre Ciba Foundation is an international centre, established
as an educational and scientific chamty under the laws of
England. It owes 1its inception and support to 1ts founder,
Ciba Limited of Switzerland, but 1s adminstered exclusively
by its distinguished Trustees.

As one part of the Foundation’s activities, informal sym-
posia or colloquia, strictly hmited 1n membership, are
arranged, to which leading research workers from different
countries and different disciplines are mvited. As the small-
ness of the group necessarily excludes many others active and
interested i the subjects discussed, the proceedings are being
published and made available throughout the world.

“The Preservation and Transplantation of Normal Tassues”
represents fully the papers and discussions of a symposium
which owed 1ts inception laigely to Dr. A. S. Parkes, to whom,
and also to Prof P. B Medawar, the Director of the Founda-
tion is much indebted for advice From the enthusiastic
response of the members and the widespread interest taken
in reports of the conference i Nature and Science, the
subject appears to have been both timely and fascinating.
This opportune meeting of research workers i such diverse
subjects as biology, biophysics, surgery, pathology, immun-
ology, blood transfusion, tissue culture, reproductive physi-
ology and ophthalmology brought out much information
about and many references to work in various parts of the
world not readily available to those in any one country or
field Apart from supplymng such mformation 1t 1s hoped
that this volume will give to all readers a sense of participation
mn this mformal and friendly occasion.

Those who apply the research work referred to here m
general or eye surgery, human endocrinology and fertility,

v
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stockbreeding or in the admmistrative support of such work,
will share with the research workers the need to study the
wider significances of the increasing ability mn human beings
to replace tissues and organs and to secure the “immortality”

of reproductive cells.
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GENERAL PROBLEMS OF IMMUNITY

P. B. MEDAWAR

Tissug transplantation immunity 1s too large and complex
a subject to be summarized even with telegraphic brevity
within the time at my disposal. I shall therefore speak only
of skin homografts, and more narrowly stall, of skin homo-
grafts transplanted “orthotopically”’—that 1s, into positions
formerly occupied by skin. This 1s an expedient choice for
the following reason. orthotopic skin homografts are the most
exacting of all mn their immunological and genetical require-
ments Many other tissues are easier to graft homoplastically,
and many other positions are easter to graft into. ‘“Easiness”
is not a very rigorous concept, all 1t implies is that homografts
of tumours, endocrme glands, cartilage, etc may survive under
circumstances 1 which skin homografts manmfestly do not,
and conversely, that many positions into which skin might be
transplanted (into the bramn or cornea, for example) are much
more hospitable to homografts than skinitself. A wholebattery
of qualifications must therefore be taken mmto account before
what 1s said of skin homografts transplanted into skin can
be held to apply to other tissues grafted into other positions.
These qualifying clauses are all of the nature of special
dispensations from the full rigours of transplantation 1m-
mumty If skin homografts can be made to succeed, their
hosts are most unlikely to raise immunological objections to
the grafting of other tissues

A second restriction of subject matter I shall be dealing
with grafts so small in proportion to the sizes of their hosts
that reactions of graft against host, such as we are warned
about by Dempster’s recent work, may be neglected (One
proof that graft-against-host reactions are indeed neghgible
1s the acceptance by ¥, mice of grafts transplanted from

1



2 P. B. MEpawar

members of either of their parental inbred strains: in such a
situation the graft 1s at least genctically qualified to react
against its host, a fact wlich might be kept in mind m
appraising Barrett’s work on antigenie transformations—see
below)

In spite of these self-restrictions, much must still be left
unsaid. Itis perhaps just excusable to leave aside the genetical
theory of tissue transplantation, for this is relatively un-
controversial, and has mn any case been the subject of excellent
contemporary reviews (Hauschka, 1952; Snell, 1952)

Biological ‘‘Laws’’ of Transplantation.

The quantitative analysis of skin transplantation immunity
must be founded upon some measurement of the intensity of
the “homograft reaction” Such a measurement 1s the length
of time for which the grafted tissue survives its transplanta-
tion: the shorter the time, the more violent the reaction.
One can get a rough 1dea of the survival time of a skin homo-
graft by merely watching the transition from sound healing
to abject necrosis, but such appearances may be ghly
misleading. The accurate measurement of survival times
has been described elsewhere (Medawar, 1944, 1945): 1t 15
exactly analogous to the computation of LDg’s by the
toxicologist, and the estimate 1t affords 1s of the median
survival time (M S T.), 1 e. the time after grafting at which
tissue breakdown is just complete 1n the grafts carried by
50 per cent of the experimental subjects.

By such means, and after standardization of the variables
discussed below, we have found that skin homografts survive
for the same lengths of time in males and in virgin or non-
pregnant females, and over the age-interval from puberty to
full growth and somewhat beyond The following data give
some 1dea of the fempo of the reaction cheited by shin
homografts.

The original sources should be consulted for details of graft
dosage (roughly comparable in all the ammals mentioned
except eattle) and operative procedures. Chmeal evidence,
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4 P. B. Mepawar

though much of 1t relates to stressed patients, suggests that
skin homografts in man Iive somewhat longer than these
figures would incline one to predict.

Before discussing the variables that influence the homograft
reaction, it should be made clear that its onset 1s preceded by
a latent period during which homografts are indistingmishable
from autografts transplanted in surgically cquivalent ways.
They heal into place (“‘take”) just as securely, they are as
quickly and as richly vascularized, and, if the reaction 1s
delayed long enough, they undergo the same cycle of reparative
hyperplasia and differentiation of hawrs and glands. (Sco-
thorne and MeGregor’s careful work (1953) shows that doubts
which have lately arisen about the adequacy of the vas-
cularization of homografts are not well founded ) The
existence of a latent period shows that there is no “natural”
immumty to skin homografts in the sense in which a recipient
of blood group A can be said to be naturally immune to red
cells transfused from a donor of group B3

Other things being equal, the survival time of homografts
varies mversely with the quantity of skin that 1s grafted
the larger the amount grafted, the shorter is 1ts expectation
of life.* The dosage effect 1s weak, and, so far as skin 1s
concerned, of altogether minor clinical importance, in rabbits,
for example, a reduction of the imtial graft dosage to one-
cighth increases the median survival time by only about
one half. The dosage phenomenon made 1t possible to show
that the homograft reaction 1s “‘systemic”, 1¢. 1s a visitation
upon the graft of a state of intolerance which, once called
mto being, comes mto force with equal vigour over the entire
skin surface and possibly 1n any position in wlich grafts arc
as quickly vascularized as they are in skin, For if a mmute
graft 1s transplanted to, say, a rabbit’s foot al the same

*The dosage effect is only hnown to obtamn when grafts are transplanted
sn different dosages to the same Ivinphatic “basin®  Two grafts transplanted
to the territory draned by o single set of nodes have o shorter expeetation
of life than one, but it 15 not hnown (and may he doubtad) whether they would
have o <horter expeetation of life when transplanted, for example, to opposite
sides of the body
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time as a large assembly 1s grafted to the chest, all the grafts
break down simultaneously and with inflammatory and
degenerative reactions of mdistinguishable severity. Were
local mfluences predominant, the small 1solated graft should
have outhved those transplanted 1n hugher dosage elsewhere.
Indeed, all skin homografts orthotopically transplanted on a
smgle occasion from a single donor to a single recipient
break down simultaneously, so that (faults of healing apart)
any one graft 1s representative of the entire population But
grafts transplanted to a smgle recipient from genetically
diverse donors survive for very different lengths of time
(Medawar, 1945, Longmire, Stone, Daniel and Goon, 1947;
Dempster and Lennox, 1951). Such grafts do not behave
quite independently, of course; for to whatever degree they
share antigens in common they must co-operate in bringing
about their downfall. ’

Exposure to and recovery from an “attack’™ of foreign
skin leaves 1ts recipient 1n a specially refractory or intolerant
state. It 1s true of rabbits, mice (Billingham, Brent, and
Medawar, unpub.), cattle (Billingham, Lampkin, Medawar
and Wilhams, 1952), guinea-pigs (Sparrow, 19538) and human
bemngs (cf. Gibson and Medawar, 1943; Longmire and Smth,
1951) that skin grafts transplanted to an animal which has
already received and reacted agamnst grafts from the same
source are the vietims of an accelerated homograft reaction.
Blood vessels break down prematurely, reparative hyper-
plasia 1s subdued, and survival time 1s curtailed. Y no longer
beheve that mhibition of mitosis (Medawar, 19484) in such
“second set” skin homografts 1s anything but a secondary
consequence of vascular deprivation most of the distinctive
histological appearances of second-set grafts become ntel-
higible if we assume that the reaction between graft and
immunized host first takes effect between graft and graft
bed. In first-set grafts, by contrast, the battl

) , eground 1s
within the graft, for 1t does not take effect unti the graft
has been thoroughly permeated by blood vessels.

It should go wthout saying that heightened resistance or

NORMAL TISSUES
2



6 P. B. Mepawar

acquired immumty does not necessarily visit itself upon
grafts from a donor other than that which was responsible
for the preparatory immunization.

The mechanism of the immunological response

That intolerance of homoplastic grafts belongs to the
general category of “actively gcquired immunity reactions”
1s now no longer i doubt; it 1s, indeed, a classification which,
in so general a form, has for some time ceased to be illuminat-
ing. What sort of reaction is 1t, or 1s 1t most nearly kin to?
The answer must surely be that 1t 15 an immunity reaction
sui geners, with 1ts own distinetive combnation of proper-
ties. Nevertheless, 1t could hardly fail to be more hike some
mmunity reactions than others, and the following summary
of 1ts properties may help us to arrive at a finer classification.

(a) Antibodies. The perhaps naive expectation that homo-
grafts would eheit the formation of cytotoxic antibodies
demonstrable 4n vitro has not been fulfilled (Medawar, 1948),
even 1n the lughly sensitive test-system devised by Allgower,
Blocker and Engley (1952); for example, phagocytosis by a
donor’s leucocytes wn vitro 1s unaffected by mcubation in a
putatively immune serum, even when the leucocytes are
outnumbered by lymphoeytes from the draining lymph
nodes of the immunized host (Sparrow, unpub.). If cytotoxic
antibodies demonstrable @ vitro really do emist they are
remarkably reluctant to reveal themsclves. However, Gorer
(1942) working on leukeemic cells i mice, and now Billingham
and Sparrow (1953) using dissoclated epidermal cells in
rabbits, have shown that serum immune bodies are present
which, applied in wvitro, prejudice the survival of the donor’s
cells when transplanted to susceptible hosts. Gorer (1987,
1947, 1950) has also shown that red cells in mice share antigens
in common with the genetically defined “histocompatibility”
antigens of certain tumours, the corresponding antibodics are
particularly well revealed by hemagglutination reactions
mn high protein media, Such a commumty of antigens has yet
to be demonstrated in rabbits, guinca-pigs and man
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(b) Inflammation. It 1s characteristic of the homograft
reaction that tissue breakdown 1s accompanied by widespread
inflammatory destruction not only of the foreign cells of the
graft but also of the cells that have contributed to the forma-
tion of its stroma ‘‘Round cells” form so high a proportion
of the mvading leucocyte population as to have dominated the
thoughts of most earlier students of transplantation immunity
The most careful studies (Darcy, 1952) have, however, failed
to reveal any causal connexion between lymphocytic nfiltra-
tion and tissue breakdowh; the role of the plasma cell 1s still
sub judice. More recently, Rogers, Converse, Taylor and
Campbell (unpub ) have found evidence that the eosinophil 1s
also a participant in the skin homograft reaction 1 human
beings

(c) The passive transfer of immunity. Until very re-
cently, the passive transfer of transplantation immumty had
not been satisfactorily demonstrated i practice, mainly
because, even 1n theory, 1t is demonstrable only in the
following way An animal 1s grafted with tissue from a geneti-
cally foreign donor, and the graft 1s mm due course destroyed.
Serum, tissue or tissue extracts from this actively immunized
primary host may now be transferred to a second animal
1sogenic with 1t. This second animal 1s now challenged with
a graft from the origmal donor, or from an anmmal 1sogenic
with the donor. If immunity—ie heightened resistance—
has been transferred, then the test graft will ive for a shorter
time 1 the second host than 1n the first, the second host will
behave as 1f 1t had 1tself been actively immunized by an earlier
grafting. Any departure from this genetical design may
vitiate the test, conformance with the design does not of
course guarantee its vahdity, for the inadvertent transfer
of surviving donor cells from the primary host might com-
pletely undermine 1t

With these principles and safeguards mm mind, Mitchison
(19584, b) has now shown that enhanced resistance to certain
tumour homografts i mice may be passively transferred to
secondary hosts by lymph node cells, but not by serum or
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colostrum  (Presumably the draining lymph node hes on
the anatomical pathway of the host’s response, for Mitchison
found-that immumity was transferred by the draining nodes,
but not by the contralateral nodes, after the implantation
of his tumour grafts mto only one side of the primary host).

(d) The route of immunization. Little is known of the
efficacy of the several routes of immumzation, but Medawar
(1946) found that the heightened resistance against skin
homografts conferred by a prior “grafting” of their recipient
with leucocytes from their donor was at least eighteen times
more effective (on a dosage basis) when the lencocytes were
injected intradermally than when they were intravenously
transfused N

{e) Response to pharmacologically active compounds.
The homograft reaction 1s subdued by cortisone (sce below)
but is not significantly affected by anti-histamimie drugs such
as phenergan (Sparrow, unpub.; Woodruff and Boswell,
unpub ) or neo-antergan (Marconi, 1950).

Thus constellation of propertics—the combimation of violent
mflammatory necrosis wn viwo with the harmlessness of
“immune” sera in vilro, the passive transfer of heightened
resistance by cells but not by serum, the superionity of the
mtradermal over the intravenous route of immunization;
the susceptibility of the reaction to cortisone bhut not to
antilistamines, the partiaipation of the lymphocyte and
perhaps the eosmophil—pomts unnustakably to membership
of that subgroup of immunological reactions of which tuber-
culin sensitivity (see Burnet and Fenner, 1949) and sensibizn-
tion to simple chemical compounds are also members
Mitchison has argued for a formal analogy between tissue
transplantation immunity and sensitization to simple chemieal
compounds (such as the mitrogen and chlorine substitution
products of benzene and its homologues) These compounds,
it 1s widely thought, act by combming with and conferring
immunological activity upon native tissue proteins. It may
be that *histocompatinhty” antigens differ from each other
in an analogous kind of way, 1 ¢ that the tissue mgredients
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of different individuals are similar in their protemn moieties
and differ only 1n therr immunologically active side-groupings.

If this general interpretation 1s correct, 1t should follow that
tissue destruction 1s due to a ‘“non-specific’”’ inflammatory
upheaval mmmediately consequent upon a specific antigen-
antibody reaction which 1s mn 1tself mnocuous There 1s nothing
paradoxical about such a situation, for 1t 1s paralleled by,
for example, the Arthus reaction. The Arthus reaction is
specific 1n the sense that tissue destruction 1s conditional upon
the meeting of an antigen with 1ts homologous antibody within
the tissues; 1t 1s non-specific 1n the subordinate sense that the
same type of tissue destruction, no doubt mediated by the
same vascular-inflammatory mechanisms, 1s touched off by a
great vanety of different antigen-antibody unions With this
type of analogy m mind, it need no longer be thought sur-
prising that cytotoxic antibodies are not demonstrable by
merely confronting donors’ cells with immune sera in vitro

The antigenic stimulus; antigenic transformations.

Lattle 1s known of the antigemic stimulus Gorer’s work
on the sharmg of serologically (and genetically) defined
antigens between erythrocytes and tumour cells in mice has
already been cited. Beyond this, there 1s abundant evidence
of a widespread overlapping of the antigenic constitutions of
the several tissues and organs of the individual body. All
such evidence has taken the form of showing that the trans-
plantation of a tissue A prejudices the survival of a tissue B
when grafted from the same donor* to the same recipient on
a later occasion Experiments of this sort are competent to
reveal antigenic similarities, unfortunately, the differences
are much more interesting and important, and their analysis
awaits the detailed labelling of antigens either by genetical
or serological methods, and preferably, as in Gorer’s work,
by both

Preconceptions founded upon the earhiest work with

*Here and elsewhere, “the "
X same donor” can always be taken to mean *th
same donor or ammals 1s0genic with 1t” Y the
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transplanted tumours have given rise to the impression
that only hiving cells, or cells which maintamn their integrity
of orgamzation in some 1ll-defined way, can confer immumty
—1.e can protect resistant hosts aganst the transient growth
of tumour homografts that normally occurs in the period of
grace before the onset of actively acquired immumty. Cer-
tainly Darcy and I (unpub.) found no convincing evidence
that immunity to skin homografts in rabbits could be pro-
voked by tissue, which, of proved efficacy when alive, had been
killed m a variety of different ways immediately before
mmplantation (e g. by freezing and thawing, treatment with
0 0Im formaldehyde or 1 100,000 proflavine, incubating
in etherized serum, or heating to 50 0°C.) Barrett, Hensen,
and Spilman (1951) found that a protection agamst tumour
homografts which could be elicited by the cells in defibrinated
blood was lost after physical treatments that would cause
hemolysis  Yet a wealth of evidence (reviewed by Snell,
1952) shows that the growth of tumour homografts may be
profoundly influenced by a preparatory treatment of ther
hosts with a variety of lyophiized tissues Some such treat-
ments enhance the growth of tumours, others retard 1t. I do
not feel that the time 1s yet ripe for an appraisal of this evi-
dence, 1 spite of 1ts potential importance, for much has yet
to be learnt of the immunological specificity of the reactions
This is a field of research in which one particularly needs
accurate computations of survival times of homografts of
normal tissues, for tumours seem to need comparatively httle
encouragement before they grow in genetically alien soil,
and may therefore exaggerate the efficacy of treatments
designed to promote their well-bemng

It 15 a matter of fundamental biological importance to
determine whether somatic cells, Paramecium-like (Sonne-
born, 1950) or otherwise, can “‘adapt” themselves to an alien
environment by altering their antigenic constitutions 1n
response to the prevaihng immunological forces Losses of
antigenic specificity 1 long-transplanted tumours are not
uncommon, they have been thought to be mutations, but
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Gorer (1948) pomts out that they may be due to reshuffhngs
of the antigenic constitution, the apparent loss of one antigen
bemng merely a temporary withdrawal in the face of competi-
tion from another. Analogous constitutional readjustments
occur 1n bacteria 1n the course of tramning, and, as with bac-
terta, both adaptation and selection of mutants may well
take place during the propagation of tumour clones (see
Hauschka, 1952) Barrett and Dermger’s work (1950, 1952)
makes 1t almost certain that mutation and differential
survival cannot be the whole story, for even a single passage
through the F, generation of a cross between mnbred strains
may cause a profound and enduring change in the accept-
ability of a stram-specific tumour to the ¥, or backcross
progeny. The whole theory of antigenie transformations
should stand high on the agenda of future researches on
transplantation immumty.

The prolongation of the life of homografts

It1s a truism to say that the hifetime of a homograft can be
prolonged by treatments which lower either the resistance of
the host or the antigenic propensities of the graft. Only
treatments of the former class will be considered mn this
paper, and of these, only the three with which my colleagues
and I are most familiar (a) the action of adrenal hormones;
(b) the effect of pregnancy; and (c) the effect of the pre-
emptive exposure of animals to foreign cells in feetal life.,

(a) The action of adrenal hormones. It 1s of some
theoretical importance that in the homograft reaction we
have an immunological process that 1s sensitive to the action
of certain adrenal cortical hormones To begin with rabbits-
the survival of skin homografts exchanged between rabbits
chosen for the maximal genetic disstmilarity 1s trebled or
quadrupled by the subcutaneous administration of 10 mg.
cortisone acetate per day (Billingham, Krohn and Medawar,
1951a; cf Morgan, 1951) Cortisone acts locally as well as
systemically (Bilhngham, Krohn and Medawar, 1951b), for
the mere inunction of homografts with 5 mg. cortisone acetate
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crystals 1n watery suspension every third day at least doubles
their survival time, so small a dose 1s barely effective when
administered systemically. Its action i1s primarly to retard
the development of immumnity, for if the immune state has
already been provoked by an earher grafting, cortisone 1s
almost powerless to hold its effects at bay.

Krohn (unpub ) finds that Compound F (Hydrocortisone)
18 about as effective as cortisone, but that injections of
deoxycorticosterone, progesterone, androgen and cestrogen do
not prolong the hfetime of homografts. (That 1s not to say
that they are wmithout effect a curtailment of hfe would not
have been revealed by experiments of this particular design).
The power to retard the development of transplantation
mmmuuty 1s therefore, not unexpectedly, a property of those
sterood hormones (‘“‘gluco-corticoids” in one scheme of
classification) which have the power to depress the prolifera-
tion and general physiological activity of the cells of mesen-
chymal tissues, the family to which antibody-forming cells
undoubtedly belong

Except under special circumstances that have yet to be
fully defined, the administration of ACTH does not prolong
the hifetime of skin homografts in rabbits (Krohn, unpub.);
nor does 1t 1 chicks, though chick homografts respond to
cortisone (Cannon and Longmire, 1952) In guinea-pigs
(Sparrow, 1958 and unpub.) the converse situation obtains
Homografts 1n guinea-pigs are most insensitive to the action
of cortisone, for, 1n comparison with rabbits, about twice the
absolute daily dose 1s needed to achieve half the effect ACTH
administered m a slow-absorption medum in a dose of
12} mg./day 1s, however, lighly effective. Homografts
mice are sensitive to cortisone 1n systemic doses of 0 5
mg./day; a dose of 1 mg [day may actually curtail the hife
of homografts by causing therr ischemic mummification;
therr sensitivity to ACTH 1s not yet known. I know of no
evidence that could support a confident inference about the
effect of cortisone and ACTH on skin homografts in human
bemngs. We still await the results of a number of careful
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chinical trials of, say, the regular local apphecation of cortisone
as the free alcohol m a hipoid ointment base to a small sheet
of “split-thickness” skin homograft which has been allowed
three days, but not longer, to heal into place before the local
administration begins. It 1s of crucial importance that
cortisone should be apphed to all the homografted skin upon
the experimental subject, homografts left untreated provoke
a concomitant immunization, the effects of which cortisone
1s unable to circumvent (Billingham et al , 1951b).

The principal mmportance of the work whose beginnings
have just been summarzed 1s 1ts promise of discovering
ground common to endocrinology and immunology—terri-
tores at present separated not so much by an iron curtain as
by a wet blanket Immunologists should become aware of
the fact that the homograft reaction, whatever its narrowly
serological shortcomings, is a constantly reproducible, rapid,
conspicuous, and regular reaction with the perhaps umque
property of bemg harmless to its “victim”, 1 e the host We
therefore hope to persevere with the problem of the relation-
ship between steroid hormonal activity and immunological
response, regardless of whether or not its chinical promise 1s
fulfilled.

(b) The effect of pregnancy. It has already been said
that, other things being equal, homografts live for the same
length of time on males and virgmm or non-pregnant females
Krohn, Heslop and Sparrow (unpub ) find that homografts
transplanted to female rabbits on about the twenty-second
day of pregnancy (but not at the twelfth day, or after parturi-
tion) enjoy a 50-100 per cent prolongation of life Since the
admimnistration of cortisone prolongs the life of homografts on
rabbits, this may well be a symptom of an enhanced secretion
of cortisone-like steroids during pregnancy, whether from the
hypertrophied maternal adrenals, the ovary, the feetal
adrenals, or (not iconceivably, though evidence for 1t 1s
lacking) from the placenta. It has yet to be determined
whether or not this prolongation of hife 1s of adaptive signifi-
cance Billingham et al , (1951b) suggested that the enhanced
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secretion of cortisone-like steroids during pregnancy might i
some degree protect the foetus, gud tissue homograft, agamnst
the theoretically ever-present danger of immumzing the
mother with consequences harmful or even fatal to itself—an
idea developed at length by Medawar (1958) with the analogy
of Rh-immumzation 1n mind

Sparrow and I are attempting to reproduce this result mn
mice, for although their short gestation period makes them
rather unsuitable for the purpose, experiments on mice have
the great advantage of being susceptible of exact genetical
control The experiments on rabbits were carried out upon
does m an immunologically “heterospecific’’ pregnancy, 1.e.
upon does pregnant by bucks genetically disstmilar to
themselves The graft donors may well have shared antigens
in common with those present in the feetal tissue 1t 1s not
inconcervable, therefore, that the modest prolongation of the
Iife of homografts in pregnant rabbits was due to the absorp-
tion by feetal tissue of some of the antibodies directed agaimst
the tissues of the grafts. Such a mechanism should be no less
effective 1n pre-immunized does—does that on some earher
occasion had reacted against grafts from the same donor—
than 1n does receiving homografts for the first time during
pregnancy. Heslop, Krohn and Sparrow find, however, that
the hifetime of homografts 1s not prolonged during the preg-
nancy of does that are already immune, a fact which brings
the effect of pregnancy into hine with that caused by the
adminmistration of cortisone, and which tells agamnst our
immunological misgivings  With mice, of course, these
misgivings can easily be set at rest. one may distinguish
the effects of pregnancy by a male mouse 1sogenic with the
female on the one hand, and 1sogemc with the graft donor
on the other. A prolongation of life brought about by preg-
nancy as such should be no less effective mn the former
situation than 1n the latter

(c) Exposure to foreign cells in foetal life: ‘‘actively
acquired tolerance’’. Billingham, Brent and I are in the
midst of an mvestigation of the mechamsm by which adult
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animals may become tolerant of foreign cells to which they
have been exposed 1n feetal ife®.

It 1s well known that embryos are tolerant of foreign, even
of “xenoplastic”, grafts, and much of experimental embryology
owes 1ts existence to this dispensation; 1t 1s less well known
that foreign cells introduced mnto embryos may hive on to
adult hfe, though their host would certainly have rejected
them 1if exposure had been delayed until shortly after birth.
The most recent demonstration of this general theorem 1s that
of Weiss and Andres (1952), who 1noculated chick embryos
with melanocytes from chicks of a different strain; but the
most mteresting, from our pomt of view, 1s Owen’s.

Owen (1945; and see Owen, Davis and Morgan, 1946,
Stone, Stormont and Irwin, 1952) found that the majority of
dizygotic cattle twins were born with red blood cells of
dizygotic origin, each contained the red blood cells genetically
appropriate to 1tself mixed with a proportion of those belong-
g by night of ancestry to 1ts twin It has long been known
that cattle twins are synchorial, and it need not therefore be
doubted that the feetuses exchanged red cell precursors, and
perhaps other cells as well, 1n an exchange transfusion made
possible by the confluence of their blood vessels The red cells
were of course labelled by their antigenic properties, drawing
upon the wealth of information amassed by Dr Irwin and his
colleagues at the University of Wisconsin

Anomalous tolerance of foreign cells may be due either
(a) to an antigenic adaptation of the grafted cells, or (b) to a
modification of their host’s immunological response Analogies
could be cited m support of erther interpretation, but Owen’s
own work makes the former most implausible, for the ex-
changed red cells retained the antigenic properties, without
which they could not have been 1dentified as such. Our own
work (Anderson et al., 1951, Billingham et al , 1952) shows
that adaptation of the cells exchanged m feetal life cannot be
the explanation Such an adaptation could not possibly

*A fuller and more recent account of this work has now been 1
(Nature, Lond , 172, 608, 1958) een published
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confer tolerance of tissues exchanged after birth, or mn adult
Lfe, yet the great majority of dizygotic cattle twins, even
when they are of unlike sex, will accept skin grafts exchanged
between them after birth or in adult Iife

The process that occurs naturally in the hifetime of twin
cattle has now been artificially reproduced by us in mice and
chickens A single experiment will illustrate this principle
The seventeen- to eighteen-day-old feetuses of a pregnant
CBA mouse were injected wn wutero with a suspension of
miscellaneous tissue cells from an adult female mouse of
strain A All but one of these were molested and killed after
birth by the mother (a result not unrepresentative of our
earher experiments, the techmique of which has now been
simphfied and much improved). Two months after its birth,
the surviving mouse, now adult, was ‘“challenged” with a
skin graft from an A-hne donor The normal expectation of
Iife of such a graft 1s 11 0 days, with a standard dewviation
of 1 1days This graft, however, was still alive when removed
for histological examination eighty-three days later. During
its residence 1t had grown a good pelt of albino hairs; mean-
while 1ts host had received and thrown off a graft from a donor
of an unrelated black strain (aaUU), so demonstrating the
specificity of 1ts acquired tolerance of A-line cells

With chicks we have made White Leghorn embryos the
recipients and Rhode Island Reds the donors; at the tenth day
of embryonic hife the White Leghorns have been injected
intravenously with 0 1-0 2 ml washed blood cells or have
been grafted with miscellaneous tissue fragments upon their
chorio-allantoic membranes, mn either case from ten-day Rhode
Island Red embryo donors. Two weeks after birth, the sub-
jects of these operations were challenged with skin grafted
from Rhode Island Red donors of the same age. The expecta-
tion of life of such grafts on normal subjects 1s well below ten
days—a result conforming exactly with the experience of
Cannon and Longmire (1952), whose technique of grafting
we have gratefully adopted One such test-graft 1s still hving
after three months on a host wlich had been the subject of
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a chorio-allantoic grafting; one of the recipients of transfused
blood has somewhat reluctantly (see below) tolerated 1ts
test graft for more than thirty days In working with
chicks we are handicapped by lack of genetic uniformity
within our breeds, and our work 1s still i a purely
exploratory stage

These results do httle more at present than to establish,
for tissue 1so-antigens, a theorem first propounded by Burnet
(see Burnet and Fenner, 1949) if a young animal is confronied
with an antigen before 1t vs capable of responding by the forma-
tion of specific antibodies, then s capacity to do so wn later life
18 reduced or wholly suppressed. Whether or not this theorem
1s of general immunological validity has yet to be seen,
Burnet, Stone and Edney (1950), 1n experiments on chicks
embodying exactly the same principle, have been unable to
confirm 1t for exposure to such antigens as human red cells,
mfluenza virus, or bacterial virus C16 Perhaps the harmlessly
self-reproductive activity of the cells which are the vehicles
of tissue 1so-antigens is a techncally indispensable ingredient
of our proof.

It 1s now clear that the response of amimals to living foreign
homologous cells undergoes a strange immunological inversion
during the course of Iife shortly before birth, exposure
leads to acquired tolerance, and this, as we have seen, 1s due
to a modification of the host’s response and not to adaptation
of the grafts; shortly after birth, exposure leads to acquired
immunity- the host becomes not more but very decidedly
less tolerant of cells later grafted from the same donor. It
1s mmplieit n the results obtained by Cannon and Longmire
(1952) that birth in chicks 1s the critical age, for a small
proportion of skin grafts exchanged between newly-born
chicks do survive their transplantation for many months.
Thus has also been our experence with mice, but the evidence
on this score 1s not yet complete Acquired tolerance, 1t
should be said, 1s not an all-or-none phenomenon. With
chicks and mice, as in our earhier work with cattle, there 1s
every degree of tolerance, from that which allows a test graft
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a few days of grace beyond 1ts normal expectation of Iife to
something amounting to complete acceptance. Even grafts
which survive for many months may go through one or more
“crises” of inflammation and cellular mnfiltration

What bearing has this “acquired tolerance” upon the
chinical problems of homografts, 1e. the problem of making
homografts successful where at present they are not? On the
face of it, very little, but we must not lower the boats pre-
maturely Actively acquired tolerance 1s a property conferred
upon embryos by complete 1s0-antigens, 1 e. by hiving foreign
cells fully qualified, m an adult host, to elicit the full rigours
of immumity. In some unknown way these antigens, flooding
the still unresponsive host, forestall and specifically inhibit
the development of a particular antibody-forming mechanism.
This has only the form of an explanation, it 1s little more than
a redescription of the facts, but 1t does suggest that if the
adults were flooded, not with complete 1so-antigens, but with
matter endowed with mmmunological specifieity, the adult
antibody-forming system would be put awry in an essentially
similar way It 1s possible that the prior treatment of the
recipients of tumour homografts with lyophilized tissues in
the experiments reviewed by Snell (1952) achieves just thus
purpose, all our experience suggests that such preparations
do not contain complete antigens; they may have immuno-
logical specificity, 1e they may be tissue “haptens”. Some
such explanation might also accommodate the ighly inter-
esting results of Felton (1949), who found that a single
relatively massive dose of type-specific pneumococecal poly-
saccharide abolished the resistance of mice to a later mocula-
tion by living pneumococc: of the same 1mmunological type
I therefore agree with Snell that Felton’s “immunological
paralysis’, our own “actively acquired tolerance”, and the
enhancement of tumour growth by prior treatment with
lyophihzed tissues are phenomena related by a common
general explanation. It 1s here that we seck further purely
techmeal mformation from immunologists, does the floodmg
of an anmmal with a hapten such as, for example, an azo-dye,
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modify 1ts capacity to form antibodies to the homologous
complete antigen, an azo-dye protem conjugate?

However this may be, I now feel certain that the clinical
homograft problem s soluble, workers all over the world are
discovermg gaps m the immunological defences that were
unheard of even five years ago, and there seems no reason
to doubt that, if the homograft problem continues to be the
subject of systematic and careful research, the gaps can be
made a great deal wider yet
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DISCUSSION

Gorcr There 15 certainly something peculiar about iso-immune
reactions Certain 1so-antibodies have the most devastating results
wn viwvo but are difficult to detect in miro. One of the most striking
phenomena 1s a comparnson of hetero-immune and 1so-1tnmune sera on
tissue cultures If we inoculate rats with mouse tissues, we get ngh
titres of hemagglutinins agamnst mouse red cells and a very rapd
destruction of a culture of mouse spleen or other tissue If we inoculate
a pure strain of mice with tissues from another stramn, we get very lugh
titres of hemagglutinins with red celis of the donor strain but no
detectable effect on cultures of their tissues

At present we attribute this to some peculanty of the antibody.
May 1t not be due to some peculiarity of the antigens? We hnow virtu-
ally nothing about the chemistry of the 1so-antigens 1n mice  In man,
it appears that the Rhesus antigens are not protein sinee they are not
destroyed by any proteolytic enzymes The antigens that distingwish
man from another species such as a rabbit arc protein and this may
account for the results we get m tissue culture  The hetero-immune
antibody may produce damage directly. The iso-antibody may pro-
duce no direct damage, the destruction of the cell being brought about
in the manner outlined by Medawar.

Ericowarp Prof. Medawar, could you say something about the tech-
mque of mjecting the mouse embryo, whether you were certamn that the
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antigen got mto the embryo, and how these experiments were con-
trolled?

MepawarR With regard to the techmque, the embryos are merely
mnjected through the body-wall with as fine a syringe as possible, we
don’t claim to be very precise about 1it—we just describe the injections
as “intra-embryonic”

As to the nature of the controls, I take 1t Dr Eichwald means controls
agamst the consequences of merely messing about with an embryo or
mjecting cells into 1t  One type of control 13 to show, for example, that
a CBA mouse rendered tolerant of A-line cells 1s not tolerant of cells
from muce of a different strain  'We haven’t got very far with 1t, but our
evidence so far shows that if you take skin from a different donor
strain—1n our case a black strain AU—then the CBA mouse which 1s
tolerant to A cells 1s just as intolerant as ever before to cells from this
third black stramn. An alternative type of control 1s to mject the CBA
mouse with 1ts own cells Ve haven’t done that yet, because our
recovery rate simply 1sn’t high enough to make that a working proposi-
tion 'We shall certainly do 1t on chicks

Parres At what age do you inject the mouse embryos?

Mepawar We get a very lugh mortality if we do 1t before fifteen days,
but at fifteen to nineteen days we can normally see the embryos dis-
tinctly through the body wall WWe can make out the eyes and head,
and we try not to inject the head. There 1s no particular difficulty

Parres I thought you’d be able to see the rough outhne of the
embryo, I wasn’t aware you could aim for one particular part

MepawARr Mice do vary very much 1n that respect, sometimes you
get mice with opaque body walls and sometimes they are quite trans-
parent

BrenT- It 15 possible by palpation with swabs to bring the fcetuses
one by one close to the body wall itself, and so one may get a very much
better view of the embryo wlulst 1t 1s being injected

MorrisoN It may be of some interest that you occasionally get a
rather similar kind of incompatibility 1n red cell transfusions that 1s to
say, the red cells are eliminated at an increased rate but no antibodies
can be demonstrated This phenomenon was first encountered 1 1948
whilst studying the survival 1n 1o of previously stored red cells It was
observed that in a few recipients, red cells which were expected to be
elminated gradually over a period of about one hundred and twenty
days were 1n fact elminated 1n less than sixty days, no incompatibility
could be demonstrated wn wiro

Recently we have encountered the same phenomenon and have again
been unable to demonstrate any mcompatibihty n vitre, even using
more sensitive methods developed 1n the last few years, such as the
}ﬂdlrect antiglobulin test In one recipient transfused with fresh blood
t?m two donors, red cells from one donor survived normally whereas

;))s: from the other were ehminated at an increased rate.
EDCOUHI‘Eer?d Young and his co-workers 1n Rochester, New York, have

a sumilar phenomenon following transfusion 1n  dogs

U8 11 one case transfused red cells were eimimnated at an 1ncreased

NORMAL TISSUES 3
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rate although the red cells of the recipient dog possessed all the known
red cell antigens, no antibodies were found in the recipient to account
for the red cell destruction

I wonder whether the antibodies responsible for this apparent incom-
patibility are perhaps very like the ones you have described for the skin

Mepawar I think that 1s an exceedingly nteresting observation
It illustrates the general pomt that reactions which are perhaps irritating
to the blood transfusion expert or to the immunologist, are just the
sort of things that we ought to be exanuning in studying transplanta-
tion mmmunity That Molhson’s suggestion 1s perfectly plausible 1s
shown by Gorer’s early work, when he proved that certamn tissue
antigens 1n mice are i fact shared between tissue cells and red cells

ZuckerMaN Prof Medawar referred to the fact that ACTH 1s far
less effective than cortisone in the rabbit, and he remarked on the
possible action of ACTH on target organs other than the adrenal
‘While he has all our support 1n his attempt to make a rapprochement
between endocrinology and mmmunology, 1 hope that bringing order
mnto immunology 1n this way will not provoke disorder 1n endocrinology
I agree about the possible action of ACTH on target organs other than
the adrenal cortex, but I am a bit confused by the difference i the
reactions of the gunea-pig and the rabbit In the guinea-pig ACTH
has a much greater effect on the grafts than cortisone. Are we dealing
with different endocrinologeal or different immunological responses?

Mroawar As to any possible chaos that might be introduced nto
endocrinology by the 1dea that ACTH has target organs other than the
adrenal, T can only say that, in so far as any chaos has been introduced,
1t has been the unaided work of endocrinologists—I am thinkimng, for
example, of the work of Prunty and Clayton on the effect of ACTII on
adrenalectomized mice ¥ The other pomt is whether guinea-pigs and
rabbits have a different endocrinology Ewidently they do T don't
think there’s much evidence that the homograft reaction n the guinen-
pig differs from that in the rabbit T think we are deahng with a different
pattern of endocrnological reactivity

ZucrerMAN While we may agree that the effect of ACTIH 1s not
restricted to the adrenal cortex, we also have to recognize that
generahzations n endocrimology as a rule apply to several species, In
this particular instance we had a reversal of response between guinea-
pig and rabbit

Parkges The rabbit and the gumea-pig are notoriously unlihe in
many way s, and I do agree with you that it is very difficult to argue from

one to the other.

*C1ba Foundation Calloquia on Endocrinology, IV, 847



GENERAL SURGICAL PROBLEMS OF TISSUE
TRANSPLANTATION

W P LONGMIRE, Jr,J A. CANNON
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DespiTE almost universal agreement that the results of
grafting autogenous tissues are superior to the transplantation
of homologous tissues, the demand for giafts of the latter type
continues to mecrease It 1s the general chncal impression that
autogenous grafts of all kinds are less susccptible to mnfection,
mflammatory reaction, absorption or other physical altera-
tion, than comparable homologous grafts  However, as
methods of preservation and storage of homologous tissues
have advanced, these tissues have become more 1eadily
available and the rehability of results following their trans-
plantation has greatly improved The mndications for the use
of certain homologous tissues have been widened

In general, the tissues most frequently preserved and
transplanted have been relatively inert materials such as
bone, cartilage, fascia, cornea or blood vessels The cellular
elements of such grafts do not survive permanently after
transplantation, but the mert substances which form a
relatively large portion of these tissues provide a supporting
framework for the invading cells of the host Despite their
lack of continued viability, these grafts mamtain their original
physical characteristics to a degree sufficient to serve their
clinical physiological function.

For many years the ultimate fate after transplantation of
the cellular elements mn these grafts was not clearly understood
and 1n certamn tissues uncertamnty still remams regarding
permanent cellular survival. Thus, such tissues have generally
been classified as homografts although the problems mvolved
n therr transfer differ 1n many aspects from the problems

23
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involved 1 the successful transfer of homografts of tissues
such as endocrine glands or skin, whose charactenstic cells
must contiue to grow and reproduce for the graft to be
chnically effective after transfer. It has been seriously
questioned whether grafts whose cells probably do not survive
should be classified as homografts any more than should
plastic or metallic sphnts or other materials placed within
the body

Chmical experience has demonstiated that for many
purposes 1mert tissues transplanted to patients from other
humans give results superior to those obtained from the use
of the foreign materials available today, such as plastics and
metals With present methods of preparation, the human
materials eventually become an integral part of the tissues of
the recipient while the foreign substances are tolerated by the
body but are never truly incorporated into the tissues. There
does, therefore, seem ample reason to place these grafts of
mnert tissues transplanted from one individual to another into
a separate category.

In a previous article (Longmire, 1952), 1t was suggested
that homografts might be further classified into homostatic
grafts, to denote mert tissucs such as bone or cartilage
transplanted from one individual to another, and homouvital
grafts, for grafts whose cells must continue to grow and
reproduce for the graft to be cffective after simlar trans-
plantation.

There 1s no desire to confuse the classification of grafted
tissue further nor to perpetuate undesirable terms However,
there is a need 1n the current hterature for a clear differentin-
tion of these two types of grafts rather than continung the
indiserimmate use of the term *“‘homograft”. Ior instance,
one of the foremost questions today in regard to the preserva-
tion of tissues concerns the necessity or the desirability of
preserving the viability of the cellular components of the graft.
In the case of tissues classified as homostatie grafts there
scems 1o be ample reason to question the necessity of preserv-
mg ccllular viabihity in all grafts. Tlowever, vital cells would
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appear to be essential for the survival and successful function
of the homovital graft

Detailed information 1s available today regarding the
behaviour of the six or seven tissues most commonly utihzed
as homostatic grafts The chnician, when he utihzes these
grafts, knows with a fair degree of accuracy the percentage of
success he may anticipate and the various complications
he may encounter Undoubtedly, additional information will
be forthcoming from various important mvestigations
progress today which will help to explamn certamn of the
chnical failures and complications which at piesent are
unaccountable, Within carefully defined limits the clinical
usefulness of grafts of this type 1s firmly established, and
mvestigators have moved on to seek answers to questions
regarding optimum methods of preservation and storage,
refinements of techmque of grafting procedures, and possible
wider application On the other hand, the one hundred per
cent failure of homovital grafts when transplanted 1n humans
by methods available today makes these grafts practically
worthless to the climician  Our basic knowledge 15 probably not
sufficient at the present time to provide the solution to the
problem of successful homovital grafting. Many fundamental
1deas must be proposed and investigated i the laboratory,
far from the bedside, before routine successful homovital
grafting 1s achieved and has any real value in clhinical medicine.

Homostatic Grafts

The two principle indications for utihzing homostatic
grafts rather than autggenous grafts are- (1) At times, obtain-
Ing autogenous tissue may increase the magnitude and hazards
of an operative procedure to such an extent that the use of
homologous tissue may be indicated as a practical substitute,
For example, substituting homologous cartilage for autogenous
r1b cartilage to repair a minor facial defect (2) The lack of
any available autogenous tissue for transplantation, as

m cases of corneal grafts, extensive bone grafts
vessel grafts. & or blood
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Bone, cartilage, fascia, cornea and blood vessels constitute
the tissues most frequently used as homostatic grafts

Bone. Wilson (1951) has reported a study of 214 patients
who were subjected to 278 operations in shich sterile 1e-
frigerated homologous bone grafts were used Wound infection
occurred 1n four cases (1-4 per cent) and there was loss of the
graft in two (0 7 per cent). In a follow-up study 14+ patients
were traced. Eighty per cent of the grafts were considered
successful and 11 per cent unsuccessful Fifteen patients
(9 per cent) had undergone operations too reeently for a
determination of the result.

In this series of cases homologous bone was obtained for
transplantation from various operative procedures in which
healthy uninfected bone was excised. The bone was cleaned
of all soft tissue, placed in a sealed jar and stored at a tempera-
ture between —10°C. to —20°C  The average period of
refrigeration for all bone grafts used was sixty-mine days.
Scveral specimens were used after preservation for more than
one year Length of refrigeration of the graft did not seem to
affect the climeal result

The preservation of homologous bone grafts in merthiolate
solution has been reported by Reynolds, Oliver and Ramsey
(1951). Their grafts were stored in a 1: 1000 aqucous mer-
thiolate solution which was changed every two weeks The
bone was washed n sterile saline solution before 1t was nsed.
They report that the process of fixation and replacement s
accomplished 1 a sumlar manner 1n autogenous and liomo-
logous bone grafts but that the rate of healing of the homo-
logous bone graft 1s retarded

The behaviour of bone grafts preserved by diying from the
frozen state has been studied by Xreusz, Hyatt, Twiner and
Bassett (1951). Their most recent method of preservation,
reported by Turner (1952), consists of [reezing the tissues
as rapidly as possible in temperatures below ~55°C. and then
dehvdrating them in a Stokes machine under high vacuum at
—40°C. Grafts so prepared arc then sealed 1 vacuum tubes
and stored at room temperature They can be easily shapped
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and are thought to be stable chemically for prolonged periods
of time. The grafts are reconstituted by the addition of
distilled water before use

The healing of freeze-dried grafts, fresh autogenous grafts
and frozen homogenous grafts have been compared 1n the
experimental studies of Turner (1952) IFresh autogenous k
bone healed at a somewhat more rapid rate than either the
frozen or the freeze-dried grafts, especially i the earher
phases of healing In certain respects the Treeze-dried bone
progressed somewhat more rapidly than the frozen grafts i
the first few post-operative weeks However, the difference}
m healing after minety days seemed to be imnsignificant in all}
grafts whether fresh or preserved. They all seemed to serve
as a scaffold which new bone invaded and gradually replaced

Despite the excellent results reported in detailed clinical
and experimental studies of homologous bone grafts, the
majority of orthopeedic surgeons still hesitate to utihize these s
grafts except 1n very rare instances. Such reluctance 1s
probably based on three factors (1) Prejudice against the
use of any homologous tissue (2) The lack of any readily
availlable preserved bone (8) The desire to utihze the best”
graft available Of these three reasons, the latter 1s of the
greatest importance

With any particular patient requiring a graft, the surgeon
1s always faced with a number of uncontrollable factors which
may result mn fallure of the procedure. He 1s, therefore,
naturally reticent to disregard one factor he may control,
namely, selection of the best available graft Faced with a\\
particular patient, who has already been hospitahzed for
weeks with an ununited fracture of the leg, the surgeon
hesitates to select a graft that 1s known to heal at a “shghtly
slower rate” or to be unsuccessful m a “shghtly hgher
percentage of cases” than the best graft he can obtamn

If homologous bone 1s to be widely used 1n chniecal surgery,
1t will of course be helpful to have simphfied methods of;‘
preparation, storage and transportation, but the single most!
nfluential factor affecting general clinical acceptance of the
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tissue will always be 1its rehiabiity in clinical procedures.
jPossﬂ)ly greater emphasis should be placed on the study of
[factors which mfluence the delay in early healing and the
! causes of failure 1n the homologous bone graft.

Blood Vessels. As the field of vascular surgery 1s ex-
panded, the demand for arterial homografts will almost
certainly mcrease, Unlike the relatively abundant supply of
autogenous bone, autogenous vascular grafts can rarely be
obtammed without risk of incurring a scrious circulatory
impairment to some part of the body
-, The desirability of maintaming the wvitahty of the graft
during storage has been one of the most controversial ques-
tions mvolved i the investigations of arterial homografts.

Pewrce, Gross, Bill and Merrell (1949) reported a close
correlation between the wiabihity of the cells of the graft
when grown 1n tissue culture and the successful function of
the graft following transplantation. Grafts placed m a
balanced salt solution with 10 per cent plasma and mamntammed
at 4°C. *‘took” well when transplanted and the vitality of
the cells of the graft m tissue culture was Ingh if they had not
been stored longer than forty-five days. The percentage of
“takes” and the percentage of viable cells m tissue culture
decreased progressively after tlus period  Perce (1952)
presents the case for the superionty of the nutrient graft as
follows *‘Itis apparent that the failures of arterial homografts
of all types occur carly, during that time when viably im-
planted tissue differs m two important ways from non-viable.
(1) The hmng 1s more physiologic and would be expected to
resist thrombosis  (2) Many of the cells are hving and capable
of parlicipating n healing, presumably at the suture Ime and
along the extent of the adventitia as well as in the mtima
This apparently endows the graft with considcrable resistance
‘to infection During this (early) period a non-viable graft
appears pecuharly subject to mfection and attendant disrup-
tion Possibly also, intimal changes predispose to thrombosis,
A suitably preserved viable graft, on the other hand, hehaves
for a time much as an autograft and can actually contribute
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to the healing during this critical period. In addition, it
mamtains a viable and relatively physiologic himing. Con-
sequently, disruption 1s very infrequent and thrombosis
unusual.”

Coleman, Deterhng and Parshley (1951) conclude on the
other hand that, ‘“viability of the aortic homograft pe: se
1s not a requisite for success 1 vascular grafts The sigmficant
difference between the percentage of demonstrable viability
and subsequent functional success leaves no alternative
conclusion but that viabihity 1s not the important factor 1t
was once thought to be.” These investigators have reported
the successful use of frozen arterial grafts Grafts were placed
1 a sterile container and stored at —15°C. to —80°C.

The “freeze-drying” preservation of arterial homografts
was reported by Marrangom m 1951. This method, as
previously described for the preservation of homologous
bone, 1s at present being investigated by Pate and Sawyer at
the National Naval Medical Center, Bethesda, Maryland.
Preliminary reports of this work mdicate a decided superiority
of “freeze-dried” artemal grafts over either frozen or fresh
arterial homografts The potential of the mtimal surface of!
these grafts 1s said to discourage the development of throm-
bosis, one of the frequent causes of failure of the arterial
homograft Further experimental and clinical results of the
method should prove enhghtening

Swann (1952) states that when viable homologous arterial
grafts are transplanted, the reaction of the host destroys all
the cells within the graft in three weeks The elastic tissue
persists for at least two years. Within one month the graft
1s surrounded by firm fibrous tissue and new endothehal cells
grow in from the ends of the vessel to ine the graft completely.

The appearance of calcification 1n the mtima 1n some of,
the grafts and the development of dense fibrous tissue mn thel
adventitia suggest that observations over a period of several |
years will be necessary before forming a final evaluation of/”
vascular homografts, regardless of the method of preservation/
Autogenous vemn grafts may prove to be superior to homolo-
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gous arterial grafts for segmental replacement i arteries of
moderate diameter

Cornea. Owens ¢f al (1948), n reviewing the results of
417 corneal transplants, found that 86 3 per cent of the grafts
remained clear The percentage of clear grafts varied greatly
with the cause of the corneal opacity The best results were
obtained 1n cases of keratoconus (65 2 per cent) and heredi-
tary dystrophy (58 8 per cent). Poor results were obtamed
. cases with scars from chemical burns (20 8 per cent),
trauma (18-2 per cent) or gonococeal ulcers (8 7 per cent).

The larger the size of the corneal opacity and the greater
the extent of corneal vascularzation, the less were the
chances of obtamning a clear graft. In the group of cases with
the best preoperative prognosis, about two-thirds of the
grafts remained clear. In the most unfavourable cases there
was only one chance 1n eight of the grafts remammg clear.

In regard to methods of preservation of the donor cornea,
McLean (1948) states, “Postmortem cyes should be obtained
as soon as possible after death, preferably witlun four to six
hours and stored at about 4°C At present, the best method
of storage 1s m a tightly sealed contamner m a saturated
atmosphere of water vapour The allowable time of storage
has not yet been well worked out It s best to use the donor
cye as soon as possible The best index of smtability is not
the elapsed time but the condition of the cornea on close
inspection.  In practice, it scems to make httle difference
whether or not the cornca be fresh or stored, as long as ils
condition 15 good at the time of operation ”

Maumenee and Kornblneth (1918) studied various methods
of preserving the donor corneas in transplants hetween vabbits.
Of fifteen grafts stored in formahn, only one partially clear
corneal transplint was obtmned after grafting. Tikewise,
i a series of thirteen corneal transplants i which the cells
of the graft were killed by freezing, no clear grafts were
obtamned Tor five to seven days after transplantation muny
of these grafts looked as promising as did fresh grafts. low-
ever, all became progressively more cedematous after the
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sutures were removed and frequently the anterior lamelle
sloughed off during the first two weeks after operation

All their efforts to obtamn a clear corneal graft by the use
of non-viable corneas m which the cells had been killed either
by freezing or by formalm were completely unsuccessful.
They conclude that these experiments would mndicate that
living donor stromal cells, at least during the first stages of
the graft, are essential for 1its final claiity.

Bajenova (1986) has demonstrated that corneas preserved
in moist chambers at 2°C for ten days contam viable stromal
cells which will grow n tissue culture. The oxygen consump-
tion and the Qq, of stored bovine coineas have been studied by
Duane (1948) He found (1) The Qo, of the cornea remains
normal when stored over Ringer’s solution (4°C) or under
(15°C ) for seven days The respiratory rate falls to one-fifth
normal 1n ten to twelve days under these conditions (2)
Formalin inhibits respiration of the cornea immediately and
this 1s apparently wrreversible (3) The corneal Qg, 1s reduced
to one-half normal within twenty-four hours by quck
freezing. Within four days the Qq, has fallen to one-fifth
normal, where 1t remains up to sixty days storage

In regard to the ultimate fale of the corneal homograft,
Maumenee and Kornblueth (1948) draw these conclusions:
The majority of the stromal cells in the graft continue to hve
and do not show a massive degeneration or replacement
They are supplemented, at least to a limited extent, by the
newly formed keratoblasts from the recipient’s macrophages
The epithehum 1s replaced by a migration of epithellum from
the recipient cornea The endothellum may be repaired from
the uninjured cells of the graft or a migration of cells from the
recipient cornea

Maumenee (1951) has obtained experimental evidence to
support the theory that delayed opacification of the trans-
planted cornea develops as a result of an acquired mmumty
action. When skin from the same donor was used as an anti-
genic supplement, two weeks after a corneal transplantation,
the corneal graft became cloudy mm 28 out of 30 eyes after
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insertion of the skin  As transfers of the donor’s skin
six to eight weeks after corneal grafting mnto seven rabbits
did not produce opacification of the cornes, 1t was suggested
that the omginal donor cells of the graft had been
replaced, by this time, by invading recipient cells and
therefore the graft was no longer susceptible to the
sensitivity reaction.

Infection, defects of the donor material, and poor apposition
of the donor-recipient tissues obviously may also be responsible
for clouding of corneal grafts

In summary, effective results have been obtamned m 86 5
per cent of a large series of cases where cornea transplants were
used 1n a varnety of pathological conditions, The condition
of the recipient cornea in regard to extent of opacification and
vascularization is one of the most important factors governing
the success or failure of corneal grafts in patients. Present
evidence would indicate that wviable grafts are superior to
non-viable grafts, despite the fact that in certain cases the
living cells 1n the graft may react to a delayed sensitivity
state of the host causing opacification of the cornea A
gradual replacement in the graft of all donor cells by invading
host cells 1s probably complete within six to eight weeks In
the successful graft massive simultaneous cell destruction
does not occur.

Cartilage, Fascia. There 1s little evidence 1n the recent
Literature of any important changes in the methods of pre-
paration, storage or utihzation of homologous cartilage or
fascia Homologous cartilage 1s most frequently stored either
m a sterile contamer at a temperature of —10°C. to —20°C.
or 1 a solution of 1: 1000 aqueous merthiolate solution. No
attempt 1s made to preserve viable cells in these tissues The
meidence of infection and absorption 1s somewhat higher
when preserved rather than autogenous cartilage is used,
however, obtamming an autogenous graft may frequently
convert a minor surgical procedure, that may be performed
under local anssthesia, into a major operation requiring
a general anesthetic In such cases, homologous grafts are
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generally considered a practical substitute for autogenous
tissue.

On the other hand, the chnical use of preserved fascig
seems to have dimimished. Autogenous fascia 1s readily ob-
tamed from the fascia lata with the fascial stripper without
matenally 1ncreasmmg the magnitude of most operative
procedures and gives results superior to those obtained with
preserved fascia Other autogenous tissues such as dermal
grafts, full thickness skin grafts, and non-reactive metals
such as tantalum are at present frequently utihzed 1 operative
procedures 1n preference to preserved fascia

Nerve. Davis and Ruge (1950) state that many investi-
gators have studied the transplantation of nerve homografts,
and have discarded the procedure, mamntainmg that the \
graft produces a foreign body reaction mn the host and 1s .
reduced to a fibrous band or 1s absorbed entirely

They transplanted fresh sciatic nerve homografts in 85 cats
Microscopic examination of sections of the graft indicated that
the superficial layers of the graft retamned thewr wviability,
whereas the deeper areas often were necrotic Where grafts
were viable, the original fascicles were unchanged and the
endoneural tubes remained Regeneration of the nerve was,
always spotty but adequate m the peripheral layers. One
year following msertion of the graft all animals were capableI
of nearly all motions of the involved foot and toes.

Homologous nerve grafts were also performed upon ten
patients The grafts were taken from recently amputated
extremities or from cadavers soon after death and refrlgerated\
for thirty minutes to forty-five hours before being used. In
regard to the results they state, “while none of the patients
has shown any return of motor function or enough evidence
of regeneration to approach normal, some have shown minimal
evidence of recovery * Three of the nerve grafts were exposed
and examined four to eight months following transplantation
and 1 no mstance had the graft been absorbed or reduced
fgf; 121:)1];215131 1!’Zand. In attempting to explain the markedly

In man, compared to the experimental results,
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the authors emphasize the importance of the condition of the
graft itself In the experimental study the grafts were
! removed and transplanted immediately following the death
} of the donor. The diameter and the length of the grafts were
smaller than those used 1n human bemngs. They mdicate that
attempts should be made to simulate the experimental
conditions as closely as possible when employing nerve
homografts climecally
Summary. The clmical results following the transplanta-
tion of all types of homostatic tissues leave room for improve-
ment When using such tissues as cornea and blood vessels
the chinician must accept a certain percentage of failures as
he has no better alternative method available. However,
autogenous grafts of bone, cartilage and fascia are utihzed
by the majority of surgeons despite the disadvantages of
obtaming the autogenous tissue
Efforts to obtamn practical methods of preserving homo-
logous tissues, so that they may be readily transported
and stored for long periods of time, should not over-
shadow efforts to improve the clinical results following
the grafting of these tissues For example, preserved ox
fascia. was at one time available in many hospitals and
medical supply firms in America Today this material 1s
| rarely used because the climeal results have too frequently
been unsatisfactory
The importance of the vitahity of the homostatic graft to
its ultimate clinical success may vary from one tissue to
another, depending 1n part upon the ratio of cellular to inert
substances of the graft and also upon how closely the graft
must retain 1ts original structure to function adequately. A
corneal transplant can undergo little alteration from its
origmmal state and be successful On the other hand con-
siderable change may occur m and about the bone or cartilage
transplant without destroymg a final successful chnical result.
In efforts to improve the chnical results of the grafting of
homostatic tissue the 1importance of the vitality of the graft
should be carcfully scrutinized
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Homovital Grafts

In clinical investigations, skin grafts have been studied more
widely than any other type of homovital graft. Reports have
also appeared concerning mvestigations of endocrine gland
and kidney transplants

Preliminary reports of prolonged skin homograft survival
following treatment of the recipient with ACTH have not
been substantiated by further studies (Randall, Brown and
McDowell, 1950)

It 1s interesting n thus regard that of a number of materials
tested, cortisone has been the only substance we have found
to mcrease sigmficantly the percentage of permanently
surviving skin homografts interchanged between one day old
chickens. Repeat experiments have confirmed the observa-
tion that the percentage of surviving grafts can be doubled
by mjecting the recipient daily with cortisone (Cannon and
Longmire, 1952)

Green (1952) has emphasized the importance of ‘“‘stroma--
tization” of homografts following transplantation. To en-
courage stroma formation in skin homografts, he has filled
the local recipient area with a thick coarse emulsion of
homologous embryonic lung tissue. He states, ‘‘sufficient .
time has not elapsed to allow a final assessment of the value
of the method, but some encouragement 1s offered by the '
fact that many ‘takes’ have occurred and the transplants
have remained intact and healthy for a longer period than has
characterized the majority of control grafts

Dukes and Blocker (1952) found that grafts of homologous
skin treated with streptodornase-streptokinase persisted 62!
per cent longer than did similar transplants untreated with
these enzymes on the same ammal They suggest that these -
enzymes destroy the nuclear proteins, released by traumatized
cells of the graft, as they are absorbed by the host

The only chnical uses for skin homografts at the present
time are. (1) In the rare case of an extensive burn where
skin homograft “dressings” may be used during an interim
period to build up the patient’s general condition or (2) as
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a replacement tissue m small vital areas such as the eyelids
when autografting 1s contra-indicated

When speaking of a skin graft, the clinician not only 1mplies
an epithelial covering but also a sufficient accompanying layer
of dermal connective tissue to provide a stable foundation for
the epithehum Third degree burns of small or moderate
size will usually heal spontaneously by slow marginal epm-
thehal ingrowth Healed wounds of this type with a thin
layer of epithellum growing directly on the underlying scar
tissue are unsightly, often interfere with function, and are
unstable Tor climical purposes, the dermal tissue 1s an
indispensable part of a skin graft

Gaillard (Kooreman and Gaillard, 1950) has reported en-
couraging results from the homografting of feetal endocrine
tissues In man The tissues are grown before grafting in tissue
cultures, by special methods of cultivation. We have con-
firmed the unsuccessful efforts of others to utilize the skin of
the new-born baby as a homograft

In recent unpublished investigations, we have studied the
mfluence of the age of the donor and the age of the recipient
on the survival of skin homografts in chickens (Cannon,
Weber and Longmire, 1953)

Previous results from our laboratory and the mvestigations
of others have demonstrated that homografted tissues will
survive permanently in a imited percentage of cases when the
tissues are interchanged between chick embryos or newly
hatched chicks Homografts between adult chickens, on the
other hand, are umformly unsuccessful.

The “take” of homografts during the embryonic or early
post-embryonic period might be explained by (1) The tissues,
1e skin of the body, have not developed or accumulated
sufficient individuality or antigenicity at this age to provoke
the destructive reaction 1n the recipient when transplanted as
homografts (2) The recipient organism at this age has an
inadequately developed mechanism to produce and mantain
the destructive reaction even when an adequate stimulus 1s
present (8) Survival of a small percentage of homografts
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may result from a combination of (a) a weakened stimulus
(frc;m the graft), together with (b) a poorly developed destruc-
tive mechamism 1 the body of the host.

The present series of experiments was designed m an
attempt to clucidate the significance of these various factors.

In series A, the age of the skin donor remained constant at
one day while the age of the recipients varied (one day to
fourteen days). It might be considered that the graft antigen
qualitatively remaimned constant (Although the grafts were
grossly similar m size, the quantitative dosage factor of
Medawar was disregarded.) Any difference m the survival
rate of the grafts in these groups. therefore, should be a
result of a variation m the cffectiveness of the destructive
reaction, The results obtained indicate that this destructive
mechanism 1s not complete until the 1ccipient chick 1s seven
days of age; but at that time 1t 15 totally devecloped and
uniformily destructive, even to one day old chick skin.

In series B, the age of the recipient remamed constant and
the age of the donor varied. We may consider m tlus series
that the potential or capaeity of the destructive reaction 1s
constant while the antigenic stimulus from the graft may
vary. The results here mdicate that skin up to seven days of
age has the reduced antigemeity of day old chick skin  After
seven days the antigenieity rapidly increases until the destrue-
tve reaction 15 100 per cent by the fourteenth day.

Inseries C, the age of both the donor and the reeipient were
:}?:ed‘ Although both the age of the donor and the age of
mccg::;pllent were within the Iimits which had produced
Slmultau grafts when only one factor was varied, shght
e rml;eous Increascs 1 both donPr and recipient ages gave
theory tﬁ’ lgnsuccessful results. This would again support the

oy ot tf}il there are factors m both the donor skin and the

estruc, ¢ recipient wlich govern the completeness of the
Ve reaction,

¥o ¢ combined results from these three series of experiments

Mdicate that after hatching certain changes occur n

e
Teciprent and the donor which results m a uniform
N“RMALTBSUES 4
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tiSSlll(e incompatibility by the end of the second post-embryonic
wee

No information has been obtamed from these experiments
regarding the site of such a ‘“change” m the body of the
recipient or of 1ts general nature The ‘“‘change” may be
dependent upon the development of a certain organ or system,
or of certain cells, or 1t may be a total systemic “change”
affecting all the cells of the body On the other hand, the
“change” that takes place m the donor tissue or graft
obviously must be a systemic alteration which can be
detected in tissue from many parts of the individual’s body
and probably represents an individual systemic cellular
alteration. This would indicate a period of at least partial
mndividual neutrality (up to about seven days post-hatching)
before gene-determined individual specificity becomes abso-
lute

It would seem quite possible that a similar period of
imndividual neutrality may occur in the early hife of the
human feetus

As further evidence of the adaptabihity of “individual
specificity” ten healthy adult skin homografts, which had
been grafted when donor and recipient chickens were one
day old, were removed from the adult host and transferred
back to the original donor also grown to adulthood Nine
of the grafts survived transfer back to the orgmal donor
A lmited number of transfers of these healthy adult homo-
grafts to a third bird, not related to erther the original donor
or original recipient have been totally unsuccessful These
findings suggest that i the majority of the healthy adult
homografts, compatibility with the original donor 1s mam-
tamed even after the graft 1s adapted to the environment of
the new host. Inability to transfer these grafts to a second
recipient indicates that the grafted tissue has not become
entirely neutral in regard to 1its tissue specificity

In another group of five adult chickens bearing healthy
homografts transplanted when donor and recipient were one
day old, repeat homografts were made between the origmal
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donors and recipients. Of these grafts, only one survived.
The other four grafts underwent a reaction and slough,(
usually after a period of healthy “take”. There was no
effect noticed on the original homograft during the reaction
and slough of the second transplant. These findings would
indicate that the survival of the original homografts was not
a result of the transfer of tissue between two birds with a
permanent general tissue compatibility (a ‘“‘compatible pair”).
It would appear that the tissue of the original graft had been:
accepted by the host during a temporary phase of com-
patibihity and had subsequently become adapted to the new
environment Such experimental results lend no immediate
assistance to solving the problem of successful homografts
m patients but they do give some encouragement to the behef}
that the successful transfer and survival of iving tissue from
one mdividual to another 1s not an msurmountable problem.’

Summary. The use of homostatic grafts in clinical
medicine continues to expand m various fields. The improve-
ment of chmical rehability remains the foremost problem.
Refinements of methods of preservation and storage that will
make these tissues readily available to the general medical
profession are also urgently needed.

The homovital graft has little clinical usefulness at present.
Several lines of investigation have been mentioned which
encourage the view that individual speeificity can be modified

and that permanent homovital grafting in human beings 1s
not an insoluble problem
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DISCUSSION

Rocers I would Iike to add only a few general remarks to
Longmire’s excellent chimeal review For several years I was not ¢
vinced that the so-called acquired ymmunity reaction apphed to
human, particularly because we had httle or no confirmntion
the sccond-set phenomenon mn clinieal papers  Realizing this k
of confirmatory evidence, at Bellevue Hospital m New Y
City we performed skin homograft transplantation experiments
human volunteers As a result of these experiments, we now belx
) that we have conclusively demonstrated the sccond-set phenomenon
jthe human In order to determune whether this phenomenon wa
systemuc rather than a local reaction, the first-set homograft was tra
planted to the right thigh of each patient, and after it had been rejec!
and sloughed completely, the second-set homograft was transplant
to the opposite thigh A much more rapid rejection and destruction
the second-set graft took place, thereby indicating that the mecham
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of the second-set phenomenon and the rejection reaction itself were
mediated systepucally, m the circulatory bloodstream

At the same time we were making these observations, we also dis-
covered a consistent circulatory and tissue eosmophiha 1n response to
the presence of the full-thickness slan homografts Tlus eosmophilia
subsides when the ver§ Tast vestiges of the skin homograft are sloughed
It 1s interesting that a preliminary study of biopsies of the graft and the
surrounding host tissue demonstrates that the tissue eosinophihia does
not seem to invade the graft proper, but 1s cliefly confined to the -
margmal host tissue  Within thus margimal host tissue, eosinopluls can
be seen m markedly profuse numbers clogging small host hlood vessels/
and streaming through the host’s dermal and epithehal layers We have
not conjectured as yet the role which the eosinophil plays here Despite
the fact that the second-set homograft 1s rejected more rapidly, the
curve of eosinophiha charted for the sccond-set homograft’s behaviour
almost mumicked 1dentically in its intensity the curve of eosmophiha
charted for the first-set homograft’s behaviour Though we have no
explanation for this, the close similarity or parallehsm of cosmnophiha
curves for the two sets of homografts seems to indicate that the
eosmophil response 1s a specific response to the presence of the homo-
graft. Dr Hans Roth in Switzerland has reported a similar eosinophilia
appearing between the tenthand twentieth post-operative days 1npat1ents)
who recerved homologous bone grafts

We cannot say at tlus time whether the response 1s directed against
hiving or dead tissue, nor 1s 1t possible to say whether 1t has any relation
to the eosmnophilia seen 1n response to parasites, allergens, or foreign
proteins I cannot help but be impressed, however, by the histological -
siumilarity of the breakdown of a full-thickness skin homograft and its
concurrent eosmnophilia, wath that of the ulceration and breakdown of
a severe allergic skin test reaction in which numbers of eosmophils
are present 1 marked profusion Because the mitial and earhest de-
tectable damage to the tissues in both the rejected homograft and the
severe allergic reaction with wlceration 1s a termunal congestion,;
stagnation, and gangrene of the‘end capillanes, the eosinoplul may very .
well imtiate these vascular changes Perhaps the cluef site at which
homograft reactions per se take place 1s i the vascular components of
the rejected tissue, or the endothelhial hiving cells themselves The
eosmophil or the lymphocyte may liberate the agent which mitiates the
host’s defence reaction against the foreign protemn of the graft It 1s
thought that the eosinophul releases histamine at the site of an allergic
wheal or severe allergic reaction Whether tlus 1s also 1ts role at the site
of a rejected skin homograft, has not yet been demonstrated Exper:-!
ments i which antiistarmines have been used 1n an attempt to prolong'
the life of a homograft have to date been unsuccessful

There 15 one fact I would like to add to Dr Longmure’s report about
the homografting of embryomec and feetal tissues Dr Beverly Douglas
of Nashwile, Tennessee, has been conducting recent experiments 1n the ~
grafting of human ammon and chorion to defects 1n the human In his
prehminary report, although he does not claim survival of these grafted
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feetal membranes, he does state that the grafts survive for a period of
. at least seventeen days
Rop In Dr. Longmire’s remarks on blood vessel grafting he said
that he thought the new endothelium in the graft grew out from the
ends of the host artery I must say I doubt if that 1s the whole answer
A think 1t 1s & charactenstic of vascular endothelium not to grow out far,
{1n the way skin does, from the edge I thmnk that probably cells deposited
from the blood stream on to the surface of the graft form most of the
new endothellum—such cells as lustiocytes The length of the graft 1s
mmmaterial to its success, and 1f there was gomg to be growth from the
end you would expect the length to have considerable importance in
the success rate
RoceRs In a recent discussion on arterial grafting, which I attended
m New York City, one of the research workers whose name escapes me
mentioned that he didn’t beheve that the length of a vessel was of any
importance 1 its resurfacing by endothelium He beheved that a thin
layer of endothehal cells quickly resurfaces the lumen of the graft in a
manner sumilar to the extremely rapid rate with which mesothehal cells
resurface a large area of denuded perrtoneum within a matter of days
He felt that this resurfacing took place from the adjomning vessels
Ros Entirely from growth from the ends?
Rogers Yes
Denester InEurope things seem to grow more slowly! I have asked
various people to show me histological proof of this vascular endothelium
growing mysteriously along the graft. I've had negative replies from
everyone I have never seen a photograph of endothelium growing out
along a graft. I bave studied this problem in kidney transplants, the
renal artery is anastomosed to the carotid artery of the host. After
eighteen days, the kidney and the artenal anastomosis are removed
There 1s no sign of host endothehum growing along the renal artery
And if 1t dad, where 151t going to stop? I think the supposed endothelial
growth may perhaps be an artefact
Rop Figure 1 illustrates this point It shows a human artery graft,
a frozen homograft, mne months afterwards, when the patient throm-
bosed the host vessel, and the graft was patent It shows the centre of
tlus 20 cm long human artery graft, stamned for elastic tissue I think
the intimal layer particularly interesting because 1t 1s so very thick
Tt doesn’t look there as if 1t has grown out from the ends, I think 1t 15
probably a deposit from the blood stream
Parc The growth rate probably differs even between New York and
- Washington! We have now investigated the problem 1n about 150 artery
grafts. Multiple sections taken longitudinally through the grafts demon-
strate that endotbehum definitely does grow 1n, but at a very slow rate,
in three months, for example, there may not be more than 4 or 5 mm
I shall show some pictures of that later
PomcrRAT In tissue culture of human rib marrow, the rate of growth
of endothehal tubes with a basal diameter of about 50 p 15 about 2 mm
m six days I've made a series of measurements of that
Mepawanr: Isn't that also the case mn the ordinary formation of
~/
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nulation tissue 1 vwo? Doesn't endothehial tissue grow at just

about the tate Prof Pomerat mentioned—so as to form about 2 mm,,
of granulation tissue mn about six days?

ZUCKERMAN What about the peritoneal cells? I was most interested
m the observation that they can re-surface vast areas so quickly

Rocers Dr John H Mulholland 1 New York City, who 1s a gastro-
intestinal surgeon, has expressed again and agaimn his utter surprise when
he has had to re-explore a patient’s abdomen and has found that within
a matter of only a few days a tremendously large arca of denuded
peritoneum has been re-surfaced completely with peritoneal mesothehal
cells Apparently the proliferative capacity of these cells 1s hughly
developed

Hurxacer I think that 1t’s most important to realize that 1t 1s
possible to put n long grafts with successful results It 1s difficult to
get very long segments 1n animals and most of the patients with grafts
of 40-50 cm have (fortunately) not had any complications which
would allow one to determine the rate of endothelial growth In amimals
with grafts of 10-15 em , which are about the maximal feasible grafts, one
will find at the end of sixteen to eighteen months that i the centre there
may very well be an area 1n which, by none of the standard methods, can
any endothehum be demonstrated However, near the suture lines
endothelium can be readily demonstrated on the graft side The methods
for demonstrating endothehum are such that in general the evidence 15
certamnly not conclusive The best way that this can be demonstrated
1s by silver staiming of the interstitial substance, and thus, as far as I|
know, has not been carried out on freeze-dried material



LONG-TERM, LARGE-SCALE,
TISSUE CULTURE

WILTON R. EARLE

Durine the last few years much of the work of our labora-
tory has been concentrated on trymg to increase the faciity
and accuracy with which long-term tissue culture could be
used as an experimental mstrument In particular, we have
been concerned with the practicability of growing, and of
using 1 experimental studies, large-scale cultures of pure
strains of both normal cells and of the corresponding cancer
cells which might origimate from them Today I want briefly
to summarize for you certain of the problems encountered
and certain phases of the progress made 1n this study.

The type of tissue culture which was routinely used 1n our
laboratory at an early stage of this study 1s shown m Fig 1
(Earle, 1948) A strip-shaped explant of tissue about $ X8 x 15
mm 1n size was planted in a modified Carrel D-8 5 type flask
This explant was embedded 1n & thin layer of solid clot made
up of plasma diluted with a mixture of horse serum, chick
embryo extract, and balanced saline After clotting of this
plasma matrix, 1 0 ml of the same dilute horse serum-chick
embryo extract was added as a supernatant flmd layer This
supernatant was changed three times weekly At twenty-
eight days the cell sheet had usually covered the floor of the
flask and was transplanted by removing the shect from the
flask, cutting 1t nto strips, and mmplanting cach stup m a
new flask. By this method of culture it has been possible
to mamtain cell strains 1n culture over a period of years

At the time this type of culture was in routine use, 1t had
never been possible to grow a culture from a single 1solated
cell  All cultures had to be started originally {from tissuc
fragments or cultures which contamed many eells, often

44
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many thousands of cells. Consequently, even when the
greatest care was taken in preparing cultures and even when
the cell strain was maintained ¢n vitro over an interval of
years until 1ts morphology became relatively stable and
umform, there could be no assurance that all cells of any
culture were comparable m origm and m type (Karle, 19438)

Working on the concept that even the best of our culture
media was actually very poorly suited for the growth of

TOP VIEW
SHEET OF GROWING CELLS

RUBBER STOPPER

ORIGINAL CELL CLUMP

SIDE VIEW
FLUID MEDH.{M

\

A

CELL CLUMP
CHICKEN FIBRIN CLOT

Fi¢ 1 Diagrammatic top and side view of a culiure growing
m a plasma or fibnn clot substrate 1n a Carrel D-3 5 type
flask.

EISSUC cel}s wm vitro until the medium had been altered or
Eadapted’ by the metabolic activity of living cells, Sanford,
arle and Likely (1948) carried out expermments i which

zllralgle cells 1solated from a stramn of mouse sarcomatous
roblasts, designated as strain L, were planted 1n capillary
glass tubes

of the med The capillary tubes served to 1estrict diffusion
better che lum around the cell, and gave the 1solated cell a
thus all ance to alter the culture medium directly adjacent,
allowing 1t to build up a more optimal zone of altered
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or conditioned medium around itself. To give even better
adaptation of the medium to the needs of the cells, in some
wstances the culture medium used was freshly taken from a
rapidly growing large culture. In a number of istances
‘experimental conditions were controlled with such accuracy
that the 1solated cells prohiferated, migrated out of the open
end of the capillary into the culture medium m the surrounding
culture flask, and grew to a large culture of cells.

To date the strain of cells from which the single cell of
stramn L was 1solated has been maimntained in culture m an
entirely heterologous medium for more than eleven years
(Earle, Schilling and Shelton, 1950) The pure strain of cells
origiating from a single cell has continued to proliferate n
culture for more than four years now It is at present used as
a standard strain in much of our work

In studies on numerous other types of cells 1solated by the
method described, many of these 1solated cells, both normal
and malignant, have been observed to undergo mitosis To
date four pure strains of cells have been established and are
being maintamed m our laboratory (Likely, Sanford and
Earle, 1952). These are the strain L sarcomatous fibroblasts,
a stramn of mouse liver epithelium, a strain of mouse sub-
cutaneous fibroblasts, and a strain of mouse sarcoma cells.*
It appears probable that the general method used in the
1solation of these four stramns of cells can be used with any
cell types which can be maintamed 1n rapid proliferation in
large cultures

The establishment of pure cell stramns raised the question
of how to mnsure that such strams would not be contaminated
by extraneous cells accidentally introduced with the culture
medium

A most satisfactory nutrient solution for cells of these
strains, as well as many others, 1s a dilute mixture of horse or
other serum and an extract made from embryonic tissue. In

*As rapidly as methods for handling these various pure cell strains ean he
standardized, the strains are being released to other laboratorics capable of
maintaining and using them  The first and second strains listed are alrendy

being released
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order to elminate the hazard of contamination of the culture
by cells from the serum, 1 our laboratory the horse or other
serum used 1s routinely filtered by pressure through a Selas
ceramic filter* which has a bubbling pressure m excess of
25 1b. The embryo extract, however, could not be filtered
without rapid clogging of the filter and great loss of activity.
A study of the filtrabiity of this extract by Bryant and
Peppers (Bryant, Earle, and Peppers, 1953) showed that two
factors were responsible for the clogging of the filters The
first was entirely removed by ultracentrifugation at 45,000 g;
the second was remoéved by treatment with a low concentra-
tion of hyaluronidase before filtration. Embryo extract may
now be prepared 1n lots of over 1 Iitre m this way, by the use
of such filtered solutions the maintenance of purity of cell
strains origimated from single cells 1s msured

In the earlier plasma cultures (Earle, 19438), it had been
necessary to provide the cells with a sohd surface or a solhd
matrix on or through which the cells could migrate. While
numerous other substrates had been tried, the plasma or
fibrin clot had been by far the best, and was generally used
(Earle, 1958) This necessity for use of a plasma clot in order
to obtamn luxumant cell growth has greatly handicapped
tissue culture work The clot frequently clouds up or hiquefies,
the cultures embedded in the clot cannot be quantitatively
separated from 1t for chemical analysis or for weighing, the
chemically undefined nature of the clot has hmited exact
work 1n cell chemistry and 1n cell nutrition, the cell clumps are
limited to small size.

As the culmination of a long series of experiments to find
a substitute for this plasma clot, Evans has shown that
excellent cell prohferation of many cell types may be obtamed
by growing the cells in the usual horse serum-chick embryo
extract flmd medium under a sheet of finely perforated
cellophane (Evans and Earle, 1941, Earle, Evans, Edward
and Duchesne, 1949) This cellophane sheet helps to hold the

*Selas Fil
Us z as Filter Company, Ene and D Streets, Philadelphia, Pennsylvann,



48 WiLtoN R. EArLE

explant and the cells of the young culture m position so that
agitation of the culture fluud does not easily wash them away.
The roughness of the cellophane sheet around the edge of the
perforations, and the extension of cell strands through 1ts
perforations on to the opposite side of the sheet, causes the
cellophane to offer a far better surface of mechanical attach-
ment for the cells than does the glass of the culture flask. It1s
probable that the perforated cellophane sheet also acts
the same way as the capillary tube in the single cell culture
and by somewhat restricting diffusion allows the cells of the
young culture to build up a zone of modified or ‘“‘conditioned”
culture medium around themselves

With the plasma clot type of cultures, even from established
cell stramns, cell sheets which covered the floor of a flask
83 mm 1n diameter were considered excellent, and would
possibly contamn 10 mg wet weight of cells, often the cell
sheets were much smaller With many types of cells planted
as single large explants under perforated cellophane, cultures
of far larger size can be grown For imstance with the pure
stram L cells, cultures which covered the floor of an 80 mm.
diameter ﬂ@sk were rapidly obtamned (Fig 2). At the present
time, cultures of all rapidly growing cell strains mamntained
under cellophane are grown 1n culture flasks having a floor
area of 60 cm ? (Earle and Highhouse, 1953)

One study now 1n progress which involves the use of these
large cellophane substrate cultures may be of particular
imnterest, In collaboration with the personnel of the Tissue
Bank of the U.S Navy Medical Center, Evans and Waltz,
m our laboratory, have been carrymg on a study of the growth
of human skin cells 1n culture. Already one stramn of mred
cells, including both skin epithelium and fibroblast-hike eells,
has been mamtained for more than one and onc-half ycars
This strain was originally started from a fragment of skin
about 8 15 mm 1n size At one time we were able to usc n
one experiment cultures which had an area of over 1600 cm.?

of these skin cells
With this mixed strain of cells, as with other rapidly
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Fic 2 ‘I'wenty-eight day old culture from an established strain
of mouse hiver cells growing under a sheet of perforated celio-
phane The preparation has been fised and stained 1 sron
hiematoxylin -~ The stamned area 1s the cell sheet and the small
clear circles through 1t are the cell free areas of the cellophane
perforations  Cell density over the sheet 1s wrregular duc to
wrinkling of the cellophane Tlus culture flask has a floor area
of approvimately 60 square centimeters

s
16 3 Area of a living culture of pure stram L mouse sub-
cutancous fibroblasts, to show the morphological variation wlrch
may occur mn cells of such a pure stramn grown from a smgle cell
Note i particular the very lurge rounded up cell and the
cxtremely thin sheethike binucleate cell  x 183
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proliferating long-term strains, the difficulties of cell identifica-
t1on and classification must be emphasized. The charactenistic
architecture of the tissue 1s lost, the epithehum of the skin
mgrates out first as epithehal sheets, the cells appear to lose
their intercellular bridges; the sheets break up, the cells
become more migratory, more elongate, far more fibroblast-
hike

Similar and no less radieal morphological changes occur
with long-term cultures of other Inghly speciahzed cells such
as hiver epithelium (Evans, Earle, Wilson, Waltz and Mackey,
1952) The architecture of the lobule 1s lost, the cells migrate
out from the explant as an epithehal sheet; this ultimately
breaks up mto individual more migratory cells, rounded or
ameeboid n contour. Even with the cells of pure strains which
have origmated from a single cell, substantial variation mn
morphology occurs (Fig. 3).

Without doubt more critical criteria are nceded for the
dentification and ultimate characterization of many cell
types under the wider range of experimental conditions which
may be brought about 1n long-term tissue cultures. At present
it appears that such ultimate 1dentification and charactenza-
tion of a cell type must rest on morphological and physio-
logical criteria established from pure cell strams under
carefully established and controlled experimental conditions

By shaking and scraping an established and rapidly
proliferating cellophane substrate culture, many cells come
loose from the substrate and form a suspension n the super-
natant fluid (Earle, Evans and Schilling, 1950). Thuis suspen-
sion of 1solated cells and small cell clumps may be used to
plant new cultures of even larger size  IFrom such suspensions,
cultures of 60 cm 2 area and even larger may be routmely
obtaned, and from each such culture relatively large volumes
of extremely dense cell suspension may be prepared By
using such a dense cell suspension as an moculum, 1t has been
Possible to ehminate the cellophane substrate (Shannon and
Rarle, 1951) and to obtain luxuriant cell proliferation directly
on the floor of the pyrex glass culture flask Thus with pure
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stramn L, and other rapidly proliferating cell strains, approxi-
mately 100 mg wet weight of cells can be obtained from the
growth on the glass floor of a flask of 60 cm.? floor area
(Fig. 4). This requires from four to sixteen days depending on
the prohferation rate of the cells and the density of the
mnoculum

At the present time, our stock cultures of rapidly growing
cell strains are all planted by this cell suspension procedure
and are carried under cellophane or on glass substrates m
60 square centimetre flasks From such cultures, 1n a number
of instances we have been able to obtam lots of from 1-10 g.
wet weight of cells for chemical study. Even with present
facilities, by discontinuing other work, and by using a rapidly
proliferative cell strain such as pure strain L or the pure hiver
epithelium, probably 100 g wet weight of cells could be grown
n such flasks within a period of thirty to forty days.

This method of planting large cultures from cell sus-
pensions is not limited to established cell strains By passing
tissues of nine day chick embryos through progressively
finer sieves down to 150 mesh, Shannon (Shannon, Earle and
Waltz, 1952) has been able to obtain similar large sheects of
cells from cell suspension mocula of even these fresh tissues
These cultures showed many vaneties of cells, including
muscle fibres, epithelium, pigmented cells, fibroblasts, etc.
Such cultures have been maintained without transfer for more
than six months

At the time we were routinely using plasma clot cultures
(Barle, 1948), attempts had been made to use change
diameter or change 1n area of the culture as an index of rate
of cell proliferation. The attempts were ultimately aban-
doned since 1t was 1mpossible to obtain substantial numbers
of accurate replicate cultures and since changes i the
architecture of the cultures under the action of the exper-
mental conditions used m some mstances caused demonstrable
errors far 1 excess of 1000 per cent  With the large glass and
cellophane substrate cultures however, coarse suspensions of
cells shaken or scraped from the substrate can be passed
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through fine platinum alloy sieves, down to 150 mesh (Evans,
Earle, Sanford, Shannon and Waltz, 1951). The extremely
umiform suspension so obtamed consists of 1solated cells and
small cell clumps These can be separated by gentle centri-
fugation, washed, and resuspended 1n a balanced physiological
saline solution. Then, by means of a specially designed
burette, aliquots of the suspension can be buretted mto each
of a large number of culture flasks to start new cultures. For
mstance, from 8 60-cm.? area stock cultures of the pure
strain L cells, 100 ml of suspension may be routmely prepared,
and from this, 100 15-cm 2 area experimental cultures may be
planted within three hours. By tlus method of planting 1t 1s
now practicable to obtain from rapidly probhferating cell

strains large numbers of accurately repheate cultures.
Concurrently with the development of methods for pre-
paration of large numbers of rephcate cultures, methods were
worked out by which the numbers of cell nucler 1n such cul-
tures, or i ahquots of the cell suspension used to plant
them, can be determmed The cell nucler can be quantita-
tively removed from the glass substrate, and the nucler in
aliquot volumes of the suspension enumerated m a standard
hseemocytometer (Sanford, Earle, Evans, Waltz and Shannon,
1951) With satisfactory cell types replicate cultures can be
planted, subjected to various experimental conditions for
from one to three weeks, and their nucler enumerated; from
the data so obtained, curves showing changes in the nuclear
population levels of the cultures under experimental study
can be plotted. At the present time with the pure stramn
of L cells, for instance, statistical examination of recent
experiments shows that in the preparation and planting of
replicate cultures from such cell suspensions and mn the
enumeration of their nuclei, the overall error 1s less than
10 per cent with 95 per cent probabihity of accuracy. Further-
more, with this method of preparation only nucler normal i
ot S e et
have not been able to appl ol oo nowever, we
pply this method to cells which lay
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down a fibrous mtercellular matrix, or to cells of one strain
of click fibroblasts which had extremely small and achro-
matic nuclel

As far as I know, at the present time, every mammahan
tissue cell strain grown for an extended period of time such
as a year, has been grown m a nutrient medium which
contained a serum, or a tissue extract (usually from embryonic
tissue), or a mixture of the two. In our own experience, a
mixture of serum, such as horse scrum, and embryo extract,
such as 1s obtained from nine-day chick embryos, has given a
most favourable medium for the rapid, long-term proliferation
of many types of cells. As more accurate contiol of experi-
mental culture conditions becomes necessary and as need for
larger cultures develops, there has been an ever mcreasing
neéd for chemically defined culture media  Studies are now
underway 1n many laboratories in attempts to obtamn such
experimentally controlled media.

Time does not allow a detailed consideration of this ficld,
but rapid progress toward such media 1s bemng made in many
laboratories In our own laboratory for mstance, Westfall,
Sanford, and Evans, and their associates, have been attempt-
ing to fractionate embryo extract and horse serum nutrient
mixtures, and to substitute these fractions by chemically
defined matenals (Sanford, Valtz, Shannon, Earlc and
Evans, 1952; Evans, Shannon, Bryant, Waltz, Iarle and
Sanford, 1953, Westfall, Peppers, Sanford and Earle, 1953;
Westfall, Peppers and Earle, 1958) These mixtures have been
studied on pure strain L fibroblast cultures planted from
washed cell suspension inocula From these as yet incomplete
studies 1t already appears possible to chiminate entirely
the non-dialysable fraction of the embryo extract from the
media, and to ehhminate also the ultrafiltrate fraction of the
serum. In the mixture currently under study, cultures show
a rate of inerease of nuclear prohferation which equals that
of cultures in the standard horse serum-chick embryo extract
mixture routinely used

The development of the nuclear enumeration procedure
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for estimating prolhferation also allowed us for the first time
to study quantitatively the relationships between the volume
of culture flud and the number of cells necessary n the
moculum (Earle, Sanford, Evans, Waltz, and Shannon,
1951). For example, with 2 ml. of highly favourable standard
culture fluid such as dilute horse serum-chick embryo extract,
an mitial moculum of stramn L cells equivalent to 100,000-
500,000 nuclel resulted 1n prohferation of all cultures planted;
an moculum of 10,000-50,000 gave only 64 per cent of the
cultures proliferating, while an moculum of cells equivalent
to 600 nucler gave no proliferation. At between 6,000,000 and
10,000,000 nuclei, further mcrease 1 the population of the
culture ceased; at this level population often actually lessened
due to necrosis and cell disintegration. It appears that
accurate quantitative experimental studies can be carried
out only when this critical relationship of cell number to
the nutrient fluid volume 1s carefully controlled.

While the use of plane glass substrates, such as the glass
surface of the flask, had allowed a great increase in the amount
of cells which could be grown 1n culture, the plane substrate
placed a practical hmitation on the amount of cells which
could be grown m the mndividual culture. An attempt was
therefore made to build up a three-dimensional matrix, on
the surfaces of which the cells could attach themselves and
through the interstices of which nutrient flud and carbon
dioxide-air mixtures could be periodically recirculated
(Earle, Schilling and Shannon). Both folded cellophane
matrices and matrices which consisted of masses of 1/8 mch
diameter pyrex glass helices were tried (Fig. 5) The usual
dilute horse serum-chick embryo extract nutrient fluid was
used and the cultures were moculated with suspensions of
pure stramn L cells, and of strain 721 pure mouse liver epithe-
hum. 1In all the cultures tried with these types of three-
dimensional substrates, Schilling and Shannon could demon-
strate cells adherent to the matrix surfaces, and the cell
population, as determined by nuclear enumeration, rose far
above the origmal moculum level Thus m one culture on
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glass helices the final number of nuclei enumerated rea
174,282,200, estimated as 1n excess of 700 mg wet weigl
cells, in another culture, on cellophane, the number of n
enumerated was 286,810,000, estimated as i exces:
1145 mg. wet weight of cells.

The question arose as to the influence of the rate of circ
tion of nutrient medium over the cells. Since the variable
the three-dimensional cultures were too complex for sin
expertmental analysis, the study of the influence of velo
of flow was undertaken on pure stramn L cell suspen
moculum cultures planted i culture tubes of 22 mm. inte
diameter and specially designed for nuclear enumera
studies. After planting, these tubes were kept rotating
mecubating them 1n a multiple drum rotating or roller t
umt (Gey, 1988, Earle, Schiling, and Bryant, 1958).
umit had eight drums, the rates of rotation of which v
9-87, 18-75, 875, 75, 150, 800, 600 and 1200 revolutions
hour respectively. Control cultures were also carried v
cells mn stationary tubes and 1n stationary T-15 flasks. '
results are shown 1n Fig. 6.

The sigmificant pomt of this study (Earle, Schilhng,
Bryant, 1958), so far as our present subject 1s concerned
that the velocity of rotation of the tube, which controls
Imear rate of flow of the nutment over the mner surface
the tube, was a major factor in controlling the number
cell nucler in the culture By increasing the rate of rotat
of the tube from the 6 to 9 revolutions per hour usually u
with the roller tube drum (Gey, 1938) to 600 revolutions
hour, the level of nuclear population was raised more ti
80 per cent. Within the range of velocities studied the optir
rate lay between 150 and 1200 revolutions per hour. Wit
this range, the population levels were so close together t]
no one culture rotation-velocity can be considered as definit
superior over the whole culture period.

In spite of these high velocities of flow 1t appeared that m
of the cells were adhering to the surface of the glass tube

In all the preceding studies a sohd substrate to wh
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the cells could adhere was used. Earlier unpubhshed attempts
of ours to demonstrate cell proliferation n cultures n which
the cells were freely suspended m a fluid culture medum and
not adherent to some substrate had all failed. In spite of these
falures, the frequent occurrence of dense cell-suspensions 1n
peritoneal ascites assoclated with abdominal carciomata

r7Trrrii
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Fi1c 6 Curves showing increase 1n population of fluid suspen-
sion cultures rotating at 800 and at 2400 revolutions per hour

suggested that cells might be made to live and prohferate in
flmd suspension in vitro. The growth, by Gey, of cells of a
lymphoblastic mouse tumour in “tumbling tube” cultures
wmn wiro (Gey, 1958—personal communication) has also sug-
gested this possibility, although there was a definite possibility
that cell proliferation 1n flmd suspension in vitro might be a
unique characteristic of cells of the lymphoblastic series There
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were, therefore no conclusive data to show that the fixed
tissue cell, such as the fibroblast, could survive and maiptain
prohferation m culture in vitro, except when attached to a
surface substrate

While the sohd substrate culture could certainly be
developed to an extremely large size, the advantage of bemng
able to ehminate the surface substrate entirely was very
great It was essential in the development of the large-scale
culture that a better understanding of the role of the substrate
i the survival and proliferation of the fixed tissue cell be
obtained

Since a cell freely suspended in a circulating flmd would
be washed on all sides by that flmd, the adjustment or
““conditioning” of the fluid to the cell would probably need
to be extremely cntical m order to allow prolhiferation To
achieve this, a heavy cell suspension imoculum was used mn
each rotating tube culture. Since our earher unsuccessful
study of fluid suspension cultures had been made with cells
of pure strain L fibroblasts, cells of this strain were used. The
usual fluid medium of dilute horse serum and chick embryo
extract was used, with about 0-1 per cent of methyl cellulose*
added to increase very shghtly the viscosity of the fluid and
so assist 1n maintaimng the cells 1n suspension The rotating
drums were ncreased 1 velocity so that the most rapid was
rotating at 2400 revolutions per hour.

This attempt to proliferate the strain L cells in flmd sus-
pension has been successful (FF1ig 6) After an mitial period
apparently required by the cells to adapt or ‘“‘condition”
the fluid culture medium, the cells established and mamtamed
a state of rapid proliferation during the course of the expen-
ments In cultures of mtermediate and higher rotation
velocities there was no evidence of cell attachments on the
surface of the glass tube with mtermediate velocities of
rotation the cells aggregated m small granular or spherical
masses from 0-1 to 0 5 mm m diameter suspended 1n fluid;
with lugher velocities of rotation the cells floated as indepen-

*Mcthocel, 4000 cps, Dow Chemical Company, Midland, Michigan, US A
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dent single cells and as cell aggregates of up to about ten
cells.

The results presented here show how this pure L strain of
fixed tissue cells has been carried by a series of steps from
culture mn a plasma matrix to culture on a glass surface
substrate, and has finally been successfully proliferated m
flud suspension culture For this cell strain at least, the
results obtained indicate that the sohd substrate previously
necessary for culture of fixed tissue cells can be entirely
eliminated by accurate control of culture conditions Instead
the cells can be grown in flud suspensions under conditions
closely comparable to those now used 1n large-scale growth of
bacteria and fungi The nature of the variables mvolved and
the control of these variables already achieved appears to
justify the expectation that comparable methods may
be used for other types of tissue cells

Already 1t appears probable that within the very near
future, as the need arises, at least some types of normal and
malignant ammal tissue cells can be grown routinely n very
large scale cultures. It is my belef that the time 1s already
at hand when consideration should be given to the implca-

tions, and the applications, of such massive growth of animal
cells in vitro.
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. TRANSPLANTATION OF
PRESERVED NON-VIABLE TISSUES

JAMES W. PATE

THE use of certain homogenous grafts 1s now an accepted
chinical procedure which 1s rapidly gamning in popularty
Attempts to graft preserved tissues date back centuries, but
until the last decade these attempts have been generally
unsatisfactory.

There 1s a defimite need for such grafts in modern surgery
This 1s emphasized 1n the field of vascular surgery, where
autogenous grafts of some major blood vessels are impossible
to procure. In orthopsedic surgery, the use of preserved
homogenous grafts shortens operative time, decreases trauma
to the patient, and eliminates pain from the post-operative
donor site. Homogenous grafts also make possible extensive
spmal fusions and other procedures requiring large quantities
of bone which are impossible to procure from the patient.
Grafting of homogenous skin may be life-saving in a severely
burned patient Autogenous cornea are impossible to obtain—
as, frequently, are autogenous nerves. Other grafts, such as
thyroid, adrenal, cartilage, and tendons are nceded The
practical aspects of homogenous grafting demand a satis-
factory method of preserving or “banking” the grafts from the
time of donation to the time of the use

The 1deal preserved graft is one which, after storage and
implantation, 1mmediately and permanently fulfils all the
normal physiological functions of the replaced tissue  In the
hght of present knowledge of basic cell function, these re-
quirements cannot be met. Since these standards are not
fulfilled today, the most acccptable method of “banking”
tissues, 1n our hands, is based upon satisfactory biomechameal
function

00
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The selection of a method of preserving homogenous grafts
should depend primarily on the function expected of su(:,h a
graft after implantation. Homografts can be grouped into
two large categories, depending upon these functional re-
qurements As suggested by Longmire, we shall name these
the “homostatic” and the “homowital” The homostatic
graft’s function 1s mechanical, and mcludes such tissues as
bone, cartilage, blood vessels, tendons, fascia, higament, and
possibly other mesenchymal tissues The function of the
homovital graft depends on viability of the cells, with the
resultant ability to synthesize, detoxify, secrete, or excrete.
This group mncludes endocrine organs, kidneys, muscle, liver,
heart, gastro-intestinal organs and nerve cells.

The fate of homografts after implantation has been in-
tensively studied by many 1nvestigators Many lines of
attack, such as desensitization, tissue extraction, drug
treatment and irradiation, have been followed in an attempt
to produce permanent survival of the cells. The one universal
result of these studies, however, has been the almost uniform
report that adult homografts, placed i their normal location,
all die at some time after implantation. There are certain
exceptions, such as foetal tissues in the anterior chamber of
the eye, but, in general, all homogenous grafts are dead
soon after implantation This dead tissue 1s removed and
replaced by the recipient

The use of homografts in surgery today, however, 1s not as
hopeless as this “homograft reaction” would indicate. All
tissues of the homostatic group have a primary mechanical
function, and should not demand viability, per se, m order to
function satisfactorly

To see what may be accomphished by the use of non-viable
grafts, we shall discuss a few specific tissues which have been
mvestigated From the standpoint of the surgical use of the
graft, certam criteria for the structural function of such
homostatic grafts may be established (a) For an artery or
vem, the primary requirement 1s that the graft transmit an
adequate amount of blood over a prolonged period without
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and (d) freeze-drymng (Kreuz et al., 1951, Marrangon: and
Cecchini, 1951; and Pate et al., 1952-53)

These methods may be grouped mto (a) Those where
visbiity 1s mamntamed These mclude fresh homografts,
nutrient-media grafts, and rare cases of frozen grafts (b) Those
where viability 1s not mamntained but the physical and
chemical structure is not seriously altered. These include
most of the frozen grafts and all of the freeze-dred grafts.
(¢) Those where viability 1s lost, but other factors, such as
protemn structure, are seriously altered This group mcludes
the chemically fixed, merthiolate stored, boiled, and auto-
claved tissues and will not be discussed further, because of
the unknown variables mtroduced.

Non-viable arteral grafts were used as early as the first
decade of this century. The study of viability in arteral
grafts has been vigorously pursued. As a basis for discussion,
we shall use the studies from our own laboratories (Pate
et al , 1952-58; Pate and Sawyer, 1953). We have implanted
about 150 aortic grafts in the dog, using fresh homogenous,
nutrient media homogenous, frozen homogenous, freeze-dried
homogenous, and freeze-dried heterogenous grafts All these
grafts have been placed in the abdominal aorta using identical
techmque Storage time has been controlled so as to be
comparable m all groups except in the fresh grafts Evaluation
of the grafts has been made primarily'on the ability of the
graft to carry blood, 1 e. on the gross neuromuscular function
of the dog, the colour, temperature, presence of pulsations
aortograms, and the gross appearance of the graft at autops3;
(Table I). In addition, many of the segments have been
submtted to extensive microscopic studies, elasticity studies
tensile strength determinations, electric potential dlfferencé
measurements, tissue culture, histochemical and chemical
analysis.

The abihty of the graft to carry blood without deleterious
effects on the recipient 1s roughly comparable 1n all the groups
and all are acceptable. However, the freeze-dried homograli‘t
(Fig. 1) 1s notably without rupture, hemorrhage or thrombosis,
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This 1s apparently confirmed by 14 human grafts followed
for only seven months or less  Microscopic study has
indicated that the freeze-dried homograft 1s re-endothelialized
faster, 1n general, 1s more acceptable, with less scarring
and fibroplastic proliferation, than any of the other types
of grafts

In an attempt to elucidate the mechamsm underlying
the better results in the freeze-dried graft, several interesting

Table I
StaTIsTICS OF 185 AoRTIC GRAFTS IN DoGs

Time of storage of freeze-dried grafts was from one week to one year,
with a mean of six months ~— -

Horografts Heterografts
Fresh Freeze-Dried| Freeze-Dried
1 Number 30 6S 40
2 Mortalaty 4(13%) 1#(2%) 3(8%)
a) Hemorrhage 2A7%) 1#( 2%) 3(8%)
b) Thrombosts 27%) 0 0
3 Throzbosis, Nonfatal 4(13%) 2 (3%) 3(8%)
4 Gross & Mxcroscope
Appearance - - 32
a) Excellent 17(57%) 60(92%) 15(47%)
b) Good 5(17%) 2(3%) 11(34%)
c) Fair 3(0%) 1 2%) 2(5%)
d) Poor 1(13%) 1( 2%) 1{ 3%)
e) Failure 4(13%) 1#(2%) 3 8%)
5 Acceptable Function 26(87%) 64(98%) 37(92%)

¢ Same case, no vecuun storage
+ Totnl nutopsies to date Remnining 8 cnses are living without
evidence of abnormalities

studies have been done Measurements of the clectrie poten-
tial difference (Sawyer and Pate, 19584, b) across the walls of
vessels have shown that dying, mjured or degenerating cells
have positive (injury) potentials on ther intimal surface in
relation to the adventitin  These positive intimal potentials
attract the negatively charged blood cells and a thrombus 1s
formed on the vessel wall  This 1s 1n contrast to the normal
vessel, where the potential at the mtima 15 negative; and to
_the freeze-dned graft winch, bemg dead, 1s meapable of
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mamtamning any potential The studies have shown that there
1s a direct correlation between living (mmjured?) cells in an
arterial graft and the predisposition to thrombosis, and
conversely, that the absence of living cells m a graft is
correlated with an absence of electrical potential and a
reduction mn the probability of thrombosis. Freeze-dried
homografts of the aorta have been completely crushed through
therr entire length 1n numerous experiments, without the

SENSITIZING
ANTIGEN
TESTING
ANTIGEN FRESH | FREEZE-DRIED| CONTROLS
TTTL
4 ok i
FRESH dopi 114
eleledf e |1 e
;::’Z Ef’v,f_f N ;‘4‘1‘( ot
FREEZE-DRIED| Pif | | |
el

Fic 2 Preeipitin tests on rabbits sensitized to crude aortic
extract Each horizontal block represents one ammal, each
vertical block intensity of reaction.

production of thrombi This has been true of no living graft
studied, or even of the normal aorta

We have been able to demonstrate that the process of
freeze-drying and subsequent reconstitution and extraction
In water or physiological saline removes some of the protein
from the graft Precipitin tests i the rabbit suggest thatg
some of the antigenic properties are also removed (Fig 2) ;
and 1t seems quite possible that the two phenomena are:
related This may be a factor m the decreased scarring and
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fibroplastic response observed in the recipient of the freeze-
dried grafts. It may also help to explam the fact that by
freeze-drying and reconstituting in large volumes of saline,
arteries from pigs have given acceptable results when im-
planted mnto dogs

These desirable properties (removal of electromotive force
and reduction of antigemcity) in the freeze-dried grafts

100

701~

60~

501~

40}~

30~

REMAINING FIBERS

1 1 ) {
1 6 12 25

WEEKS (LOG SCALE)

Fic 3 TRate of disappearance of elastic fibres (in pereentage)
after implantation of fresh and frecze-dried nortic grafts

would both be impossible 1n the presence of hiving cells. We
have become convinced that viability per se m arterial grafts,
15 not only unneccessary but undesirable

As an example of other comparisons between viable and
non-viable aortic grafts, let us consider elasticity. It has been
said that, from a clinical point of view, the clastie propertics
of the norta arc far more important than the histologieal
appearance (Krafka, 1989). It has been shown that rigidity
m an artery predisposes to aneurysm formation and rupture,
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so that the retention of elasticity 1s desirable. If one takes
multiple random sections through an arterial graft and 1its
donor vessel, and actually counts the number of elastic
fbres m the thickness of the vessel wall, the number of
fibres remaming after varying periods of umplantation is
found to decrease. Fig. 8 shows such a curve, based upon
approximately 8400 counts from about 1100 sections from 70

Jiee | WEEK AFTER
IMPLANTATION
o—o0-~0 CONTROLS

Jao &—D FD GRAFTS
e----9 FRESH GRAFTS

12 26 WEEKS AFTER
IMPLANTATION

lsa ™™ FRESH GRAFTS
A—A FD GRAFTS

-Jas 1
§ 10 16 20 25 30 35 40 45
ELONGATION (PERGENTAGE)

Fia 4 Tension vs elongation curves of aortic grafts at various
, times after implantation

aortic grafts Curves for both freeze-dried and fresh homo-
grafts are not significantly different. Microscopic changes n
the fibres are comparable 1 both groups.

Strips of known cross-sectional area may have constantly
mncreasing tension placed on them, so that their elongation
gives a measurement of their elasticity. Fig. 4 shows a series
of such curves. It 1s evident that freeze-dried grafts are
not only elastic as are fresh homografts, but give curves
nearer the normal. Mathematical analysis of such curves
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shows that the loss of elasticity after implantation is well
correlated with muscle degeneration, fibrous replacement, and
peri-adventitial fibrosis Here again we see an area m which
the non-viable graft fulfils our practical desires 1n a more
favourable manner than the live fresh homograft

The first record of transplantation of bone grafts which we
may be reasonably sure were non-viable was by Olhier m
1867. He reported the use of homogenous bone which had
been stored below —16°C Many papers concerning the use
of bone grafts have appeared since that time (Inclan, 1942;
Bush and Garber, 1948, Herbert, 1951, Wilson, 1951). It1s
noteworthy that these results are roughly comparable with
those obtained from fresh homografts In our laboratories,
there has been an extensive comparison of the results in
ammal experiments of grafting of bone preserved by various
techniques and fresh autografts (Kreuz et al., 1951; and Turner
unpublished) These studies have failed to demonstrate any
superiority of the wviable over the non-viable bone grafts.
The freeze-dried grafts have been satisfactory and have
compared favourably with the other types of grafts. Whether
these results will be duplicated in the human patient must
be demonstrated by a long-term study. However, short-term
observations of over 100 freeze-dried grafts have roughly
paralleled the experimental findings 1in the amimal.

These results compare with those of other mvestigators
m that- (a) There 1s no remarkable difference in the results
from wiable and non-viable homografts, and (b) non-viable
bone serves as an “‘osteogenic stimulus™ n spite of the fact
that 1t 1s dead.

It 1s almost umversally appreciated that all homogenous
skin grafts dic and slough from the wound surface at varying
times after transplantation  Nevertheless, the use of skin
homografts has a very real place mn modern surgery. In the
treatment of extensively burned patients the nearest approsi-
mation to the ideal dressing 15 a skin graft, be it antogenous
or homologous (Saunders and Moore, 1950). Homologous
skm may be hfe-saving m such cases (Hyatt, 1958)  Well-
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preserved non-viable skin may fulfil our basic criteria Y
by decreasmg fluid, electrolyte, and protemn loss, and by N
alleviating pam, infections and fibroplasia. Imtial clinical
results with freeze-dried skin suggest fulfilment of these
criteria, and that skin acts as a good physiological dressing

The use of merthiolate-stored, frozen, freeze-dried, boiled
and other non-viable cartilage grafts has paralleled the use
of bone These non-viable grafts are widely used with
acceptable results 1n spite of the fact that they are dead.

Theoretically, this concept of non-viable homostatic
grafting may be extended to other tissues, such as' fascia,
tendons, cesophagus, trachea, cardiac valves, nerves, ureters,
common bile ducts, dura and possibly cornea. Early experi-
mental results have, in some of these, indicated that the
theory may correlate with practical results. It must be

determned 1if these grafts will fulfil thewr function while being
replaced by the recipient.

Conclusions
1. The use of homostatic grafts has a definite place in
modern surgery.

2 The necessity of wiability m these grafts 1s open to
serious question

8. Experimental studies 1 animals indicate that at the
present stage of development, viability per se 1s actually
undesirable m arterial grafts and this seems to be confirmed
by short-term human cases.

4. By the utilization of non-viable grafts, various manipula-
tions, such as freeze-drymg and extraction, may be carried
out. Such lines of attack on homograftmg may lead to radical
Improvements i technique of storage and n the results of

homostatic grafts, and possibly allow satisfactory hetero-
static grafting.

The opinion and statements m this
paper are those of the author
a?(: hshould not be construed as official or as necessarily reflecting those
of the Department of the Navy or of the Naval Service at large

NORMAL TISSURS ¢
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DISCUSSION

Ros Did you measure the electrical ntimal potentials of frozen
grafts as well as the freeze-dried and fresh aortic grafts?
~Pare We did not do enough of those to draw any defimte conclusions
After short pertods of storage, they seemed to follow the fresh grafts, but
after longer periods, the freeze-dried

LoxGyire What 1s the longest period that these freeze-dried aortic
grafts have been followed?

PaTte In the dog they have been followed for about two years, 1n the
human for periods of about seven months

LoneMIRE Do you ever find any calcium deposits mn these grafts?

PaTe We have done calcium determmations on a few and found
them within normal imits We can see no evidence for 1t

Loxnemire H ve you found calcium deposits m other types of grafts?

Pate We haven’t, surprisingly enough We have seen a thickeming
of the intima which resembles calcification grossly, but on chemncal
examunation 1s not calcrum

ALLGOWER Are you sure you kill all the cells by freeze-drymng?
There have been reports by Webster and other plastic surgeons of the}
use of skin which was freeze-dried and which persisted afterwards

Pare We have done multiple tissue cultures and have not been able
to get any live cells out e feel sure the cells were not ahive After
as early as forty-eight hours of implantation there are no cellular
elements at all present 1n the graft

Parxes How did you reconstitute the freeze-dried tissue?

Pate We simply put 1t 1n yater or physiological saline for about
thirty minutes

Mepawar Are fresh bone autografts “static” grafts, 1n Longmire’s
sense? Do you think they are completely replaced by host tissue?

Hvarr We think that fresh bone autografts, while replaced in the
same static manner as are the homogenous grafts, are somewhat more
acceptable to the host from the climeal standpomnt In our experimental
work* we did not investigate “chip grafts” However, m the patient we
make a “boneburger” wlich 1s a patty of bone chips It resembles a
“hamburger patty” in physical appearance Our nitial clinical obser-
vations lead us to believe that the rate of revascularization of the
“boneburger” 1s satisfactory

Lonemirr T would like to ask your opimion of Hatcher’s observation
that the viable cells 1n a bone graft may participate 1n the early phases
of healing

Hyarr As I understand Hatcher’s observation, he bases his mter-
pretation of viability upon the basophilic staiming portions of the cell

*Hyatt, G W, Turner, T C, Bassett,C A L , Pate,J W and Sawyer, PN {

New Methods for Preserving Bone, Sk d Bl
Medicine, 12, 288-253 (Sopt 1052) | cod Vessels  Posigraduate

*Kreuz, F P, Hyatt, G W, Turner, T C and Bassett,C A L The Preser-

vation and Chmeal Use of Freeze-Dried Bone J l
Surgery, 33, A 508 (O P o ournal of Bone and Jownt
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nucler, within the bone However, we have observed tlus staiming
characteristic in grafts which, while they have been in the host, had been
non-viable for as long as two weeks We do not think that viable cells
within the bone graft participate in the early phases of healing. Certain
superficial cells may participate in the early phases but these, 1n our
opmion, may not be significant.

MeDAWAR: I wish some climeian would express an opinion on Dr
Longmure’s classifieation into homostatic and homovital grafts I think
1t an excellent one—although not perhaps etymologically!

Hyarr Into what classification would Dr Longmure put Ius fresh

i4 « homogenous skin graft, if used as a hfe-saving procedure?

Loxemirr: If you're using 1t as a dressing, I think one nught incor-

> ' porate it in the homostatic group, but if one could use homografls
of skin as most of us hope eventunlly to use them, as permanently
surviving grafts, they would come n the homowital group

Hyatr You base the distinction on the fact that 1t has what appar-
ently 1s a climeal take and stams and that, to all appearances that we
have at our disposal, 1t grows? It doesn’t fit 1n a category if it does not
stain, 1s that 1t?

Loncyinr The classification 1s based manly on the end-result.

Hvyarr Functional

Loneyirr: I had not visualhzed the functional component as 1t was
expressed today, but if you usc that dividing Iine then the skin graft
fits in the homostatic group

Hyarr. Except that 1t 15 a It confusing when you use the term
homostatic and then demonstrate certain evidence of vinbility as we
understand it.

Loxcuire Not over a very long period of time.

Mrpawar I should have thought that even the frozen-dried hone
homograft was the source of some osteogenmic stimulus, beeause there's
n good deal of Swedish work on the osteogenic action of extracted bone.
So evidently the bone homograft, even if it's frozen and dried, 1sn’t
merely a scaffolding, 1t 1s the source of some sort of inductive stimulus,
even 1f 1t’s non-specific  But I gather that some of the Swedish work
has not been confirmed, 1n the sense that even therr extraction media,
pure alcohol for example, have heen found to be osteogenic

IIvaTT Electron microscopy has defined the structural unit of bone
better than we have ever known 1t before*, to the point of placing the
coarse fihrillar collagen, mucopoly snecharides, aud the yvanous metatlic
salls 1n their proper relationslups  We think, without defimte proof,
however, that the collagen and the mucopoh saccharides mny be
synthesized or resynthesized by the so-called osteoblast in the process
of new bone formation  We feel that the hasie matris of the homn- or
heterograft of bone may not be as acceptable for such svnthesis or
re-synthesis  In these points there may b oo very valuobie story.

-

*Jobinxon, Nobert A , An Lilectron Microscopic Study of the Crvatalline
Inorgamc Component of Bone and its relation to the Orgame Matrix, Journal
of Bone ond Jant Surgery, 34 A, 380 (Apnl 1952)
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Pargrs Ts there any reason why a graft should not change 1ts classifi-
cation 1n the course of time?

Loncyire. I think that would add confusion to an attempt to clanfy
the situation

Parkps But if 1t starts by performing some vital function and the
for some reason dies and remains as scaffolding?

LoNGMIRE It seems to me that it is based more on what one eventuall
expects of the graft If skin s used as a purely temporary covering the
you do not expect to survive, if 1t serves a purely mechanical function ¢
was brought out today, 1t would be ncluded in the one classificatio
On the other hand, if you are expecting 1t to continue to grow an
reproduce, 1t should be placed 1n the other category.

HurnaceL I would suggest that 1t be regarded, not as a classificatio;
but as a clarfication of a concept In the first category, in which ti
graft 13 of the framework type, structural integrity 1s of prima:
importance, but whether the transplant 1s hving or dead 1s of litt
consequence In the second group, in which 1t 1s necessary that certa;
cellular groups survive and mamntamn their secretory function (e
endocrine transplants), cellular organization 1s of very hittle importan
as long as there 1s adequate secretion of the hormone And then final
there 1s the other category in which both structural mtegrity ar
orgamzation of the cells are important and the cells must also surviv
If thege factors are considered m this hight I do not see haw there can |
any real confusion

A U. Surra I felt that Dr Pate rather underestimated the possibilr
of frozen cells retaining viability The rate of cooling used by him 1s
rapid, however, that the majonity of hving cells would not surviv

Pate: I was spealang primarnly of the frozen grafts as they are in u
m chnical surgery, and not as a laboratory procedure You can free
grafts and get fully viable cells, but as 1t’s done chnically in mc
hospitals I don’t think they are viable.

A U Smrr I'd like to hear of some of the hospitals who are freezn
tissues n such a way that they would be viable

Rooers Dr Jerome P Webster of the Preshyterian Hospital, w
wrote one of the early papers on refrigeration of skin, stated that
skin autograft, frozen rather crudely 1n an ordinary hospital refrigerat
at 4°C and kept there for as long as three weeks, would survive a:
remam viable if transplanted back to the original donor before thi
weeks had elapsed This 1s a chnieal appheation of the freezing princy
m which the grafts apparently survive despite the lack of any refir
ments m the freezing techmques

PArkEs I believe skin 18 very resistant to
Isn’t that so, Prof Medawar? i that Jand of treatme:
Mepawar. Yes, very resistant indeed, but as Dr Billingham v
explamn m due course, skin does not survive being frozen and dned
Parrrs Much depends on the method of reconstituting 1t  In
expertence of freeze-dryng that may be even more important than t
method of freezing It may be that if you haven’t killed 1t by freez
and drymng, you've killed 1t by your method of reconstitution
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Rocens' T heard Dr Cecil Taylor, of New York Umverauty, read a
paper two weeks ago m which he demonstrated with lus mgemous
refrigeration chamber the fact that cells sl mamtam their vaabihty
even when frozen to extremely low temperatures, but these same cells
arc often destroyed by the reconstitution process.

Parkes You should reconstitute by putting back what you took out,
which 15 presumably water and not sahine

StronG I wonderif anybody has done any work or knows of any work
where diathermy has been used to thaw tissue from 1ts frozen state prior
to grafting. 1Would this possibly be a solution to some of our skin
stornge problems? Would there be greater or less survival if it was
rapidly thawed by the use of dinthermy? T know there 15 commercinl
cqupment avaulable that the Birdseye people have desygmed to thaw
very large contamers of frozen food very rapidly.

Loverock I have made only a few abortive experiments with a
diathermy apparatus, which I found did not deliver suflicient eleetrien!
energy to the frozen speeimen to thaw 1t fast enough to he of any use.
We are ncgotinting for a radar type of apparatus operating at a very
lgh frequency and with farly lngh power, which should provide
(theoretically anyway) sufficient energy to do the job It certminly has
worked on frozen solutions, but whether i practice 1t will work with
tissues, 1t’s a httle early to say I think there s a possible future in that
direction as you supggest

Parxrs In the first test that Dr. Lovelock made, the material
turned from a sohd at —70° mto a vapour 1n a sphit second

Poserar I think Dr Pate’s paper 1s significantly exating heeanse
we sec that our goals may extend from complete v inbihty of the tissues to
a state where viabihty beecomes actually undesirable  Here is evidencee
then that vialihty n the artery appears to be undesirnble and that we
should scek a8 method of preservation wiieh assures its phy sical proper-
ties, but with the chmmation of antigenie hodiey

Easrcorr This 1s a fundnmental question we have been discuswing,
and I scent a severe cleavage in our ranks It would be yalunble if we
could have some indication that o homografl may survive Tt is peneralhy
nceepted that the chrcal use of corneal grafung s an example of a
satisfnctory homograft  The evidence vo fur seems to me very slender
that 1t 15 And with regard to the bone antograft, does it survive as i
functioning group of tissue cells or not?  We must know about thus,
hecnuse 1f these tissues work helter ns “oold meat™, so to speak, then in
trying to preserse hfe durmg stornge we're going after something which
is not gong to help us in the end

Ry enorr Before 1905 cornenl graft surgery way almost entirely o
surgery of heterngrafts, and the failares of the minctecnth century were
put down in Inrge measure to this cause But the two fuctors of infection
wd technuipue must aleo hase hnd an nflucnee Recently, 1t has been
zaown in London and in Geneva that under certnin conditions hetero-
rrafts hetween humans and ents and hetween eats and enbbits an
poraible, and these experiments may open up o new eonceplion »f
sorneal graft surgery  Prom the climcd point of view, up to 1922
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corneal homografts were mostly fresh, because of legal restrictions and
the difficulty of obtaimmng suitable donors But in 1922, Filatov in
Odessa published his work on the use of the cadaver cornea which he
was able to obtain quuckly after death (owing to facilities in that country)
and to use within a few hours In this country we have not been able
to obtain them legally at all until quute recently I think you will find
most of the surgeons who do this work prefer the preserved cornea to
the fresh matenal



STORAGE AND HOMOGRAFTING
OF ENDOCRINE TISSUES
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In this paper we shall refer only to viable grafts, ar
want to start with a very simple proposition, namely t
practical use 1s to be made of the techmque of transpla
tissue, the surgeon must have suitable tissue available s
proper time It rarely happens that the right bit of i
becomes available spontancously exactly when requ
and except 1 the case of skin, the scope for autografti
hmited, so we are plunged immediately into problems
of storage in a viable state and of homografting of tissue.

The problem of homografting, the grafting of tissue
one individual to another of the same species, as Prof
Medawar has pointed out, 1s heavily tangled up with con
immunological considerations which apply with very diffy
force to different organs, different species and different
of transplantation. As a result, widely divergent view:
found, based often on widely divergent experiecnce We
already heard much m this Symposium of the doubts surg
feel and the difficulties they experience in the use of he
grafts. On the other hand, many experimental endoc
logists, blissfully ignorant of immunological complicat
and with unlimited material at thar disposal, have n
homografts of various tissues, notably mammalian gor
with ecomplete nonchalance and notable effect  Stemach
Lipschutz and many others, have grafted ovaries mto 1
mammals, testes into female mammals, and both into b
and have made observations on the resulling mtersesus
without apparently bemg surprised that the grafts, eosent
homografts, took, persisted and funetioned. Nor ecan ¢
supposed that such grafts necessarily broke down aft

70
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short while. ILipschutz (1982), for nstance, quotes i some
detail the case of a castrated male gunea-pig which received
an ovarian graft, became femmized, and for two years
afterwards was used to demonstrate this condition The
graft then turned androgeme, and m 1its third year after
receiving the graft the gumea-pig with 1ts male accessory
organs m prime condition was used to demonstrate the
potential androgemcity of the ovary. There are also many
examples of the uterus, prostate and so on, having been
grafted routimely to other ndividuals for various experimental
purposes. We mention this pomnt merely to emphasize the
practicability and effectiveness of viable homografting m
certain cases.

So far as the storage problem 1s concerned, a certain amount
of expermmental work has been carried out on the preservation
in vitro of tissues by various methods, mncluding cooling and
drymng No doubt we shall hear a good deal about this work
m the course of this Symposium Of relevance to the present
paper 1s the work of Lipschutz (Lipschutz and Uprus, 1927,
Lipschutz, 1928) who was able to obtam active ovarian
homografts in guimea-pigs from tissue which had been stored
for many days, or even a week or two, at 14°C or between 1°
and 8°C, as well as from tissue which had been partially
desiccated. By contrast, tissue stored at temperatuies below
0°C was mvariably non-viable In general, it 1s fair to say
that until two or three years ago comparatively httle progress
had been made with the problem of long-term preservation
of normal mammahan tissue 1n viable condition.

We want now to give some indication of our work on these
problems, and we must sé,y immediately that in using the
word endocrine tissues m the title we were thinking only of
the ovames, testes, adrenals and pitwitary glands With the
adrenal cortex our work has not reached a decisive stage
while that on the pitwitary gland has been carried out, by ou;
colleague Mr S E Smuth, entirely by means of tissue culture
In practice, therefore, our remarks will be restricted to the
storage and homografting of gonadal, mainly ovarian, tissue
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Grafts of Ovarian Tissue
Criteria of an active graft

In the case of the ovary it 1s comparatively easy to decide
whether or not an active graft has been obtamned, and we
should emphasize that i the present paper the expression
“active graft” means an endocrinologieally active graft The
gamctogenic potentiality of the graft 1s an entirely different
problem, which together with the general histology of gonadal
grafts mn the rat will be dealt with in the next paper by Dr.
Deanesly.

In the rat, the criteria of an active ovarian graft are simple
and relatively precise (see Harris and Eakin, 1949) If the
ovaries of a rat are removed, the cyclic changes in vagmnal
epithellum, detectable by making smears of the vagnal
contents, come to an abrupt end If, on the other hand, the
ovaries arc removed, cut mnto small pieces and implanted under
the skin of the flank, the cyclic changes in the vagina start
agamn after a short interruption. In other words, active grafts
have been developed from the picces of ovary This reaction
1s remarkably regular and remarkably rapid. In the stram of
animals mamly used by us, the typical cestrous cornification
of the vagina recurs 1n an average time of about scven days
m almost all amimals receiving an autoplastic graft of their
own ovarian tissuc  Where the tissue used 1s less effeetive,
cither because of treatment of some kind or beeause 1t ecame
from another individual, the proportion of ammals i which
active grafts develop 1s decreased and the average time
taken for the graft to become effective 1s nereased.  This
decreased effectivencss 1s presumably associated with destrue-
tion of a proportion of the cells of the tissue implanted. With
the 1dea of trymng to assess this loss we carried out a scries of
experiments 1n which decreasing amounts of fresh tissue were
implanted  The results (Table T) mdieate that even when
the amount of tissue mmplanted 1s reduced to onc-quurter
of an immature ovary, most ammmals develop an netiye prafl
in a comparatisely short time, and they suggest that a ngh
proportion of fatlures and a long latent mterval mdicate
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Table 1
ErreCcT OF VARYING THE AMOUNT OF OVARIAN TISSUE GRAFTED (RATS)

No of animals Av time lo
No of developin restart of
antmals

d
Amount of ovary grofte active grafts cycle (days)

1/4 of one ovary 10 7 12 0
2/4 of one ovary 10 10 88
4/4 of one ovary 10 10 71
8/4 recerved two ovaries each

cut 1nto 4 pieces 10 10 6 2

that a very small amount of hving tissue has been 1mplanted
or has survived the immunological reaction.

Agamst this background of information we can examine
with some precision the effects of storage and homografting.

Effect of homografting

We have used two stramns of rats (a) albinos, derived (a
long time ago) from Wistar stock, and (b) hooded, from a
colony mamtamed at the Institute for many years Prelimi-
nary experiments showed that the albinos were less receptive
of homografts, whether inter- or intra-stramn (Parkes and
Smith, 1958) and almost all our work has been carried out
with the latter stramm  Further information 1s given i Table
IL, arranged according to the percentage of animals developing
active grafts The average time taken to do so varied between
8 4and 12 3 days, and was thus above that for autografts It
may be concluded that homografts have a somewhat reduced

Table II
HoMOGRAFTING oF Fresn OvariaN TISSUE 1IN ALBINO AND HooDEp RaTs
Recerped

Stram ;raffa N? o {3 Animals developing achioe grafis

from anima Number Per cent
Hooded Hooded 10 9 90
Hooded Albmno 19 16 84
Albmno Hooded 18 11 61
Albino Albmno 10 (] 60
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chance of becoming established in these strains of rats, and
take rather longer to do so. It should be emphasized, however,
that perfectly effective homografts can readily be obtamed.
The ultimate fate of such homografts by comparison with that
of autografts has not yet been determined, but they are known
to last for at least several months.

Storage above 0°C.

In early experiments we were able to obtamn a number of
active grafts from ovarian tissue removed from the animal
and stored 1n damp cotton wool for some days at about 2°C.,,

Table 111

Errecr oF KerrinGg DEAD RATS AT ~+2°C BErFORE REMOVING OVARIAN
TisSUE FOR SOAKING IN 15 PrR CENT GLYCFROL-SALINE AND GRAPTING,
Wrrn or Witnout FREEZING For ONE Hour AT —70°C

Time fl.wgdy No of Noof lr;rllfr’rlzah /i;v”{;zr to
a!(;;;')C Treatment ammals a‘r];::r p{]rajfn cyele (da?{')
1 Soaked only 10 0 10 8
1 Souked and frozen to
—70°C 10 4 17 8
2 Soanked onlv 10 7 121
2 Sonked and frozen to
—70°C 10 b 20 0

thus confirming Lipschutz’s observations. Ilowever, 1t soon
became cevident that if 1solated ovarian tissue could be ob-
tamed 1t could be preserved in vitro much more cfficiently
than at 2°C, and attention was then turned to the gquestion
of how long ovarian tissue would remain viable in a dead body.
Experiments were carried out in which rats were killed by a
blow on the head and put mn cold store at 4-2°C.; one or two
davs later the bodies were opened, the ovaries removed and
used for grafting capertments.  The results (first and third
lines of Table I11) show that one day after death the vinbibity
of the ovarian tissuc 1s shghtly, and at two days substantinlly,
impaired It must be remembered, however, that these results
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relate to homografting of tissue cut up and soaked m 15 per
cent glycerol-saline. In view of these additional hazards the
effect of the staleness of the tissue cannot have been very
great. It appears, therefore, that freshness of tissue intended
for grafting 1s not so important as 1s sometimes supposed.

Storage below 0°C.

The main results we have to bring before you are themselves
somewhat stale by now, but they are very relevant to the
theme of this Symposium. About four years ago we (Polge,
Smith and Parkes, 1949) made the discovery that glycerol
has remarkable properties in protecting living cells aganst
the otherwise fatal effects of freezing and thawing. This
discovery was of considerable interest because 1t has usually
been assumed that if living cells could be frozen and thawed
without damage they could be kept indefimitely at tempera-
tures low enough to arrest metabolic activity, e.g. those
obtained by the use of solid carbon dioxide (—79°C.) or hquid
air (—190°C ). It now appears that physical effects may come
into the storage picture and that the nature of the medium
may be very important, but substantially the assumption
was probably correct.

The use of glycerol was rapidly applied to certain other
hving cells and tissues, notably ovarian tissue, and the
possibility of indefinite storage of tissue n vit10 was opened
up We now have a large amount of information about the
preservation of ovarian tissue The first step was to mvesti-
gate a number of different media containing glycerol in saline
or serum, together with various conditions of freezing. It
was found that optimal preservation was obtamed by slow
freezing to —190°C. in 15 per cent glycerol-saline. A switable
freezing gradient 1s obtamed 1n the special type of slow cooler
(Polge and Lovelock, 1952) shown in Fig 1 Results with
different media are given in Table IV —79°C was found not
to be a satisfactory temperature for stormg ovarian tissue
(even for comparatively short perwods) frozen m glycerol-
contamning media  The solitary promusing result obtained
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after mne days at —79°C. m this series of experiments was
with tissue frozen in neat rat serum, but the time taken to
establish an active graft was very long. It 1s noteworthy
that grafts made from tissue frozen under the best conditions

TOAYTRENE | sennioss

Dite Wb Aunmwm
/ CAN
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1000 aul
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Fic 1 The construction of the cooling vesscl

Outer vessel 1,000 ml polythene beaker Height, 18 0 em ,
diameter, 12 0 em , thuckness, 0 5 em , charged with 500 ml
of 20 per cent glycerol

Inner vessel Aluminium scamless ecan  Height, 10 0 em,
diameter, 7 0 ¢cm , thickness, 0 025 cm

(Polge and Lovelack, Fet. Rec., 64, 306, 1052)

so far ascertamned had an average latent interval much
greater than for grafts made from untreated tissue, so that
if the data given m Table I apply, there must have been
some considerable loss of cells on freezing. It 1s possible,
however, that some other factor than mere quantity of
hving cells 1s involved, because frozen and thawed tisue
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Table IV

RESULTS OF GRAFTING OVARIAN TIssuE FrozEN For NINE Days IN Various
MEDIA, IN CormPARISON WITH CONTROLS

Proportion of Average time
Treatment of ovarian lissue amamcggg;oﬁng L%Ii‘:f:z}:ﬁ
wnthin 28 days (days)
Unfrozen control
15 per cent glycerol-saline at room
temperature for one hour 14/14 69
Frozen in
15 per cent glycerol-saline to
—196°C 5(5 14 4
Frozen 1n
15 per cent glycerol-serum to
—196°C 5/5 16 4
Frozen in
25 per cent glycerol-saline to
—196°C 8/5 238 8
Frozen i
Serum to —79°C 4/4 24 0

(Taken from Smith and Parkes, 1951)

seems to have lost much of the capacity of fresh tissue to
survive en vitro at ordinary temperatures (Parkes and Smith,
1958), and may, therefore, have suffered some qualitative
change

The next step was to investigate the effect of prolonged
storage at low temperature, using the optimal conditions of
freezing so far evolved. The results are shown m Table V,

0y

Table V
RETENTION OF VIABILITY IN LONG-FROZEN OVARIAN TISSUE (—190°C)
Duration o A t
Teta'mg ojf Il\’o of a df\v,g 8(77‘.4,; fis tal;zrg?'(elrtz-e
155U
(s implantations obtained agﬁe}gr(tg;t;jes;)f
1/24 5 5 15 4
9 5 5 14 4
83 5 5 18 8
117 8 8 15 1
285 9 9 16 O
367 12 12 16 3
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and are of great interest in showing that the damage caused
by freezing and thawing, as assessed by our two criteria, 1s
not increased by prolonging the period of storage at —190°C.
from one hour to one year. We have adequate supplies of
this material m store and shall continue to test 1t at intervals,
by autografting, until the donors have perished of old age,
after which homografting will have to be resorted to So
far as we can tell at present, however, rat ovanan tissue is
potentially 1mmortal under the conditions described Un-
fortunately, the expermmental investigation of potential
mmmortahty cannot be expedited very much, and 1t will be
a long time before we know the ultimate fate of tissue so
stored.

All the experiments described above on storage below
+2°C. mmvolved the autografting of tissue frozen while fresh.
The shght loss of effectiveness caused by freezing and thawing
1s cumulative with that caused by homografting (Parkes
and Smuth, 1958). We have now shown further that the
additional hazard of the tissue not being fresh further de-
creases the wiabihty of frozen homografts, but even so,
active grafts can be obtained from tissue taken from a two-day
corpse, frozen, thawed, and 1implanted 1nto another individual
(Table III).

Other Tissues .

Results essentially similar, but less extensive, have been
obtained with the storage and homografting of testicular
tissue taken from infantile rats Such tissue 1mplanted nto
castrated adult males readily forms homografts, the activity
of which can easily be judged by the mating behaviour of the
anmmals, and by the size of their accessory organs The
capacity of the testicular tissuc to make endocrinologically
active grafts m a test of this kind 1s decreased only shghtly
by freezing in 15 per cent glycerol-salme and by prolonged
storage at —190°C Unlhke the ovary, the rat testis can be
stored with considerable success at —79°C 1n 15 per cent
glycerol-saline  Tissue left n the body at +2°C. for one or
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two days retamns some power to make an effective graft, but
as with the ovary, stale testis freezes less well than fresh
testis

Results with adrenal cortical tissue are so far less promising,
but some shght success has been achieved m mamntaining
adrenalectomized animals on a salt-free diet by means of a
graft derived from tissue which had been frozen i 15 per
cent glycerol, thawed, and implanted subcutaneously At
present we know nothing about the prospects of long-term
storage of this tissue.

In the course of the work on the gonads we have made
incidental observations which show that parts of the re-
productive tract, particularly Fallopian tube and epididymis,

readily make grafts after freezing and storage at low tempera-
ture

The experiments summarized m Tables I, IT, IIT and V have not been
recorded previously, and we have again to acknowledge the assistance
of Miss J Mason and Miss M Mans: who carried out the surgical pro-
cedures mnvolved as well as making the day to day observations.
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HISTOLOGIGAL EVOLUTION OF RAT GONADAL
TISSUE TRANSPLANTED AFTER FREEZING AND
THAWING

RUTH DEANESLY

Ovary Grafts
Introduction and technique

THE autografting and homografting of normal rat ovaries
have been studied in connection with different problems by a
number of expermmental workers. Among these are Goodman
(1934), Pferffer (1984) and Biskind and Biskind (1944) who
investigated the effects of the host’s secretions on the grafts,
and Harris and Eakin (1949) who published a comprehensive
account of the reactions of autografts, various kinds of
homografts and heterografts in normal and ovariectomized
rats

Recently, Parkes and Smith (1952) have described the
growth of rat ovanan tissue grafted after freezing and thaw-
mg Tlis work was done on 60 to 100 g rats whose ovaries
were chopped into small fragments about 1 mm.? It was
hoped that a fuller histological study of the effect of freezing
on graft development would be possible 1if immature ovaries
from rats one week old were used and cut 1n only two picces
before they were treated according to the same technique.
Half the implants were soaked for one to two hours in 15 per
cent glycerol-saline, and formed a control group, while the
others stmilarly soaked 1 glycerol-salme were then gradually
frozen and kept for onc hour at —79°C  They were thawed
immediately before being placed just under the skin in ovarice-
tomized 100 g. hosts.

Grafts were fixed one, two, three, four, sy, eight and ten
days after implantation, and sections were cut serally. To
judge from the numerous early stages which were examned,

86
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the progress of a graft depended largely on local conditions,
and the speed with which 1t became vascularized.

Histological changes in the grafted ovaries

In Parkes and Smith’s material in which the pieces of
grafted ovary were from older rats all follicles including
primordial follicles disappeared after freezing and grafting
and were apparently reformed between the third and seventh
days

In the present series, mn spite of the mass destruction of
follicles and primordial follicles, a certamn number survived
both soaking 1n 15 per cent glycerol-salme and freezing to
—179°C These surviving follicles continue to grow, but how
many may approach normal cestrous size mn older grafts
cannot be estimated It 1s well known that follicles at all
stages of growth are readily damaged and m a normal ovary
a proportion of follicles are constantly ceasing to mature
and undergoing degenerative changes throughout the lhfe
history

The ovary of the seven-day rat 1s packed with follicles and
primordial ova  Follicles of the largest group (diameter
80-85 ) have three to four rows of granulosa cells and no
antrum. After soakmg n glycerol-saline most of the follicles
show severe damage, but some primordial follicles survive and
also some of the granulosa cells mn the larger follicles After
soaking 1n glycerol-saline and freezing to —79°C. the damage
1s rather more severe, affecting a higher proportion of the’
follicles, but the two types of treated ovary do not appear
very different in section

One day after grafting, a control ovary shows large de-
generating areas nfiltrated by leucocytes, but the graft 1s
well vascularized and normal ova and folheles can be found

At this stage two simlar frozen grafts from the same
ammal may differ markedly mn histological appearance. A
highly vasculanzed one-day frozen graft shows mnvasion by
collagenous connective tissue, but contamns some conspicuous
folheles with one to two layers of epithellum which appear to
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have survived with theirr eggs undamaged, and also some
primordial follicles. The larger degenerated follicles and eggs
are disappearing rapidly. A graft in the same section shows
numerous degenerating follicles, but apparently no good eggs.
It 1sinfiltrated by leucocytes, as 1s the frozen graft of the same
age from another rat This graft, however, mcludes 45-50 p
diameter folhicles with one to two layers of emthelium
apparently undamaged and occasional healthy looking prim-
ordialfollicles. These healthy survivors twenty-four hours after
freezing and grafting form a very small proportion, perhaps
1 to 5 per cent, of the orginal total (primordial follicles n-
cluded) present in the graft Folhcle loss in untreated grafted
ovaries has not been studied, but some control grafts soaked
n glycerol-saline show almost as much damage to folhecles
as the frozen ones.

Material was available from two rats showing the condition
of frozen ovaries two days after grafting. In both amimals the
tissue showed a remarkable reorgamzation and included
healthy follicles up to 70 p diamecter In one, most of the
damaged tissue seen at an earlier stage had disappeared, but
m the other some persisted in the middle of the implant. Not
all the granulosa cells of the larger follicles which had lost
their eggs had been adversely aflected; round masses of them
could still be seen, apparently healthy but irregularly
arranged.

Comparmg a control implant, also grafted two days, we
find less degencrate tissue and folhicles shghtly larger (up to
85 p diameter) and more numecrous, but 1t cannot be said that
1t 15 essentially different from the frozen graft of the same
age
gAt three days a frozen graft shows primordial follicles of
different sizes and some degenerate tissue, and at four days
1t contans some follicles up to 130 p diameter with three
to four layers of cpithchum and some primordial follicles at
the edge.

In a four-day control graft there are various sized follicles,
meluding one slightly larger than any in the frozen graft.
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Another has healthy two- and three-layered small follicles
and primordial follicles and little groups of granulosa cells
from which the egg has disappeared

After six and eight days, control and frozen grafts both
show larger follicles, 150200 p diameter. The largest of these
have a thickened theca interna—an indication that pre-
mature lutemnization 1s likely. Small groups of granulosa cells
—anovular follicles—are common. At ten days after grafting
some of these small groups of cells appear lutetmzed Up to
this stage there 1s no lutemzation of the larger follicles.
Anovular follicles—organized, groups of granulosa cells—
are not uncommon 1n the older grafts, and some of these
may be new formations, as described by Parkes and
Smith, while others derive from follicles whose egg has not
survived.

The remainder of the experimental amimals were killed at
twenty-eight and twenty-nine days, when they showed
aestrous cycles and were found to contamn healthy grafts
which resembled those described by Parkes and Smith. They
were well grown and often had several series of corpora
lutea, though true ovulation does not usually occur.

A typical frozen four-week graft contains older corpora
lutea, some with the remains of the egg still visible 1n the
centre, recently lutetmzing follicles and smaller follicles, one
with an apparently good egg Another frozen graft of the
same age includes Fallopian tube, corpora lutea of two
generations and a large follicle (820 p diameter) with swollen
theca interna which 1s about to become lutemmzed. Grafts
similar to this m all respects are found in the unfrozen
series

The excessive theca development common 1n ovarian grafts
1s attributed by Biskind to pitwitary gonadotrophic secretions
unaffected by cestrogens.

It may be concluded from this series that freezing the
Immature seven-day ovary to —79°C does not affect 1ts

reaction to grafting as compared with that of the unfrozen
glycerol-soaked control.
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Testis Grafts
Introduction and technique

Homografting of testis has been carried out for many years
with greatly varying results. Moore and his collaborators,
and Lipschutz, have done much to correct the errors of
Stemach and earhier workers who held that the germinal
epithelium necessarily became degenerate in grafts though
the interstitial cells proliferated. In 1924, Moore reported
active mitosis in the germinal epithebum of guinca-pig testis
grafts, but up to that time he believed that no one had found
spermatozoa 1n a mammalian testis graft apart from a single
instance recorded 1n this particular paper where an immature
testis was grafted into the scrotal sac of a castrated sixty-dav
rat and examined after six months Later, Moore reported
further cases of spermatozoa in grafts, but only m scrotal
grafts Some workers have attributed absence of full sperma-
togenesis to absence of excurrent ducts, but Moore’s findings
do not support this view (Moore, 1939).

Turner (1988) described a comprehensive serics of homo-
transplants of prepuberal testes mto normal and castrate
male and female rats He experimented with different body
sites but obtamned his best grafts from witlun the anterior
chamber of the eye. Some of the grafts contamned sperm
heads thirty-eight days after transplantation. In general the
grafts showed hypertrophy of the interstitial cells, and these
maintained secretory activity in seminal vesicles and prostate
in castrate hosts. Turner attributes the full spermatogenesis
m some grafts to ther early vascularnization and to the lower
temperature of the eye chamber, which approximated to that
of the scrotum and was 4° to 6°C. below that of other hody
sites. The present experiments were begun by A § Parkes
to study the reactions of testis tissue to freezing and thawing.
ITmmature testes from rats about seven days old were cut m
two and after treatment placed subcutancously m the flank
of castrate rats like the ovaries already desertbed. Such grafts
soaked m 15 per cent glycerol-sahne or sonked, gradually
frozen to —79° or to —190°C for varymng penods and then
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thawed, “took’ readily and caused growth and secretion of
the seminal vesicles of the hosts, many of which mated with
normal females. After four to sixteen weeks the grafts varied
lustologically, but to about the same extent in frozen and
unfrozen material In general the tubules were small, often
with only a single row of germinal epithehum and Sertol
cells, but sometimes with one or more layers of primary
spermatocytes In the lumen of the tubules could be found
occasional multinucleate giant cells and cell debris Interstitial
cells were well developed and seminal vesicles up to full normal
size occurred 1n rats with successful grafts from both frozen
and unfrozen tissue

Early stages and later growth

In further experiments a study was made of the early
stages and later growth of both sets of grafts. At the stage
used for implantation, sections through a control glycerol-
soaked testis show tubules 50-60 p diameter, lined by a
single layer of spermatogonia and Sertoli cells, with a few
cells free ;n the lumen. Giant spermatogonia are fairly
common, with nucle1 from 12-20 x diameter, some 1n mitosis.
The interstitial cells are small and after fixation form only
a thin network 1n the inter-tubular spaces.

A similar testis, fixed after freezing to —79°C for seven
days and thawing, 1s listologically indistinguishable. No
cells are obviously damaged, and giant spermatogonia in
mitosis can still be found After three days the half testis
mmplants, both frozen and control, show considerable areas of
degenerating tissue but the outer tubules are healthy and
have already begun to enlarge—to diameters of about 70
n the frozen graft and up to 95 p 1n the control Both grafts
contamn mitoses in the tubules and the interstitial tissue.
Leucocytes are fairly common 1 the mtertubular spaces but
only abundant near the decaying tissue After six and eight
days grafting the latter has been further absorbed and both
types of graft show continued development, tubule diameters
reaching 100 p but showing considerable variation., On g
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direct comparison of tubule size and general appearance 1t
1s seen that the control grafts have developed rather further
n the same time than the frozen ones, but the difference 1s
not great, some of the eight-day frozen group corresponding
to six-day control grafts

At fourteen days, mcreased mitotic activity can be found
i the germinal epithehum 1 both sets of grafts, some tubules
contamning two or three generations of primary spermatoeytes
and many mitotic figures, while the majonty are still in the
resting state. Interstitial tissue 1s relatively abundant, but 1s
infiltrated with leucocytes. Some of the tubules contan cell
debris Up to about twenty-eight days the average tubule
diameter 1n the grafts (exammed by direct comparison of
successive stages) continues to mcrease though there 1s much
variation both 1n size and degree of differentiation in the same
section Diameters range from 185 to 280 p n twenty-cight
day frozen and control grafts, as compared with 220 to 280 p
in similarly fixed normal testis. Germ cell differentiation m
the twenty-eight-day grafts does not go beyond the sccondary
spermatocyte stage. Thereafter, cells degenerate and pass
down mto the fubuly recti and rete testis where this 1s mncor-
porated with the graft Some tubules contan few or no
spermatogoma, only a lining of typical fringed Sertoh cells.

Other experiments showed that prepuberal testis tissue
frozen at —190°C. for seven weceks or longer would still grow
as a graft and prove functional. After eighty-scven days the
semnal vesicles of a castrate host waighed 0-7 g The inter-
stitial tissue was well developed in this graft but the tubules
showed no advance in differentiation or size as compared
with thosc of the twenty-cight-day frozen graft. At most
there were three or four rows of spermatocytes with degenera-
ting cells in the lumen

The next series of soahed and frozen testis grafts was
implanted mn the scrotum  ecach ecastrate host received one
prepuberal testis cut in four pieces  Grafts were fined and
examined histolomeally at wechly intervals for five weehs.
They did not “takc” quite so well as the subeutancous ones,
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probably owing to vascularization difficulties At thirty-five
days some tubules 1n both groups showed active mitosis of
the germinal epithelium, but no spermatids or spermatozoa
were found Twelve weeks after grafting, however, four rats,
one with control and three with frozen grafts, showed full
spermatogenesis The spermatozoa were motile and the active
tubules histologically normal. Other tubules m the same
section had lost their shape and looked completely degenerate.
Interstitial cells were well developed and seminal vesicles
large

These experiments show that prepuberal testis tissue may
be frozen to —79°C, and after thawmg may resume full
differentiation and under favourable circumstances produce
normal spermatozoa.

Summary
Prepuberal rat ovaries and testes retamn their capacity to
grow and differentiate as homografts after freezing to —79°C.
and gradual thawing

The operations referred to in this paper were carried out by Miss J.
Masson and Miss M Mansi
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DISCUSSION

ZuckerMAN I should like to refer to some experiments which we are
carrymg out, 1 collaboration with Dr. Parkes and Dr Smtith, 1n order
to see whether frozen ovaman autografts behave differently from
unfrozen autografts Littermate controls have been used, frozen tissue
being mmplanted into one sib, and unfrozen tissue into another In
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general, the results appear to confirm what Dr Deanesly has said
There 1s no particular difference between the two types of grafts, but
the frozen graft appears to take a Iittle longer time to emerge from the
phase of degeneration  We have been working with amimals much older
than the two-week-old creatures to wluch Dr Deanesly referred in her
communicetion—our ammals were all about one hundred and fifty
days old—and it scems that even in these ammals there 15 some per-
sistence of cocytes at the end of the thirty-day perod.

1 should like to comment on the possibility that odcytes are regenera-
ting 1n these tissues My own view 1s that the evidence does not favour
such n conclusion TFirst of all, one does not sec the nuclear changes
ndicative of obgenesis I think the shides Dr. Deanesly has shown
make this qute plain Qocy tes seen 1n grafts of mature tissue are m
the resting stage of the pro-phase  We do not see cells actively dividing,
as, for cxample, 1 the seoniferous tubules or 1n the ovary of the new-
born rat. [Here two slides were shown to illustrate odgenesis in the
voung tat]. As far as I can make out, the oocytes seen in grafts of
mature rat ovary represent the persistence of oocytes that are present
in the tissue when grafted The view that ncogenesis of odeytes does
not occur 1n such tissue agrees with what we know about the normal
process of oogenesis in the rat  Furthermore, the rate at which obcy tes
disappear from grafted tissuc varies mverscly with the amount of
ovarnian tissue that 1s present

Gamranp Dr Stolk from my department has done a series of the
same kind of experiments* as Dr Deanesly, only with non-frozen
tissues, and practically all lus pictures are just hke hers  We have the
best results 1f the peri-ovaran spaces develop after grafting Thosc
little spaces seem Lo me to be very necessary for good development of
an ovaran graft  Did jou ever see such a space develop?

Draxrsny: In early grafts

Gamwranp Fifty-seven days after grafting, when the Iittle ovanan
structures have developed, they have their own extra-coclomie eavity

MowrLisoN Was glycerol removed from those tissues when they were
grafted?

Parkrs No, the preparation was just thawed out, and the pieces of
tissue popped in—in fuct probably quite a lot of medium as well

MorrwsoN Iave vou any iden how much glycerol got nto the cclls?

Panxirs They were soahed for one hour before freezing, and I imagine
ghyccrol got in farrly well  Is that right, Dr. Lovelock?

Lovivtock T think <o

Morr1soNv What would be the proportion by volume of glycerol to
tissue?

Panris Veny Inrge

Mor1rsox  (ross excess m solution?

Pankrs Yes  Not necessarily when implanted, but certainly when
frozen.

>ar1: What technique of thawing did you use?

*Thesls, State University of Leulen, 1051,
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Parkes Plunging ampoules mto a water bath at --40°,

ErcuwaLp You spoke about the potential immortality of your
ovarian grafts, and as the criterion of this immortality you took the
changes 1 the vagmnal epithelium I wonder what 1s immortal? Are
the cells which you transfer, or 1s 1t the hormone which has been formed
m the cells before they were removed from the donor?

Parkes When I spoke of immortahty, I was of course referring to
the tissue 1n 1ts frozen state, the viability of wiich can be demonstrated
by thawing and grafting at any time after you've frozen 1t The col-
lection of hormone 1 the tissue might have some very small effect, but
once the cycle has started again 1t goes on for quite a long time The
cycle 1s not necessarily very regular, and many of the mice fimish up
with permanent, persistent cornification, but there’s no reasonable
doubt that the cells of the graft are forming new estrogen.

DeanesLy In a six-day graft the fallopian tube, which must be very
mmmature when 1t 1s put 1n as a graft, 1s markedly stimulated, so that
even at six days there’s a certain amount of cestrogen being produced

ZucgerMAN Surely there are no circumstances in which a graft will
continue functioning in this way for ever? How long do you beheve 1t
continues producing hormone?

Parkes From our own work we only know that such a graft functions
for some months, but I quoted the example of Lipschiitz’s guinea-pigs
to show that there are historical records of homografts functioning for
a very long time

KrogN On the basis of the work with skin homografts one might
expect that ovanan homografts would all be destroyed, provided that
there was sufficient genetic disstmlarity between host and donor If,
perhaps, you get only a proportion of successful grafts 1t would be 1nter-
esting to see whether those animals which accept ovarian tissue will
also accept skin from the same donor and whether those ammals which
reject the ovarian tissue also reject skin

BrLuingeAaM Dr Parkes and I are carrying out experiments to deter-
mine the extent to which skin homografts can be exchanged successfully
between female rats from his stocks and, more particularly, to determine
whether the reactions of these rats towards skin homografts parallel
therr reactions to ovarian homotransplants Unfortunately the work
hasn’t progressed far enough to enable me to answer Dr Krohn's
questions

MEerniLL Have any observations been made on the difference between
the intervals of starting the cycle or perhaps the persistence of the graft
or 1ts activity, when the recipient 18 an adult amumal or when 1t’s an
Immature animal?

A U, Smitn Grafts have been made mto adult animmals and mnto
anmals which are only just reaching maturity and they seem to do
equally well 1n hoth The age of the host seems to make much less

erence than the age of the donor ovary

PArkrs When a very immature ovary 1s transplanted mnto an adult
host, as shown many years ago, the graft matures at a great rate, but
we haven’t used any hosts which have been very mmmature

©
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RoGERs. A year or two ago I recerved a report
Hamulton, an anatomust in New York, of somcplntcr?s(;:‘:rlxgngfaggmgi
transplantations winch had been performed in s large mid-western
State Penitentiary In this State, sex offenders are castrated. and a
doctor working at the pemtentiary where these offenders serve jaul
!;erms, used minced, testicular tissue as homografts, transplanting 1t
into their buttocks The homografted tissue apparently survived, and
helped to restore some secondary sexual characteristics  This work
has not been reported as yet, but I thunk 1t 1s a very interesting finding,

Kronn It really depends on how long the graft was active. I should
have thought that most probably it served only as an implant of
hormone

Rogers I don’t know how long their follow-up period 1s. Apparently
the work has been 1n progress for about two years now

Parges Thisisasubject winch has to be handled with some diseretion,
Many of you may remember that twenty-five years age the whole sub-
Jeet got into some disrepute owing to the efforts of Voronoft, with his
monkey-glands and so on  That was heterografting on a grand scale
and I think put the study of this matter back a good many years

Deyrester But you shouldn’t come out against Voronoff if you use
the same techmque of pushing a little bit of something underneath
the skin

Parges The essentinl difference was the heterografting from one
species to another as compared with homografting.

DemestER But 1t’s the whole techmque that I renlly object to.

Parkes That's another matter. Let’s hear about your objections.

Dexester What sort of connective tissue cells were you getting in
these homografts? Weren't there some lymphoceytes in your seetions?
I presume these homografts were destroyed at some time

DraxesLy. Why do you presume they were destroyed?

Drvpesten* Well, 1t’s generally the case, except of course that therat s
such & convenient ammal But usually homografts arc destroyed at
some period 1n that animal.

Draxnsry: But the testis homograft has the benefit of the host’s
anterior pituitary secretion and it grows so actively that it appears
to be asble to laugh at immunologienl reactions  You could sce the
development of the cells and the stcady growth

DenMpsTER  Was there no evidence of the conncetive tissue cells of
the testis showing any curious reaction?

DranesLy There was tather more of 1t proportionally heeause the
tubules were not so well developed as m the normal testiy

DrMpsThRe The ovary of the dog ean be transplanted wath an
ymmedinte blood supply this s effected by transplanting the ovary
with its adjacent kidney from whose artery the ovary denves o blowl
supply. The homotransplunted hidney stops secreting after n few duys
in the dog At the moment I am studying the ¢hanges in the Kidnev,
adrenal and ovary (all m one block of tissue) at the fourth duy after
operation at a tune when the kidney is still seereting  Each orgin shows
the same changes oceurrmg n the endothehnl cells of the eapillarics and

*
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arterioles and 1n the connective tissue cells The endothelial cells swell
up and become pyromn-positive, the connective tissue cells swell up,
become Fagrzus cells and then mature plasma cells. In spite of these
changes the parenchyma of these organs appears to be normal I inter-
pret this pyroninophilia as being a reaction of the organ against the host

Kroan I think Dr Deanesly made a very important remark when
she said that the presence of the anterior lobe of the pituitary enabled
& gonadal graft to laugh at the immumty reactions That seems to be
the whole difference between endocrine tissues and other tissues like
skin which have no trophic hormone from the pituitary to stimulate
therr growth 1 wondered whether anybody had put grafts of gonadal
tissue 1nto hypophysectomized ammals to see whether, 1n the absence
of trophic stimuli, they suffered the fate of skin grafts

Parkrs It 1s perfectly true that a graft will not take readily if the
two existing ovariles or two testes are left 1 position to mop up the
supply of gonadotrophin Can anybody answer that question about
the hypophysectormzed anumals?

EicawarLp I believe Dr Woodruff has done that, and Dr Dameron
mm St Lows, and whenever that was done the trophuc effect was gone

Merriu. With regard to the kidney, I'd like to raise another point
along this hine It 1s true that when one removes a single kidney from a
normal animeal the other kidney will hypertrophy, and whether that 1s
simply due to a “work load” (which 1s a word that has come mmto some
disrepute 1n renal function) or whether 1t’s due to a true trophic m-
fluence, perhaps from the anterior pituitary, we don’t know However,
you can get stmilar changes in an ammal who 1s 1n a static situation,
as far as the work load goes, by the njection of growth hormone I
wonder if the observation has been made upon renal homografts
(perhaps Dr Dempster might know?) with regard to the grafting of a
homografted kidney into an animal which has been bilaterally nephrec-
fomized, with and without pituitary, or with and without growth
hormone

DempsTER A homograft doesn’t last long enough The hypertrophy
after unilateral nephrectomy takes several months, doesn’t 1t? Or are
we talking about rats again?

MerpiLL I don’t know about the dog In the hypophysectomized rat
the growth hormone effect 1s noticeable within four to five days,
although there 1s some question as to whether the renotrophic effect 1s
the same as the general somatotrophic efflect In the partially
nephrectormuzed amimal, significant increases are found in less than three
weeks, the amount depending on the diet, among other things

DexpsTER I can’t argue from the rat, but certainly i the human
the blood urea rises, and according to some authorities the blood urea
18 not really back to normal for about mne to ten months And n dogs,

you remove one kidney the blood urea rises a certain amount If you
bilaterally nephrectormize a dog and transplant one of tbe kidneys
either to the neck or to the 1hiac vessels its weight will increase over a

year from say 60-70 g when you transplant 1t, to about 110 g when
you remove it about a year later
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Mcrrirt Do you know of any observations in which the survival of
a homograft performed under these circumstances has been compared
with homografts under other conditions?

DexrsTER All homografts and autografts do swell up immediately
after you've transplanted them and 1t’s quite a problem to work out
the actual rate of sw elling of the homograft “Certainly witlun seventy-two
bours a homotransplanted kidney inereases 1ts weight threefold although
the renal circulation is still quite normal, the interstitial cell reaction
described previously 1s going on and the kidney 1s produecing urine

Parges I think we should be the first to agree that any conclusions
drawn from the ovaries and testes should be applicd to other organs
with, great caution But the fundamental fact remamns that much
of our basic knowledge of the gonadal hormones was obtained by
heterosexual grafting years ago, and those secem to me to be essentinlly
homografts )

ZuckerMAN You said that of the two strains of rats used, the hooded
rat behaved better than the albino Now many workers, and we amongst
them, have the experience that ovarian homografts do not take very
well In two separate studies we have failed to establish ovarian
homografts in adult rats

Draxcsny Were they castrates?

ZuckermaN Castrates and normals  Furthermore, if we make an
autograft n the monkey—just remove the ovary from its normal
position and put 1t somewhere clse in the body-—we find that the ovary

decreases mn size,
I should like to know to what you attribute the difference between

the two straimns of rats

Pankes: It's Just an unfortunate phenomenon that we can’t explain,

ZicrerMAN You also referred to the pitmitary  We have tried very
hard to repeat observations that have been reported about pitutary
transplants, but we do not find that homografts take 1In fcrrets we find
that at most 15 per cent of the original tissue survives at the end of
about six months

Parnrs Do autografts of pituitary take?

ZuckErRvAN We believe so  If you divide the pituitary stalk, leaving
the pitwitary n situ or, as Ilarms desenibed, remove the pituitory and
replace it in the sclla tureica, the pituitary 15 not affected at all

Mrpawar I think it 1s very muslaading from a genctieal polnt of
view to talk about nutografts and homografts as if they  swer
qualitatively distinet  What one 1s dealing with s vavious degrees of
genctienl aftimty and there is n speetrum of such aflinitics, begmuning
with the autografts at onc end (where you have penctieal ddentity )
then there v the relationslup between Inghly mbred animals, where
perhaps there is not qnte such a high degree of affinity, and the epectrum
goes all the way to the other extreme, where there v gross gcnchr{:l
dispanty between donors and reefpients  For example, 1 Lipehtits s
grafts which you have reforred to, we don't know anyvthing about the

genctieal bachground of s gwnen-pigs—he may have been donling
with n highly anbred stock, mn which ense he was dealing more or les
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with autografts or with grafts having a comparable degree of genetic
simlanty.

A.U Syate But there 1s Whitney’s work on transplanting foxhound
ovaries info Dalmatians There could have been very httle genetic
relation between those strains, but the ovaries functioned very well
He homografted into the ovanan capsule and the recipients subsequently
produced htters

Mepawar I'm not denying that these homografts or autografts
work, I’'m merely making a terminological pomnt which I think we ought
to bear 1n mind

Pargrs A perfectly sound pomnt

Darcy When you reported a percentage of fallures m your ovarian
homografts (the smallest dose, the one-quarter ovary), were these
simply endocrinological failures, or were they also histological faillures?

Parges We do not know I don’t think we’ve ever had a case where
we found a physically good-looking graft which was not functioning
endocrinologieally

Darcy But it’s curious that with the smallest dose you did have
falures

Parkes Yes But we may not have allowed a long enough time
Vaginal smears were continued for only about twenty-eight days.

Rocers I hope we aren’t going to prevent climicians from trans-
planting tissue homografts by raising the old fear that they will be
classed with men like Voronoff If you have a case of a young boy who
1s a bilateral cryptorchid eunuch you want to give that boy secondary
sexual characteristics Of course, we do have hormone therapy today
which will help the boy, but if we could put homografts of minced
testicular tissue 1nto this child and carry him along permanently with
actively secreting hormonal tissue, I think we have a better solution
to the problem

Parges I should have thought that was well within the discretion
of the climician



TRANSPLANTATION OF CULTIVATED
PARATHYROID GLAND TISSUE IN MAN

P J. GAILLARD

Using methods for the cultivation of tissues from ammals of
different species, stramns of growing cells can be obtamed.
Usually, however, after prolonged cultivation many of the
histiotypical and organotypical characteristics are lost and
more or less pure stramns of either spindle-shaped or epithehal
cells are obtaned, depending on the original tissue and on the
composttion of the media used.

Earle has shown that pure strains of, for example, spindle-
shaped cells can be obtained from one cell only and that even
m such cases great variability mn the shape of the cells 1s
regularly found. No specific morphological differences can be
observed on comparing ‘fibroblastic” stramns derived from
different parts of the organism, but this does not necessarily
mean that no functional differences exist. It could be demon-
strated that, for mstance, three different strains of the
fibroblastic type derived from different parts of the same
chick embryo react quite specifically if cultivated mm a
comparable series of different concentrations of a growth-
promoting “‘substance” (Gaillard, 1931, 1935, 1942) Never-
theless 1t remamed most intriguing that the specific morpho-
logical characteristics were lost after prolonged cultivation,
and therefore a closer analysis of this special pomnt was
attempted (Gaillard, 19381, 1985, 1942)

In this connection 1t was considered to be of major impor-
tance that during embryogenesis, and also n the period
following birth, a continuous change 1 the composition of the
“body fluids” 1s likely to occur and accordingly one mught
expect these “‘changes” to be of importance for the reahzation
of cellular and tissue differentiation phenomena

100
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1t stands 10 Teason that the general humoral milieu is not
the only important factor in keeping the morphologieal
structure of explanted tissues intact, but »ith a number of
tizsues it eould inderd be demonstrated that the ocenrrenes
of Histologieal difierentintion proosses greatly dopended on
the “age” of the donors from vwhieh the media viere preparad,

It was found that complete osfeogenesis oeorred in a
“pure strain” of perioteal fibroblasts after cultivating them
sueresstvely in 2 «eries of press jniecs preparcd from embryos
of increasing age (Gaillard, 1937, 19235).

Verdam (19465 deseribed how erplanted  cartilagenous
primordiz of long bones from 15-59 mrm. rat cibr s dhovwed
promessive differentiation only if pre-s jwice~ from younger
erbryos vere completely omitted.

In the rame way, explants of the anterior hypophizsis from
2 vouny rabhit retained organotypical morphologieal charae-
terizties for 2 period of Lwo to three v eels if groat care vnas
tzken not 4o use “body fluids” derived from erhryos as 2l
(Gailiard, 1927, 1952).

A4 2 eonzsequencs of these results 1% nos seemed poesible
in prindiple 1 culture organ fragments without disturbing
urganotypieal cnaracberistieos within some wedks of ex-
planting them, By appiving such 2 method to the paraths rid
212745 §rom husnan nev.-bam, tvpical eultures, conld indeoed
be ohtuined (Koorernan and Gaillard, 1959; Guitlzrd, 195%).

Inn practice, for the parathyroid dand from human nev.-

f;’fné ; wunplets x homolagous rn@]iu‘n'f had v be weed, and
A2 NOnGRng medinmm was found empirieally o be adequnye
}”31’{323 Wosd plassma, 1; human eord serum, 2 fotzl homen
b pres juion, 25 bulaneed saline wlution, acrording o
.0, G‘:'.'. 1. i

45 2 role, exnbrsonic wateh plasres, were wead 2nd 5-% tiny
iﬁ;fﬁ;’;}z? {r::)? mrntj o parathyroid 4 s n e placed an
%’i?jf;r:d’ !’i’ 2‘””1:}’; f’;m’r’ﬁi’af’iﬂ}; ?:f(' er s gjﬁatifm had ooy,
s by it v i e Ty B
N s a2 8. o 1 i ,',;::) zris ,.r/,r:qe h:‘wr, jed anc
8 e pont of fiuid snedium was ereated. Soon

Fogprge o, 00 .-
1L g e 5
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after the hquefaction had occurred, epithehal cells migrated
along the borderlines of the explants and m this way en-
capsulation by parenchymal cells occurred (see Fig. 1).

Every third day the explants were sucked up 1n a pipette
washed 1n a balanced saline mixture and placed on top of a
fresh medum.

During the cultivation procedure most of the explants
gradually increased m volume, due to the apposition of newly
formed epithelial cell layers and enlargement of the cell nests
in the mterior of the fragments This enlargement seemed to
be due for the greater part to an increase in the cell volume
rather than to mutotic cell division (see Fig. 2). Moreover,
only clear cells appeared to be present.

As long as the “typical parathyroid structure remained
intact the medium always became hquefied, this occurred for
sixty days at the longest.

Throughout the procedure great care must be taken to
avold mjury to the enclosing epithehal membrane, for the
latter is essential for a successful organized growth.

The above results led to the use of human parathyroid
explants 1n replacement therapy in patients suffemng from
post-operative tetany. Stimulated by the work of Stone,
Owings and Gey (1988), the perivascular lymph spaces around
the axillary artery or vein were used as the site of transplanta-
tion.

In order to transplant the parathyroid tissue the techmque
just described was modified according to principles deseribed
by Erdmann (1927) and Gassul (1923), m an attempt to
“adapt” the explants to the humoral milieu of the future
host Accordingly, the medium was changed gradually and
1n such a way that after one week of cultivation in the medinm
deseribed above, the blood plasma and the placental vemn
serum w cre replaced stepwise by the plasma and serum of the
acceptor After this had been done the bram press juice was
completely omitted. After fourteen to twenty-one days the
explants were considered to be ready for transplantation

The patients were mvestigated chmeally and chermeally



Fic 1 LExplants of a fragment of the parathyroid gland from a

newborn human, cultivated for ten days 1In the centre some cell

nests are to be seen  Note the parencliymal encapsulation of the
fragment
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Fic 2 26 day-old parathyroid gland from a newborn human.

\s compared with Fiz 1 a considerable increase of ‘“‘clear” cells

has occurred  Thin strands of connective tissue separate the
nests of *“‘clear” cells
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before and after the transplantation Table I summarizes
the results obtamned up to 1st January, 1952, '
It 1s evident that there are a number of long-term positive
results; transplantation of cultivated parathyroid gland
fragments from the new-horn clild into patients suffering
from a post-operative tetany can be successful. It should
be noted, however, that all the positive cases are concentrated
m the upper part of the table, which means that only the
younger patients appear to have had some chance of recovery.
No patient older than thirty-two years of age shows a positive

Table II

ErrECT OF AGE ON SUCCESS OF PARATHYROID TRANSPLANTATION
{(Same Cases As Tasre I)

A Total Partuall Not

wn ygzrs nufnger Cured gurlcd v curt;d Pecuhartlics

16-26 9 4 0 4 One  transplantation
was done only some
months ago

26-86 12 3 2 5 One patient died, onc
patient disappeared

3646 6 0 0 (1] None

46-56 8 0 0 8 None

Totals 30 T 2 18 3

reaction and consequently the interaction graft-host seems
to change during postnatal development

This pomnt can perhaps be demonstrated more clearly by
dividing the cases mto arbitranly chosen ten-ycar groups,
as has been done 1n Table 11

It can be secen from tlus table that changes scem to occur
in the graft-host mteraction, suggesting that the probability
of a successful graft gradually deercases during postnatal hife.
That changes occur can also be demonstrated by the fact that
repeated transplantation in younger patients sometimes led
to positive results, while i older patients this procedure
has never resulted 1n a positive reaction. Unfortunately the
results obtamned to date do not indicate what kind of changes
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are responsible for the different results i older and younger
patients, and further research on this particular pomt seems
necessary It 1s interesting to know that analogous results
have been reported in ammals by Loeb and King (1935), and
so the occurrence of this change may indicate a general
principle.

Finally, we wish to stress that no histological proof of
viability 15 available, but on the other hand the positive
results so far obtained do not seem to be easily explamed
unless the parathyroid tissue 1s alive.

Considering the work of Sanford and Algire (1952), one
might even doubt whether the tiny fragments mtroduced n
the meshes of the perivascular lymph spaces are vascularized
at all, as these authors claim that 1n theiwr experiments survival
of homotransplants appeared to be possible only so long as no
vascular supply developed. 1

As to the role of the culturing procedure, there is no
absolute proof that it 1s necessary. We can only say that some
positive results have been obtamned and that other authors
have not described comparable long-term results with non-
cultured materal The culturing procedure certainly seems to
be of mmportance for the selection of the most regenerative
fragments which, after having been encapsulated, become
structurally adapted to feeding by diffusion At any rate,
a balanced condition of the tissue has been obtamed at the
time of transplantation.

Finally, the tissues of the newborn must be considered to
possess a low degree of antigenicity and, according to some
recent experiments by Langman (1950), some “adaptation’’
might really have occurred.
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DISCUSSION

Mepawar- I should like to ask the opinion of Prof Gaillard and the
other tissue culture experts here on one possible explanation of why
cultavating grafts of this kind wn vitro may make them work parhcularljy
well as bomografts It 1s well known that all epithelial cells @ vitro
have a polarity, and 1n general we can say that they get their food and
their oxygen, or most of it, from the stromal side, while their scerctory
products, if any, pass out at the opposite pole. But although most of
the food and oxygen, efc presumably gets in through the inner pole of
the cell, there 1s a certain amount of evidence that a good many epitheha
can get nourishment from the outside as well I’m thinking in particular
of the corneal epithelium, which appears to get some of 1ts oxygen from
the outside (there has been some very interesting American work on
the anoxia caused 1n the corneal epithelium by using contact lenses).
Now 1if you cultivate small epithelal organ fragments, Iittle cysts tend
to be formed In the case of skin or cornea these eysts may be of two
sorts erther with the epithelium on the outside and the residue of the
stroma on the mside, or cysts mn which the entire polanty 1s reversed,
so that you get the epithchum on the mside and the residue of the
stroma on the outside If by preparatory treatment 1n tissue culture
you tend to get a closed cyst of the first type, with the normal oufer
surface of the epithellum presenting outwards, 1t may perhaps be
particularly well suited for survival as a homograft It may be
nourished—perhaps in a not very effective way—by diffusion from the
outside, and it does seem reasonably hhely that a ¢y st of this sort, with
the vulnerable mner poles of the cells shut off from the environment,
would be particularly resistant to the action of antibodies It's just n
possibihity that by tissue culture you are “tramng™ the cells, but in a
histological rather than a biochemical sense

Gainraup  The only thing I can say 15 that dunmg the n wilro
cultivation the parathyroid explants somctimes develop a eapsule of
connective tissue, and 1n those we were never successful - But there
were only a few cases

Lo~gvire With regard to the length of Ume that these patients
showed evidence of caleum deficiency before being grafted I think ol
clinicians are aware that it 1s not uncommon for certain patients
following thyroidectomy to undergo a transient period of hypopari-
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thyroidism which may be severe and may last for several months TItis
assumed that this 18 probably due to interference with the blood supply
of the remaimng parathyroid tissue The blood supply 1s re-established
at some later time, the tissue develops and 1s agam able to take care of
the bodily needs So 1t 1s important m a series of this kind to indicate
the length of time the patient had evidence of hypoparathyroidism

Gamwrarnp We waited until at least one year after strumectomy In
most of the cases there were about two to three years between the
strumectomy and the grafting

PoMeERAT It 1s important I think to be clear about the nature of the
experiments done by Gey and Stone They were using a disorganized
sheet, whereas you are using a whole organ maintaining 1ts organotypic
picture The second point 1s, what about the adaptation of that organ’s
medium to the prospective host?

GarLrarp: During the last ten days before grafting we cultured the
fragments 1n a medium which was completely derived from the future
host Now I don’t know 1if this means anything, but Dr. Langman
our Department, who has recently been working mm the Anatomy
Department i1n Amsterdam, has cultured ovaran tissue from rabbits 1n
the plasma of cats With the help of a microflocculation reaction, he
was able to demonstrate that after a fortmight of cultivation, cat
antigens could be demonstrated n those rabbit fragments I'm not
quite sure if one may speak here of a real adaptation All I can say 1s
that the antigens couldn’t be washed out by five rinsings with a balanced
saline solution

Kroun Have you ever attempted to find out if there 1s any para-
thyroid hormone 1n the fluid of your culture media?

GamraRp No We did something of this kind with msulinoma
cultures After fourteen to twenty days of cultivation we found by
mjection 1mnto rats and studying the hypoglycemic effects that there was
a large amount of hormone m the medium, but I can’t say whether 1t
was newly produced or just liberated from the fragments

EasrLE In working with tumour tissue I know it 1s customary to
mplant mto the subcutaneous tissue It has been our experience,
however, that such mmplantations are far inferior to mtramuscular
mplantations 1 wonder whether these implantations of parathyroid
would not be superior and longer-lasting if they were implanted into
muscular tissue

GarLLarp We have tried intramuscular implantation i dogs, but
we have not had as good success as 1n the perivascular lymph spaces
From a recent series of experiments with grafts of the ovarmes from
newborn mice mn adult males 1t became clear that the site of the
transplantation 1s of great importance for the result So far the results
of grafting 1n the perivascular lymph spaces and under the capsule of
the kidney appear to give far better resuits than with subcutaneous,
mtratesticular and intramuscular grafts Omngmally we thought that
these differences might perhaps be explamned by differences in the
vascularization, because 1t has been demonstrated by Sanford and Algire
that small fragments of thyroid gland can remamn alve and function
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for a year or so, provided that no vasculamzation occurs. All our
successful grafts, however, appeared to be ntensively vasculanzed,
more or less independently of the sites of transplantation used so far

EarLe What 1s the approximate size of the fragments?

GarLLarn About 1 mm 1n diameter, sometimes a little bigger, some-
times a hittle smaller These parathyroid fragments are hard to prepare;
one has to take all the httle organs in the environment of the thyroid
gland, culture them all, and after two days it turns out wiuch 1s wiuch,

Earie I find the size of these clumps of great interest. If you cut
your clump too small, the mjury to the clump by the surrounding
solution—assuming that you’re using saline—is gomng to be rather
severe If you cut your clump too large you're gomng to get central
necrosis For mnjection I expect these clumps are about the ideal size
to protect the cells from the saline  On the other hand if they are 1 mm
In s1ze, you’re almost surely going to get a good deal of central necrosis
unless there 1s farrly rapid vascularnzation, that 1s, assumung the tissue
continues to have a%easonably high Qo,

With respect to what Prof Medawar was saying about the polarity
of the cells, mn our skin epithelium cultures, the epithelium exists first
as a massive sheet 1n the culture Gradually the cells migrate out from
1t 1n the form of a very thin sheet, then the sheet breaks up and finally
yvou have cells all over the surface arca, the cells in therr morphology
being practically mdistingumishable from what we call fibroblasts, 1
doubt very seriously whether those cells ean be thought of as oriented
with respect to their secretion, because I think that all dimensions of
the cells are within the range of diffusion from one cell to another cell

Mepawar The sort of culture I had in mund was flmd flotation
culture—hardly tissue culture at all in Dr Earle’s sense. Fluid flotation
cultures of tiny hittle fragments of skin do indeed form cysts of the one
sort or the other The conditions Dr Earle 1s describing are expressly
designed to favour disseminated growth

EarrE It 1s of mterest that in our flud suspension cultures that 1
described yesterday, by reducmng the rate of rotation of the tube we
were able deliberately to produce spherical masses ranging, ns desired,
from 0 I mm. up to I mm 1n diameter

Rocers Dr Earle, must we assume that in order for Dr Gaillard's
parathyroid tissue to be effective 1t must be vascularized, or mny we
assume that n the perivascular Iymph spaces this tissue 1s existing in
what we might call a lymphatic or a plasmotic circulation, and needs
no mherent vascularization?

Eante If the Qo, of this parathyroid tissue m the Jyvmph spaces is
reasonably high, I would find 1t very hard to believe that a densely
cellular spherical mass, about 1 mm 1n diameter, can exist for nny
length of time wathout very effective vascularization In Warburg's ongi-
nal rescarch, the effective thickness of tissue having a reasonably lugh Qoy,
assurmng diffusion from both sides, 1s of the order of 0 2 mm Qur
observations agree with Warburg's 1 that I do not believe a splicre
of roughly 1 mm 1n size with a reasonably high ovygen consumplion
could persist without revascularization It would show ceptral necrosia
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or else a diffused necrosis which would result 1n an effective reduction
of the Qo, of the mass as a whole

ZuckeErMAN Does the central mass regenerate if central necrosis
has oceurred n the fragments which Prof Gaillard 1s implanting 1nto
the perivascular lymph spaces?

EarieE Ithink you might have effective regeneration within any area
that could be adequately oxygenated erther due to the himited size of
the mass or else to vascularization Without vascularization and assum-
g a reasonably high Qo, of the tissue I would not look for Iiving cells
to continue viable more than several tenths of 8 mm removed from the
surface If the tissue mass 1s vascularized, then I think you can carry
1t up to any size that you want,

Ganrarp I might say that sometimes m culture conditions we find
in the interior of the explants a collagenous mass, with a cortex of
active parathyroid tissue around 1t As a rule such pictures do not
indicate that a central necrosis originally occurred On the other hand
there are quite often much bigger explants, consisting of beautiful
parathyroid epithellum, which obviously can remamn alve for many
weeks without any vascularization at all



THE BEHAVIOUR OF
EMBRYONIC ENDOCRINE HOMOGRAFTS:

An experimental study of adrenal grafts, with notes
on an ovarian graft in a young woman.

P F. JONES

TuE transplantation of pieces of bone, a length of artery,
or the cornea, from one adult to another 1s now an established
surgical procedure having both chnical and experimental
sanction. There may be doubt about the eventual fate of such
grafts but they will function over long periods There 1s
cqually strong evidence that the transference of skin or a
kidney from one person to another can only be of temporary
benefit Such basic knowledge of the behaviour of homo-
grafts 1s necessary i order to know which tissues are worth
preserving for transplantation, and in the case of endocrine
tissues this knowledge 1s mcomplete. It 1s my purpose to
review this subject briefly and record some fresh experiments,

The truth of “Halsted’s principle” has becn repeatedly
confirmed and all grafts reviewed and recorded here have
been made m subjects with an endocrine deficiency

Homografts of Adult Tissues
The common view 1s that endoerine tissue from a healthy

adult transplanted mto an adult with an endocerine deficiency
state cannot be cxpected to survive, and most of the evidence
supports this opmmon  Ingle, Ihiggins and Nilson (1038)
removed the adrenals of 26 adult rats and mserted mto them
adrenal grafts from unrelated adults no successful grafts
resulted. INiggins and Ingle (1938) performed a similar
_experiment on 15 adult rats, tahing grafts from unrelated rats
two months old, and there was only onc survivor with a
110
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functiomng graft Woodruff and Woodruff (1950) implanted
homografts of adult thyroid tissue mto 87 thyroidectormzed
unrelated gumea-pigs when the graft site was explored
twenty-eight to thurty-five days later healthy thyroid tissue
was found m only four ammals. Loeb (1930) states that, in
his experience, 1t 1s rare for homografts of thyroid tissue to
survive. A small experiment of my own, mn which the adrenals
of ten adult rats from one laboratory were exchanged with
the adrenals of ten adult rats from another laboratory, did
not result n any successful grafts The report of Stone,
Owimngs and Gey (1984) 1s exceptional. 11 dogs received
homografts of thyroid which had been cultured in the recip-
ient’s serum and five survived with functioning grafts
There 1s no note of the relationship of host to donor. The
experiments of Smith and Parkes (1951) suggest that homo-
transplants of the ovary may survive more easily than those
of other endocrines, but Blair Bell (1925), who had a con-
siderable experience of ovarian grafting, considered they
were very rarely effectual The results of other clinical
workers are not encouraging. Out of a number of reports of
adrenal grafts only Pybus (1924), Goldzicher and Barshaw
(1987) and Broster and Gardiner-Hill (1946) seem to have
achieved any real success In two of these cases the graft
came from patients with the adreno-gemital syndrome

Homografts of Embryonic Tissues

There has been much debate whether the behaviour of
embryomic endocrine homografts differs from that of adult
glands Higgms and Ingle (1987) record the only useful
experimental series They adrenalectomized 21 adult rats
and mmplanted the adrenals of unrelated new-born rats nme
survived for four months, and m each a nodule of healthy
adrenal cortical tissue was found at the site of the graft.
A similar experiment in which 40 adult rats were grafted with
the adrenals of new-bornrats of “distant relationship” resulted
m 24 functioning grafts Using baby rats of mereasing age
as donors lowered the number of successful grafts,
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Hurst, Tanner and Osman (1922) and Bailey and Keele
(1989) record one case each of Addison’s disease successfully
treated with a neonatal graft, although mn judging these
results the experience of Woodruff (1952) must be re-
membered. He grafted three patients with Addison’s disease
with feetal adrenal tissue and great climical improvement
followed, but he failed to find any trace of the grafts when the
patients were explored six to nine months later. Kooremann
and Gaillard (1950) record a series of 17 patients with hypo-
parathyroidism treated by grafts of cultivated neonatal
parathyroid tissue They had seven successes, all in young
patients.

Present Experiment

The results quoted suggest that embryonic endocrine homo-
grafts take more readily than grafts of adult glands and the
experiment recorded here was designed to provide further
information Furst, in the experiments reviewed, absenee of
relationship between donor and host was not always cerlam;
1n this experiment the grafts were made from donors who could
not be related to the hosts Sececond, there are no records of
the survival of experimental homografts beyond four months.
In this series the grafts of the majority of survivors have been
inspected but not removed and their behaviour over longer
periods has been observed. Lastly, 1t is not yet clear whether
one site of implantation for free grafts is better than another.
Ths series compares three possible sites of graft implantation.

Methods
The hosts were fully grown albino rats  All were over the

age of nine months and most were more than fifteen months
old The donors were rats within forty-cight hours of birth:
they were bred m a different laboratory from that supplying
the strain of rats which were the hosts.

The donors were sexed, killed by ether anmsthesin and the
adrenals removed and placed m normal saline at room
temperature, These glands were implanted within two hours
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Table I

SUAMMARY OF RESULTS, SHOWING NUMBER OF ADRLNALS GRAFTED AND THE
SITES USED FOR IMPLANTATION

Survivors wnth
Animals grafied grafis established

1 or 2 adrenals

surface of erector spinmwe 87 7
8 to 6 adrenals

surface of erector spine 16 5

femoral sheath . 15 4

wound In erector spinwe 18 ¢

1s shown i Table II Those amimals which have survived
the longest are 1n excellent health and they have recently
been re-examined. The grafts look healthy and vascular and,
particularly 1n view of the fact that death has always followed
excision of such grafts, I beheve the grafts are mamtaining
the life of these animals

Care was taken to perform radical adrenalectomies and no
examples of survival due to the presence of accessory adrenal
tissue have been seen  Sixty-four animals have died after
the msertion of grafts—usually one or two weeks after stop-
ping saline drinks. Post-mortem examination has shown either

Table 11
SunvstARY OF SURVIVORS

n, a
:ﬁﬂl’éﬁfﬁ L‘ufff; f Result
1 11 months Alne
5 0 months Alive
1 8 months Dead (greaft healthy)
1 8 months Dend {no I’ M )
2 5} months Dend (grafts degenerate)
2 5 months Alne
3 4 months Dead (praft hedthy)
1 3 months Dcad (graft healthy)
1 3 months Dead {graft degenerate)
2 21 months
2 2 months Grafts healthy when cecpsed
1 1 month at these times
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complete absorption of the grafts, a nubbin of granulation
tissue which on section contains no adrenal cells, or the grafts
lymg dead but macroscopically unchanged Tlus last finding
was noted 1 24 animals and 1s rather striking when found
three to four weeks after the implantation of the grafts. It
seems that the grafts have aroused no reaction 1n the sur-
rounding tissues, and the failure of the grafts i1s due to this
rather than to the production of a local phagocytic reaction
If embryonic tissues produce so hittle reaction m the tissues,
the development of an adventitious blood supply will be
delayed and this was the reason behind the use of a muscle
wound as a grafting site So far there 1s no evidence that it 1s
a better site than the others, but the matter of the best site
for a free organ graft needs further study.

These experiments showed that from one-quarter to one-
third of embryonic endocrine grafts in rats could survive
and function for periods up to eleven months, that thewr
growth was controlled and they remamed encapsulated. It

therefore seemed right to extend this method of treatment to
patients.

Clinical Applications

The supply of donors of material for human homografts
is generally lmited and feetal material provides no exception
to this experience. With modern obstetric care comparatively
few terminations of pregnancy after the eighteenth week, or
fresh stillbirths, occur, and until rehable methods of preserva-
tion of endocrine tissues are developed 1t will be necessary to
bring the donor and the host together very soon after dehvery.
This may require long waits culmmating 1 hasty arrange-
ments and nocturnal operations, for 1t seems desirable to
transplant feetal endoerme material within two to three hours
of death. Owing m part to these admimstrative difficulties
I can only report on the treatment of one patient by the
grafting of human fcetal material

A married woman of thirty-four years had a bilateral
oophorectomy and hysterectomy performed four years before



116 P. F. JonEs

she presented with severe menopausal symptoms: the most
serious of these were frequent hot flushes with excessive
sweating of the palms, and attacks of severe vaginal pain
due to an advanced scnile vagmnitis. Hormone replacement
therapy had failed to relieve these symptoms.

Apart from the hstless and dowdy appearance of the
patient, the objective changes were a loss of fat from the
labia majora, kraurosis vulve and a senile vagmitis. Neither
squamous cells nor glycogen could be demonstrated in
vaginal smears

A full explanation of the proposed graft was made to the
patient and she willingly agreed to 1its bemng done. As she
lived outside London she remained in hospital and finally
had to wait six weeks before suitable material was obtained
from an embryo at the twenty-sixth week of factal life,
dehvered by abdominal hysterotomy. Both ovaries were
removed, dropped into normal saline and taken to the theatre
where the patient was ready A mudhine subumbilical mcision
was made, both rectus sheaths opened, the ovaries chopped
nto pieces 2 to 3 mm. in diameter and spread over the surface
of both rectus muscles. This operation was completed within
one hour of the dehvery of the child. The wound healed nor-
mally. On the twelfth post-operative day the patient com-
plained of vagmal irntation and a vagmal smear showed some
glycogen to he present and a few squamous cpithelinl cells
were seen.

TFour weeks later the graft site felt normal, the vagina looked
healthy, the signs of kraurosis had gone and a stamed vaginal
smear had a good glycogen content. There was a strihing
mmprovement in the appearance of the patient, which was not
only duc to her purchase of a new costume and hat. When
last seen, five months after the graft, improvement in this
patient was maintamed There was complete rehef from the
symptoms and signs of scnile vaginitis and Kraurosis, and the
vaginal smear showed some squamous epithelial eells and

contained glyveogen
This case Hlustrates the difficultics of obtmmng fartal and
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neonatal material and gives pomt to the need for a rehable
method of preservation of endocrmme tissues. It shows that
this type of graft can be of practical value, for in this patient
1t provided a useful answer to what had become a difficult
therapeutic problem. It 1s impossible to say whether human
homografts will behave 1 a similar way to those in ammals.
At present I would not claim that there 1s more than a small
chance that a given embryonic endocrme graft will survive
and function, but at least the procedure 1s harmless and 1t
may be most valuable I believe that the results of the
work on the behaviour of these grafts fully justify an exten-
sion of this form of treatment to smtable patients.

Summary

Eaghty-six adrenalectomized adult rats received adrenal
grafts from unrelated new-born rats. Twenty-two rats sur-
vived on a normal diet and functionmg grafts were demon-
strated Details of the sites available for grafting and of the
length of survival after grafting are given.

These 1investigations show these grafts to be harmless and
the use of this method 1s justified in suitable patients. A

successful foetal ovaman graft in a young oophorectomized
woman 1s described.
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DISCUSSION

ZuckCrRMAN Was the section of the adrenal cortex that you showed
typical of all regions of the grafts? I ask because the cells are not
arranged m the normal fasciculate way, and I am wondering what
significance should be attached to this

Joxes This illustration was a section of a graft one month after
umplantation. Secctions of older grafts, say at ten wechs (Fig 4), do
show a clear zona glomerulosa and fasaculata,

Zuckrenmaxn I take 1t that you msert these feetal adrenals complete
with capsule,

Jones' Yes, I made a poimnt of lenving the eapsule on.

ZucreERMAN. Would you get much the same result)f you cleaned out
the contents and just inserted the capsule?

Jones The only paper I know on tlus subject clearly suggests that
you would

ZuckrrMaN® That 1s why I nsked about the organization of the
fasciculata, beeause 1t seems to me that a normal arrangement of the
fasciculata would imply that blood vessels were growing in from the
peniphery.

Parkes In practice, where we have used adult adrenals, we have
cut the single gland into two, enucleated the two halves and implanted
the capsule. That works beautifully with autografts, we finve not much
experience of homografts

DraxesLy Our grafts mostly show orgunization of the cortical eclls
when they'se grown—certminly more orgamzation than is shown in
Mr. Jones's figure

Panrnes But we have never ueed grafts as young as lus,

Dryrster. Do you know the ipoud contents of your grafts?

Joss No ,

DeaNTsLy . Did you make o rogular search for aeeessory adrenals?

Jones At each post-mortem I have loohed for them, but have nover
found any. 1 have nhways made a point of doing o very radien] adrensnlec-
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tomy I am morally certamn tbat none of the surviving rats bad any,
because a healthy graft was found 1n each one

PAREEs You have been rather lucky We are plagued with about
10 per cent accessory adrenals Our procedure for testing frozen adrenal
tissue 1s complicated by the fact, 1t picks out beautifully the animals
with accessory adrenals They are the ones that survive -

DrnpsTER I was mterested to see that there was no local reaction
around your grafts Was that typical of all of them?

Jonts Yes, I have never seen any other appearance

DempsTeErR Did you observe degeneration?

Jonts Once the graft has degenerated one may see obvious foreign
body reaction granulation tissue and a certamn number of foreign body
giant cells

DempsTER And how about adult adrenals?

Jonzs I have never found any trace of the grafts when ammals given
adult adrenal grafts died and come to post-mortem I have made no
histological observations in these ammals

Dempstir. I think you've posed a very interesting concept of the
problem of the “take”, which I think 1s bound up very intimately with
the whole of Halsted’s law You were implying, I think, that if there
was no local reaction there was no revascularization Am I nght mn
saywng that?

JonEs I believe that to be a fundamental point

DrmesTER T agree with you so far I would say that the revasculan-
zation of an implant 18 a purely fortuitous phenomenon. If you mject
the graft either with a needle through the skin or host tissue—that,
the rat, 1s enough to stimulate the small blood vessels 1t 1s certainly so
n the case of thyroid grafts I think the whole problem of Halsted’s
law turns on that very point of revasculanzation That i1s what we
mean by a “take”. But I don’t know what Halsted’s lJaw means 1n
terms of grafting an endocrine organ with a blood supply, where there’s
no question of actual “taking”

McLarEN Do you get a strong local reaction when grafting these
embryonic glands 1nto non-adrenalectormized rats?

JoNEs I have never tried 1t

KrouN In the case of the ovarectomized woman that you described,
you saxd, I think, that sbe had had severe menopausal symptoms, and
that hormone treatment had failed to mnfluence them

Jonrs I beheve the heat flushes were shghtly reduced by this treat-
ment, but 1t had very little effect on her vagimitis

Kroen What then do you think the ovaman graft produced which
was responsible for these changes? Is it something entirely different
from the hormones that we normally think ebout?

%ONES I’m‘::vertalﬁﬂy not qualfied to say

EMPSTER VVas the patient
and 1£s offeats? P made aware of the nature of the operation
Jonrs I evplamed to her what would be done, but I said nothing

about the effects, as I had no 1dea what they would be I said there was
a rather small chance 1t might benefit her
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Doayrstirt Beeause there can be very striking psycholomeal effects,
we know that the abdomen can swell in certamn psychologieal states n
females who are not pregnant. After all, Voronoff made a Iving by
grafting simuan testis!

Jonts Tius woman was certamnly very depressed and she was greatly
encouraged by having this graft made, But at the same time you can
hardly explamn her changed vaginal smear on a psychological basis,

ZuckeErMAN There 1s a possibility that i the post-operative phase
we are dealing with an increased production of cestrogen by the adrenal
cortex When the ovaries are removed either from a rat or a monkey
(and I beheve similar observations have been made in human beings),
cychical vaginal changes do continue It 1s concervable that an ovarian
graft might react on the pituitary in such a way that the adrenal cortex
would produce more cestrogen than it may normally do,

Jones: I'm hoping that estimating the gonadotrophins may help
I should imagne that if there 15 2 functioning ovary 1t may depress ther
secrction

ZuckbRMAN It mught, but one must remember that ACTH, for
example, 1s not necessarily specific 1 its cffect on its target organ Tt
15 possible that gonadotrophin estimations will not provide the complete

answcer.



PRESERVATION OF BLOOD
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MaNy of the constituents of plasma can be satisfactorily
preserved for long periods, for example, gamma-globuln
can be kept for years after freeze-drymg and confer temporary
passive immunity on a subject mnto whom 1t 1s injected Even
quite labile elements, hike anti-hsemophilic globuln, can be
stored for long periods provided that the plasma 1s frozen
within twenty-four hours of withdrawal from the donor

Methods for the preservation of the formed elements of
blood are less advanced When blood 1s mixed with citrate
m ordnary glass contammers and stored at 4°C the red cells
remain viable for a time but the white cells and platelets do
not Methods of storing viable white cells and platelets are
bemg developed (Tullis, 1958a, 1958b). However, white
cells survive for only very short periods after transfusion
(Lawrence, Ervin and Wetrich, 1945, Weisberger, Heinle,
Storaash and Hannah, 1950) and the value of platelet trans-
fusions 1s hmited (Sprague, Harrington, Lange and Shapleigh,
1952) By contrast, fresh red cells, when transfused from
one subject to another, usually survive as long as do the
recipient’s own red cells Red cell transfusions thus have
a wide scope and the preservation of red cells for long periods
1s a desirable objective. This paper describes some progress
that has been made n this field

The first step in red cell preservation was made by Rous
and Turner when they found in 1916 that storage of blood
with an excess of citrate glucose solution led to a mamtenance
of viability of the red cells for at least two weeks, they were
able to show that after bleeding rabbits, and substituting
stored red cells, heemoglobin concentration was well man-
tamed Shght further progress was made durmg the second
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world war when it was shown that adjustment of the pH
of blood-citrate-glucose mixtures to about 7-2 apprecubly
prolonged the storage life of the red cells (Loutit, Mollison
and Young, 1943) It should be emphasized that despite
extensive studies 1t has never become possible to predict
from tests wn vitro how the red cells will survive wn vivo. For
example, red cells stored 1 a citrate-sucrose mixture undergo
very Dittle lysis during a three week pertod of storage at 4°C.,
as Rous and Turner noted, but when the cells are transfused
they are rapidly swept from the circulation (Mollison and
Young, 1942).

The chief changes which occur in red eells stored m sodium
citrate at 4°C. are firstly, loss of potassium and gamn of
sodtium The gam in sodium excceds the loss in potassium,
leading to a shight increase 1n total base, and this 1s thought
to be the cause of the swelling; however, it 1s not the sole
cause of the increase 1n osmotic fragihty, for the “critieal
bursting volume” dimnishes progressively during storage
(Rapoport, 1947). Sccondly, there are changes mdicating
that metabolism continues at 4°C,, for example, a dimmution
in the cell content of dextrose and of hydrolysable phosphate
(Mazels, 1941; Rapoport, 1947).

All these changes are reversible, for red cells whieh show
them may sursive normally after transfusion. Newertheless,
1t 15 thought that the changes are symptomatic of progressive
deterioration for there 1s a rough parallchsm hetween the
extent of the changes in witro and the imparment of survival
in vive (Maizels, 1913, Rapoport, 1917).

The lysis of red cells stored at +°C. 15 not duc to swelling
and bursting but s probably due to chunges v the ccll
membrane (Molhison and Young, 1942; Maizcls, 1943), It
has been generally assumed that these changes indicate the
achivity of metahohie processes without repar and  that
better red eell storage ean be achieved only by mtcrfonmg
with metaboliem, either by the addition of substanccs which
block enzy mies or by lowcring temperatures to o point whee

metabohsm 1, greatly slowed.
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It may be mteresting to discuss one example of an attempt
to mmprove preservation by adding an enzyme mnlbitor,
because 1t illustrates the essential rdle which transfusion
expermments play in assessing the state of preservation.
Halpern, Dreyfus and Bourdon (1950) discovered that
phenergan and a related phenotiazine derivative, “RF 8300,”
would delay hsemolysis when added to blood stored at 4°C.;
moreover, cell swellimg and potassium loss were delayed. It
was concluded that these agents were tissue preservatives
and that this was probably due to thewr power of mhibiting
enzymes, particularly cathepsins and tryptic enzymes.

Experiments made at the Blood Transfusion Research
Unit showed that although the addition of RP 8800 delayed
lysis and delayed swelling, survival after transfusion was not
mproved (Chaphn, Crawford, Cutbush and Molhson, 1952)
The method of studymng survival was a modification of the
method orgmally described by Ashby (1919). Recipients of
group A, type M recewved group O, type M red cells (control)
and group A, type N cells (test). After transfusion, red cell
counts made 1n the presence of ant1-M serum enabled the A N
cells to be counted and with ant1-A serum the O M cells could
be counted Each recipient received test red cells—stored m
the presence of RP 8800—and control cells, stored for the
same length of time without RP 8800 These expermments
showed clearly that red cells stored with this compound did
not survive any better after transfusion and that the changes
observed n vitro had been wrongly interpreted.

The possibihity of storing red cells at low temperatures was
much discussed after the war but httle was done until Dr.
Parkes’s collaborators demonstrated that relatively large
amounts of red cells could be frozen and thawed without
lysis 1f glycerol were present (Smuth, 1950). Sloviter (19510)
obtained evidence that red cells recovered after freezing at
—79°C. and thawmng were viable 1n rabbits, and transfusion
experiments m man confirmed this (Mollison and Sloviter,
1951). In these experiments blood was mixed with glycerol-
saline to give a final concentration of glycerol of approxi-



124 H. Cnarrin, Jr. axp P. L. MoLLisoN

mately 15 per cent w/v. It was found that after storage at
—79°C. for six months as many as 50 per cent of the red cells
might be lysed but that the recovered red cells survied
normally (Molhson, Sloviter and Chaphn, 1932)  Similar
expermments were also done at —20°C. and showed that
although lysis progressed rapidly at that temperature, so
that in some experiments as few as 20 per cent of the cells were
recovered after three months, nevertheless the recovered
cells survived normally. TFrom these experiments it was
concluded that metabolhic changes were arrested, even at
—20°C., and that if only some mcthod of reducing progressive
hemolysis could be discovered, storage of blood by this
method would become practicable.

In the course of experiments on the effeet of glyeerol
concentration on the optimal rate of freezing it was discot cred
that for blood frozen in bulk to —79°C. there was far less
lysis when a glycerol concentration of 80 per cent rather than
15 per cent was used. Moreover, at this glycerol concentration
the rate of freezing was no longer critical, and botties of
blood could be frozen by simply plungmmg them into a solid-
CO, alcohol mixture (Chaplin and Mollison, 1953) In other
experiments 1t was found that red cells mixed with a sodium
aitrate-glycerol solution underwent far less lysis on being
stored at —20°C. than did cells mined with sahne-glyveerol
solution Packed red cells mined with an equal volume of
3 per cent trisodium citrate and suflicient glyeerol to give a
final concentration of 30 per cent w/v after mining with the
red cells underwent only ahbout 2 per cent lysis in three
months (Chaphn and Molhson, 1953).

At this stage 1t appearcd that really useful conditions had
been found Ilowever when red cells stored ab —20°C, in
such miatures werce transfused, survival was found 1o he
poor. TFor example, after three monthy’ storage, the per-
centage survival twenty-four hours after transfusion was
about 50 per cent. Red cells stored i the snme nasture a
—59°C survived much better after transfuson but appaer nth
not as well as red cells stored st tins tamperatare in s plyerrol-
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saline solution (Chaphn, Crawford, Cutbush and Mollison,
1952)

These findings led to making tests 4n v2t70 on red cells stored
m mixtures containing 8 per cent trisodium citrate and 80
per cent glycerol It was found that after storage for three
months at —20°C there was an astonishing loss of potassium
without an equivalent gamn 1n sodium, so that the red cells
had only about 70 m Eq of base per htre mstead of about
115 m Eq There was an associated reduction of cell volume
As expected, such cells showed a considerable decrease in
osmotic fragihty

It does not seem likely that mere depletion of potassium
impairs survival . vwo for 1t 1s known that cells poor in
potasstum and rich m sodium can recover almost normal
values withm twenty-four hours of being transfused (Maizels,
1943) The loss of total base and the excessive shrinkage may
indicate damage to the red cell membrane, but there 1s no
direct evadence on this subject In this connection it 1s of
some nterest that red cells stored 1n citrate-glycerol mixtures
for three months at —20°C are well agglutinated by blood
group antibodies, a fact which makes this method of storage
very convenient for blood group laboratories

A pomt of great mterest 1s to determine to what extent
metabolism contmues at —20°C It 1s a fact that red cells
stored at —2°C survive after transfusion no better than red
cells stored mn the same muxture at +4°C. (unpublished
observations), 1f the deterioration occurring at +4°C 1s due
to metabolic activity, then lowering the temperature by 6°C
1s msufficient to reduce this activity to a matenal extent and
1t 15 doubtful whether reduction by another 18°C will stop
all activity  This mmplies that much lower temperatures may
be needed for satisfactory long storage.

On the other hand the fact that even at —79°C there
appears to be some deterioration 1 citrate-glycerol mixtures,
and the fact that —2°C does not seem to be better than
+4°C when acid-eitrate-dextrose mixtures are used, suggests
that the damage 1s at least partly physical and that it may be
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possible to preserve red cells for very long periods when the
nature of this deterioration 1s better understood

It should be emphasized that the studies referred to so far
have been made on cells from which the glycerol has been
removed after the period of storage. At first dialysis was used
(Sloviter, 1951a); this was effective but cumbersome and
time-consuming. Then the method of Lovelock (1952), in
which the glyceroi 1s “sucked out” of the cells by the addition
of hypertonic citrate, was tried, this was very suitable when
concentrations of glycerol of the order of 15 per cent were
being dealt with but was not satisfactory when the concen-
tration was as high as 80 per cent The method we are using
at present 1s simply to wash the red cells 1n falling concentra-
tions of glycerol; for example, the cells are washed 1n solutions
contaming 16 per cent, 8 per cent and 4 per cent glycerol in
8 per cent trisodium citrate and are then washed three times
mn saline It was suspected that so much washing might 1m-
pair the viability even of fresh red cells. However, transfusion
experiments have shown that seven washes of red cells with
twice their volume of normal saline does not impair their
subsequent survival @n vivo (Chaphn, Crawford, Cutbush and
Mollison, 1954)

The present method of washing 1s very cumbersome,
seven separate centrifugations bemng necessary. However,
considerable progress has been made 1n the development of
contmuous washing devices (Chaplin and Veall, 1958). The
type we are using at present 1s essentially that described by
Dr. Ivan Brown of Duke University, U S.A, in which the
red cells are washed 1n their original contamers. Thus when
more satisfactory conditions for the long storage of red cells
at low temperatures are found, an apparatus for preparing
them for transfusion with very little trouble should be ready.
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DISCUSSION

Mepawar Could I ask a question about the assay method used
for finding out how long these red cells survive? You are, of course,
starting with a population of cells of mixed ages, and I would think that
some of your results would suggest, purely from the mathematical point
of view, that 1n the course of storage you’re getting a differential
mortality of cells of different imtial ages Are the older cells more
fragile? And have you tried, for example, taking a pint of blood and
mcompletely hemolysing 1t by adding distilled water and then deter-
mining the survival time of the residual red cells?

MovrrisoN We haven’t tried the interesting experiment you suggest,
however I, E Young and his co-workers have shown by a different
method that young red cells are less resistant to hypotonic saline but
?;31 I;lo:qe ;esxst&;il]t :o mechanical trauma than old cells, C A Finch has

evidence that younger red cells a T
st(ixit;ge e thal 3&3 o ge re more readily damaged during
RRILL I am very much interested in the phenomenon that h
been mentioned, the sodium exchange with potasIs)lum, and partlcular?;'
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the potassium loss on storage n the cold. That certainly 15 not due to a
mechanical defect of the cell membrane, because the cell 1s freely
permeable to potassium, and the differential concentration must be
mantamned by some energy-requiring mechamsm, presumably through
the adenosine triphosphate I wondered 1f one might get some clue as
to whether this 1s a utihzation of ligh-energy phosphate bonds to the
pownt of exhaustion, or whether it 1s a failure to metabolze, perhaps
due to the cold suppressing energy-producing mechamsms Have you
made any attempts to measure the ATP?

MouvvrisoNn Prof Maizels has recently made some measurements for
us and has concluded that there is little change m easily hydrolysable
phosphorus during storage

Harris With regard to the metabolism of cells at low temperature,
Bovarmck and his colleagues (J Bact, 1950, 59, 509-522), who were
trying to preserve IRuickelisie at low temperatures, found that the
addition of glutamate to the suspending medium allowed greater
survival of the organisms after freezing to —20°C They suggested that
this was because the glutamate was a substrate for the orgamsm—
which could of course mean that there was some metabolism gomng on
even at that temperature

I believe you said you used trisodium citrate m your medium and
lost potassijum  Have you tried potassium citrate?

MovrrisoN My co-worker, Dr Chaplin, has tried storing red cells 1n
potassium citrate and has shown that the loss of potassium from red
cells 15 thereby considerably reduced However this does not have any
appreciable effect on their survival in vivo,

BrexT You mentioned at the beginmng of your talk, Dr. Mollison,
that 1t 1s not possible to transfer leucocytes Could you give us a reason
for this particular phenomenon?

MoLvisoN T am afraid not. 1 was thinking of the work of Weisberger
and others showing that if you transfuse white cells from one amimal to
another they are almost mmmediately trapped mn the pulmonary

circulation
Brent Do you know of a mecthod of freezing leucocytes for long-

term storage?

MoLLisoN Attempts to store white cells have been made by Tulhs mn
Boston and I think by Dr Audrey Smuth Perbaps she would say
something about that

A U Saarn I haven’t done a great deal so far, but T have found that
leucoeytes will keep as long as three weeks at -+5° m fluid waithdrawn
from the peritoneal cavity of rabbits At the end of three wechs there
were very large numbers of lughly active lcucocyies—that 15 1o say.
active 11 wvitro, showing ameboid movement and active phagocytosis.

We have also been trying to preserve them at very low temperatures
The first difficulty 1s m the admimstration of an adequate concen-
tration of glycerol to protect them I am now able to get leucoce) tes
actively moving in 7 5 per cent glycerol and 10 per cent gly eerol, but o
far I have not found a method of cooling them winch cnables me to
keep them 1 a frozen state nt very low tomperatures
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BmunceaM Have you attempted to preserve leucocytes at low
temperatures after first compacting them mto a more or less solid mass
of cells, 1nstead of preserving them 1in the form of a suspension? Prof
Medawar and I have found that epidermal cells when dissociated 1n
suspensions are much more susceptible to freezing and thawimng than
when they are 1n the epithelium of an intact

A Saara That has been exactly my experience I find that if I have
a suspension of leucocytes they don’t last nearly so well as if I get them
mto a compact pellet, so far only leucocytes kept in a sohd mass have
survived storage at -+5°C for more than one week For reimplantation
1t might be useful to have pellets of leucocytes but for transfusion 1t
would probably be useless

DempsTER Is 1t the lung that mops up the leucocytes? Why should
that be?

MoruisoN I really don’t know

DemestER It has been shown that leucocytes are antigemie, as distinct
from the blood red cells It 1s possible that the leucocytes act as foreign
bodies and are knocked out just as bacteria would be knocked out

MorrisoNn The rapid removal of transfused leucocytes from the
circulation 18 probably not due to the action of antibodies, since 1t has
been shown that leucocytes taken from an animal’s own peritoneal cavity
and mnjected intravenously are also rapidly removed from the circulation

EarLE To what extent, Dr Mollison, have you been able to rule out
the mjurious effect of light on the washed cells?

Movrison Y doubt1if hight plays any part in producing the damage we
observe since we have found that fresh red cells washed repeatedly 1n
saline, m dayhght, survive normally.

EarLE I think if you check that you will find that visible light wall
mduce a later heemolysis

Moruson Is 1t a slow cumulative effect over time?  Our blood 15
stored 1n the dark but the cells are washed out without any special
precautions

Earie But if they have been subjected to hight, I would not rule out
the possibility that when they were later brought out and re-suspended,
that the light had increased their susceptibility to lysis

Parges Is the ordinary blood bank kept 1n the dark?

EarLe Inthe ordinary blood bank, the cells are in serum and are far
less sensitive to the action of light Washed cells are extremely sensitive
{ﬁu?ﬁble light, including wavelength frequencies 1n the red, green and

Mepawar I wonder if Dr Mollison could explam why some rhesus
nNegative volunteers when transfused with rhesus positive blood do not
form antibodies

MorLisoN There appears to be great variation between different
individuals  If thegus negative volunteers are given two mtravenous
mjections of Rh positive blood at an mterval of three or four months,
only about 40 per cent of them will form rhesus antibody However if

further injections of rhesus positive blood are given to the remainder,

the proportion who form antibody steadily increases
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Mepawar So there 1sn’t any section of the population that 1s wholly
refractory, so to speak—any group of rhesus negative people that never
form rhesus antibodies?

Movrwison There 1s nsufficient experience for a dogmatic answer but
1t seems probable that all rhesus negative persons are capable of forming
rhesus antibody For example, 1n one series, after six njections, nine
out of ten volunteers formed antibody

Miceiz You mentioned 1ntraperitoneal blood transfusions, with
which amimals and at what ages?

MorrisoNn Both in man and 1n dogs 1t has been shown that red cells
mjected ntraperitoneally reach the blood stream.

BrenT I think Dr, Mollison said earlhier that one-twelfth of all
transfusions showed some mysterious reaction and destruction of red
corpuscles within sixty days Would you expect a slow disappearance
of red cells if 1t were due to another undetected blood group? Would
such destruction take place over a very long pertod of time?

MorrisoN In all known forms of incompatibiity 1n man described
so far, in which specific antibodies can be demonstrated, the red cells
are eliminated within a few days of the first appearance of the antibody.
However, L E Young has encountered a varicty of incompatibility in
the dog 1n which quite slow elimination occurred despite the presence of
antibody In the particular case I am thinking of the transfused cells
possessed what has been described as a low-grade antigen, comparable
to the human antigen Du,



BIOPHYSICAL ASPECTS OF THE
FREEZING OF LIVING CELLS

J E LOVELOCK

THE mvestigator concerned with the adverse effects of
low temperatures on living cells 1s confronted with three
distinet problems Firstly, there are the destructive effects
resulting from the crystallization of water within or without
the cell Secondly, the adverse effects of cooling, thermal
shock, which may occur with equal readiness above as well
as below the freezing pomnt Thirdly, the slow deterioration !
which takes place on prolonged storage even at temperatures
as low as —190°C

In this short account it 1s not possible to do justice to more
than one of these problems and for that reason I propose to
deal only with the first, namely the adverse effects of freezing
and thawing.

Most cells hive 1n contact with a dilute aqueous medium
and the effects of freezing and thawing are transmitted to
them through this medium In order to appreciate the stress
apphed to a cell during freezing and thawing 1t 1s helpful
to consider the processes which take place when a dilute”
aqueous solution 1s frozen and thawed If a test-tube con-
tamning one per cent sodium chloride solution 1s frozen by
immersion m a low temperature bath, ice 1s seen to form as
an opaque concentric shell which moves inwards until all the
solution has frozen. If the freezng 1s arrested before the
mward moving shell has filled the tube, and the shell of ice
and unfrozen solution are separately analysed, 1t will be found
that their bulk compositions are 1dentical and equal to that of
the origmal unfrozen solution Since 1ce separates from a salt
solution as a pure substance this observation can only mean
that the inward moving shell 1s not solid 1ce but a mesh of
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1ce crystals with concentrated salt solution mn the interstices.
;[f the conductivity of the mesh of 1ce crystals and salt solution
is measured during freezing 1t 1s found that there 15 httle
change until all of the solution has frozen. This observation
mmphes that the channels between the 1ce crystals are con-
tmuous throughout the mesh The continuity of these chan-
nels has been demonstrated rather more elegantly by Dr.
H A. Sloviter (1951) in a personal communication. He showed
that 1f a suspension of red blood-cells in glycerol-saline 1s
frozen to —20°C and left for a few days the cells settle through
the channels. The clear white supernatant and apparently
solid mesh of ice crystals and the dark red sediment of blood
cells 1ilustrates strikingly the freedom of movement still
available to the cells even at this low temperature.

It follows that when a suspension of living cells 1s frozen
their first experience, apart from a drop in temperature, will
be an 1ncrease i the concentration of their suspending
medium. Crushing and spearing by 1ce crystals, if 1t occurs
at all, can only come later when the channels between the
ice crystals have shrunk to the same dimensions as those of
the cells. The response of a given cell will depend 1n the first
mstance upon its permeability to water. If it is relatively
impermeable—for example the fresh water amacha—its
mternal medium will reman unchanged and super-cooled as
freezing progresses, cventually, however, usually mn the
region —5 to —10°C., 1t will freeze internally Chambers and
Hale (1982) and Smith, Polge and Smiles (1951) have shown
that this event 1s mvariably fatal. Cells which arc lghly
permeable to water—most mammahan tissuc cclls for
example—will remam m osmotic equbibrium with ther
suspendmng medum as freezing progresses. That 1s to say,
they will lose water during freezing at a rate winch mamntains
the freezing point of their mner contents equal to that of the
suspending medium. By the time the suspending medium
has concentrated to saturation, at its cutectie, the cell will
be too dry to freeze. Very few eells arc capable of withstanding
exposure to concentrated salt solutions, consequently most



Bropaysical AspEcTs oF FREEZING 133

cells are 1rreversibly damaged long before their suspending
medium has concentrated to saturation In practice 1t 1s
found that —5° represents the lower Iimit to which most
mammeahan cells can be frozen slowly without damage.
At this temperature normal physiological suspending media
would have concentrated nearly ten times. The destructive
action of concentrated salt solutions, although rapid, is not
mstantaneous, and if the cells can be frozen rapidly they may
be preserved for long periods at temperatures below —40°
when all 1s solid. Tt follows that thawing must also be rapid
for successful revival. To summarize—most cells are rapidly
destroyed when frozen to temperatures between 0 and —40°C.
With cells which are permeable to water, this critical region
of temperature appears to correspond with a cmtical region
of salt concentration. With these cells also no directly harmful
results attributable to ice crystal formation appear to occur,
such as have been suggested by Luyet (1949) and Strumia
(1949) The demonstration of damage by ice crystals 1s
likely to be very dafficult since the cell would almost certamly
have been destroyed by salt before the ice could harm 1t
further

The nature of the destructive action of concentrated salt
solutions 1s complex. The red blood-cells are the only tissue
1 which this feature of freezing damage has been subjected
to systematic examination (Lovelock, 1958a) With these,
sodium chloride solutions stronger than 0 8 M render the cell
membrane cation-permeable Heemolysis then takes place
erther slowly 1n the strong solution, or immediately when the
cells are restored to 1sotonic media, as on thawing In very
strong solutions, 2 0 M and higher, the structural mtegrity
of the cell 1s destroyed. It1s possible to account quantitatively
for the hemolysis which occurs when red blood-cells are
frozen for various times at a given temperature m terms of
exposure to the salt concentration in equilibrium with 1ce at
that temperature No originality 1s claimed for the 1dea that
the first adverse effect of freezing 1s the concentration of the
electrolytes of the medium Moran (1929) showed that the

NORMAL TISSUES 10
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damage suffered by frog muscle on freezing could be explamed
quantitatively in terms of electrolyte concentration.

It was discovered by Polge, Smth and Parkes (1949) that
living cells could be frozen and thawed without harm if
glycerol were included mn theirr suspending medum. This
discovery 1s not only of great practical value in the successful
preservation of tissue at low temperatures but also provides
important experimental evidence relevant to the general
problem of freezing and thawing.

The effect of mncluding glycerol in the medium used to
suspend cells 1s to reduce the range of eritical temperatures
m which damage takes place. Fig. 1 shows the hmmolysis
due to freezing human red blood cells at temperatures betw ecn
0° and —40°C. for ten minutes. The cells were suspended in
0-9 per cent sodium chloride containing various concentra-
tions of glycerol. It 1s evident from the figure that as the
glycerol concentration increases so the area of the critical
region decreases until finally at a concentration greater than
25 M it vanishes. Closely similar results are obtamned 1if
other cells, for example spermatozoa, are frozen under the
same expcrimental conditions.

It has been proposed that the entical region of temperature
corresponds to a region m which the salt concentration of the
cell and 1ts medium are above a critical value for the cell 1n
question. If this proposition 1s accepted 1t provides a stmple
explanation of the action of glycerol, namely that it functions
as a “salt buffer”

It follows from the colhgative properties of solutions that
the mere addition of a neutral solute to a salt solution will
lower the concentration of salt i equibbrium with ice at
any temperature below freezing. This may be eapressed more
preciscly as follows: The depression (T) of the freeving pomnt
of an agucous solution of sodium chloride and glyecerol, the
concentrations of which are x and y respectively, 1s given by
the relationstup T=K(2x-+y) where K 15 the freezing pomnt
depression of water produced by unit concentration of solate

If the critical salt concentration above which a cefl 1
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rreversibly damaged 1s given by (nx) then the temperature
(Tp) below zero at which wreversible damage will first occur
1s given by Tp=Kn(2x+y) This equation can be transposed
to give the glycerol concentration (y) required to prevent
irreversible damage at a given temperature

_ TD— 2KIIX
Y = T oRnx

100

Haemolysis

(per cent.)

-10 -20 =30 -40 -50
Tenperature °C

Fie 1 The hemolysis which occurs when red blood-cells
suspended 1 0 9 per cent sodium chloride contamming various
concentretions of glycerol are frozen In all experiments the
cells were frozen for ten minutes at the temperatures indicated

This relationship can be used to test the vahdity of the
hypothesis that glycerol prevents damage durmg freezing and
thawing by functioning as a salt buffer The concentration
of glycerol required in practice to prevent damage can be
compared with that required by theory Fig. 2 shows hnes
plotted according to the equation above and the experl-
mentally observed concentrations of glycerol required to
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prevent damage These results offer strong support for the
proposcd explanation of the function of glycerol

This relationship has already proved to be of practical use
i suggesting that the recovery of red blood-cells preserved mn
bulk would be mmproved when the salt content of the sus-
pending medium was reduced and the glycerol concentration
increased before freezing (Chaplin and Mollison, 1958; Love-
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lock, 1953b) It may also be of use in suggesting favourahle
conditions for the preservation by freezing of o tissue which
has not previously heen subjeeted to successful preservation
at low temperatures.

It 1s mmportant to note that glicerol 1s able to protect
agnmst damage on freezing only when it has permieated the
cells  There 1s no henefit in preventing the <alt content of the
suspending medum from mereasing durmg freenngaf that of
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the cell nterior 1s allowed to rise unchecked This require-
ment explains why larger molecules than glycerol, for example
the sugars, are rarely successful in preserving cells at low
temperatures The desiderata for a substance which will
protect living cells during freezing and thawing are as follows

(1) Low molecular weight.

(2) Miscibility with salt solutions

(8) Non-toxicity even 1n great excess
(4) Ability to permeate the cell freely.

With the red blood-cell a number of substances, mcluding
methanol, acetamide, and many polyhydric alcohols, are
capable of meeting these requirements With more sensitive
cells, e g sperm, none 1s quite so effective as glycerol

It 1s of interest to note that the protective activity of all
substances tested was proportional to their molecular weight,
as 1s required by theory '

In this short account of the destructive effects of freezing
and thawing and of the use of glycerol to prevent them, 1t has
not been possible to discuss the important related phenomena
of thermal shock and of slow deterioration on storage These
effects and others render the successful preservation of hiving
tissue much more difficult than the simple relationships
described above might suggest (Parkes, 1958). Each advance
1 the physical interpretation of the adverse effects of freezing
and of storage 1n the frozen state further reveals the magnitude
of the task confronting the biologist who wishes to preserve

hving tissue, but pays high tribute to those who have already
succeeded
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DISCUSSION

EarLe In the storage of fragile and eritical solutions such as are
used m tissue culture, can you suggest what 1s a safe temperature to
avoid disintegration?

Loverock That 1s a very difficult pomt. We find that even with
cells each cell must be considered on 1ts own merits  There nre some
cells—for example, human sperm celis—wiuch appear to tolerate a wide
range of temperatures, and others—for example, the rabbit sperma-
tozoa—which will not survive freezing to —2° or lower In general
terms temperatures above —2° or below —40° are best for profonged
survival i the frozen state

Mrepawar* Dr. Lovelock said that there was evidence of slow
deterioration of tissues after storage even at —190°% but I don’t
remember what that evidence was Dr Billingham's and my experience
m storage of skan 1s that there 1s no deterioration over a period of ten
months.

Parkcs In the media we have used, we have not yet managed to
preserve fowl sperm without loss  There are very few left after three
months at —79° and after a year at —190°

Meopawar That would appear to be an exceptional case, as far ns the
empirical evidence goces for other tissues

S E Ssura I have a small amount of evidence from the nnterior
pituitary, which after storage for ninety duys in hquid arr has a vens
much greater delay before 1t begns to grow in wfro than after only, o
few days’ storage, although 1t grows quite well eventually. I presume
that means that a certain proportion of the cells have actunlly been
lost during storage

ParrLs I thunk that even if you contrinve to freeze cells in ligqmd wr
and revive them without loss, that does not necessanly mean they will
not suffer loss on storage.

Pate. Lt Merniman in our Institution has shown that mammahan
hiver preserved at very low temperatures shows n steady incrense in
1ce-cry stal growth over very long peniods of storage which will con-
cennably denature the protemn and concentrate the wnit

A U Swrrn T <should Lke to know how the e erystal growth i
measured ot —190%7

Pat. Essentinlly hie took long tubes of dog lner, froze them, then
Jliced preces ot intervals and studied them mieroseapieally {alvo witls
the electron maeroscope). I am not famlinr wath the details uf the

techmgue
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Hazrigs If T remember rghtly 1t was done by a repheca techniq
Dr Mernman made a replica of the surface and studied that mn -
electron microscope

Pate Yes, he did not have the direct tissue 1n the electron microsco

Parges We have tried to mnterest crystallographers m thus matt
but current opimon seems to be that 1t 18 not a crystallographic proble

Eastcorr What 1s the rate of penetration of glycerol mto tissues
different sizes and thicknesses? What sort of time should we allow,
example, for arteries or shces of tumour tissue? Supposing we want
bank a piece of human tissue under practical hospital condrtions, h
can we be sure that we shall apply the optimum conditions of glycer:
zation to these tissues before we freeze them?

Loverock I'm afraid this again 1s a case of considering each tis:
on 1ts merits The rate of penetration of glycerol, even with the :
blood cells of different species, shows enormous vanation The red «
of the ox, for example, 1s only permeated by glycerol in a matter
hours, whereas the human red cell 1s penetrated within a matter
munutes This feature extends throughout the whole of natural tisst
In dealing with tissues you not only have to consider the vary
permeability of different cells but also the slow diffusion of glycerol v
the relatively large bulk of tissue. I'm afraid as faras I cansee1t 1s ]
a matter of using successful preservation as a criterion of penetration

Eastcorr But we have some sort of guarantee that glycerol 1s rat
an mnocuous substance So that 1t would be better to exr on the k
side rather than to attempt to freeze them too soon after putting th
mto the glycerol?

Loveroce Dr Smith has had more experience in dealing with tiss
than I have Perhaps she would like to answer that.

A U Smat The rat ovary survived some hours 1 glycerol, but
the other hand twenty minutes’ preliminary glycerol treatment of
small fragments that I was using 1n the earher expermments permit
good survaval on exposure to very low temperatures

EastcorT You have not in fact seen examples of glycerol damages?

A U. Smrra Glycerol damages the eggs 1n the larger follicles but -
granulosa cells and the other endocrine components seem to toler
glycerol well

Parres We found that adrenal cortical tissue of the rat does not
bewng soaked overnight in glyecerol I think there 1s probably a rat
sharp optimal limit of time, but what 1t 1s we don’t yet know

Hur~nascr Dr Lovelock, are there any data available as to the
creased survival of tissues if the temperature 1s allowed to vary wit

rather munor limits below —20° Say we have a varmation betw
—20° and —80°, with a fluctuating temperature, does this affect survi

Lovrrock I baven’t had direct experience of this, but whet
glycerol 15 present or not, there 1s with most cells a peak death rat
some given temperature With red cells 1t corresponds to —385°,
with the bull spermatozoa about —20° Clearly if the fuctuat
temperature brings the cells close to that peak, then survival will
affected adversely I think one could predict that
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EastcorT: May I take it then, that under these circumstances there
18 no question of vitrification occurring or being facilitated by gly cerol?

LoveELock* Whether or not vitnfication oceurs, it 1sn’t really necessary
to invoke 1t 1n order to explain the effects that we have observed.
Also, Pryde and Jones (Nature, 1952, 170, 685) have shown that the
vitrification of water 1s particularly difficult to achieve, and that when
1t is achieved, water will only remain 1n a vitreous state at temperatures
below —130° and‘that 1t reverts almost nstantly back to crystalline
ice at temperatures above —130° Glycerol does not prevent the for-
mation of 1ce crystals

Pargrs This use of glycerol to protect the cell in freezing and thawing
was oniginally worked out mn a highly empincal fashion, and we had
some 21 years’ start on Lovelock before he joined us to try to find out
exactly what we were doing He has, as you have heard, disentangled
a large part of the story, and we hope that any moment now he will
pass from diagnosis of what we have been doing to prognosis of what we

ought to do



METHODS FOR ANALYSING THERMAL STRESS
WITH TISSUE CULTURE TECHNIQUE*

C. M. POMERAT and ROBERT B LEWIS

IN contrast to wn vivo tests of the survival of tissues following
therr storage, cellular emigration from fragments explanted
an vatro provides mncontestable proof of the viability of various
species of cells,

A great stimulus toward the improvement of tissue storage
practices has resulted from mounting evidence that the
theory of 1ce formation as the lethal factor in cold injury was
false The brilhant work done 1n this country by imvestigators
at the National Institute for Medical Research has brought
clear proof of the importance of relatively slow cooling 1n an
adequate medium, as represented by 15 per cent glycerol m
blood serum, to ensure cell survival after exposure to very low
temperatures.

The work to be reported was begun with qute different
goals m a study of frostbite Lewis and Freytag (1952) had
shown, by means of simultaneous potentiometric recordings
from several thermocouples placed at various points m a
rabbit’s leg which was frozen under standard conditions, that
the tibiahis anticus cools more rapidly and reaches lower
temperatures than other leg muscles  Histopathological
studies showed graded injury muscle and nerve bemng quite
easily damaged, while skin and tendon were found to be
considerably more resistant Our wn witro expermments were
ammed at describing the relative critical injury levels for
various tissues, with special reference to skeletal muscle. In
the course of the study, several observations were made and
tissue culture techniques were developed which 1t 1s hoped
may serve others in the quest for the 1deal conditions required
m the preservation of normal organs

*This study was supported by funds provided under Contract AT 18(G00)55
with the USAF School of Aviation Medicine, Randolph Field, Texas( )35
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General Methods

Procedures developed to test the viability of cells followmg
rapid freezing and thawing have been described by Pomerat
and Lewis (1958). These are summarized here together with
the essential results which have been accumulated thus far.

Tissues to be studied are cut with sharp kmves m squares
approximately 1 mm. on each side. Human skin obtamed
for grafts should be as thin as possible 1f epithelium 1s to be
encouraged. Spimal cord fragments from nimne-day chick
embryos, which are particularly useful for the study of
emigrating nerve fibres, are cut i shees § to } mm. in thick-
ness (cf. Pomerat, 1951, p. 268) It 1s important to use very
sharp knives and to avoid undue trauma m handling the
tissues This 1s especially true for cultures of skin (g 1),

The wiability of tissues with a hugh growth potential, such
as that obtained from embryos and new-born mtdividuals,
can be determmned most readily by means of the simple
hanging drop culture techmque. This has also been found
particularly uscful for the cultivation of epidermis (Lewis,
Pomerat and Ezell, 1949) and the nasal mucosa of human
adults (Rose, Pomerat and Danes, 1949); the critieal factor
n such preparations being that two or, better, four drops of o
protein-containmg nutrient fliid such as human scrum or
ascitic fluid be added on top of the plasma clot  The ¢ssential
steps m the execution of this method are shown dingram-
matically m Fig. 1. It has proven espeeially valuable mn a
study of skin wviabahity m relation to methods of storage
(Allgower and Blocker, 1952), for observations an auto- nud
homograft survival (Allgower, Blocher and Englcy, 1952), as
well as the analysis of so-called “wound healing agents”
(Allgéwer, Pomerat and Blocker, 1952) and the toxiety of
antibiotics (ITu, Livingoond, Johnson and Pomerat, 1953).

TFor most tissues of adult origin and espeeinlly for sitnations
in which special nutnients or drugs are to he added to the
culture medium, the roller tube method of Gev and Gey
(1936} is particularly valuable. For the purpose of exmmmuny
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cells in the hving state with both still and emematographic
phase microscopy as well as for permanent stained mounts,
1t 1s advisable to prepare cultures on narrow cover glasses
which are inserted freely within the roller tubes In Fig 2a
the first step in this procedure 1s illustrated, while Fig 2B
shows two cover glasses of No. 1 thinness measuring 12 x 50
mm being mnserted “‘back to back” within a Pyrex test tube

CULTURE OF HUMAN SKIN

1 Select thunnest
preces of skin

\:§\§ ! 2 77um away margins

V' 3 (ut 2mm segments
from 2mm strips in
one stroke &y rocking
Arufe blade 1n
direction of arrow

4 Place explant tn 1 drop
of plasma 7hix in 1 drop
of embryontc exiract
and center the tissue
(Yo 1n #1 thinness coverglass)

5 When dot- 1s firm, add
4 drops of flurd medium.

Qpply inverted hanging—drop shde N
containing vaseline around well
70 cover glass

Seal edges with melted parafhin

Fie 1 Technique for the cultivation of human skinin h

drop shides BIng
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sequently thawed in a constant temperature bath (e) main-
tamned at +-42°C. Tissues are cultured following exposure
to vanous temperature changes

The Effect of Rapid Freezing and Thawing

More than 1000 fragments of chick embryonic tissues and
nearly 700 explants of human skin were used mn a series of
experiments to determine the effect of freezing to tempera-
tures as low as —89 2°C within one minute, followed by
rapid thawing Details of the results obtained have been
published (Pomerat and Lewis, 1953), but for the purpose
of the present report Figs. 4 to 10 summanze the essential
findings obtamed to date. Using tissues from cleven to thir-
teen day chick embryos, emigration of multinuclear skeletal
muscle fibres was obtained after exposure to approximately
—20°C  (Fig 4), of epithehum after —80°C. (Fig 5)
and of spindle cells at about —40°C (Fig 6) Human
preputial skin showed epithelial survival after —24 4°C.
(Fig 7) and spindle cells survived after exposure to —29 2°C.
(Fig. 9) Explants of adult human epidermis gave rise to
epithelial sheets after exposure to —20 5°C (Fig 8), and
spindle cells after —29 2°C (Fig 10)

It appears, therefore, that under identical experimental
conditions chick embryonic epithehal and spindle cells were
somewhat more resistant to rapid freezing and cooling than
corresponding cell types from human skin Iattle difference
was found between new-born and adult human tissues with
respect to their vulnerabihty to cold mjury. Spindle cells
from the chick and human skin were more resistant than those
cultivated from leg muscle fragments obtamed from the
corresponding chick embryos In several mstances when
spindle cell out-growth was hmited to only two or three cells,
these could be shown to have arisen from the area of blood
vessels m the explant An example of this phenomenon
1s shown m Fig. 11, which was obtamed after freczing
twelve-day chick leg muscle to —385 4°C. twenty-five

seconds It 1s not believed that these cclls were derived from
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Tiec 11 Spindle cells which emigrated from vascular structures

of an explant of twelve-day cluck leg muscle after exposure to

—35 4°C produced n 25 seconds Such cells appear to be the

elements which are the most resistant to cold mjury DMagm-
fication approxamately x 800.






TissUE CULTURE ANALYSIS OF THERMAL STRESS 147

the endothelium but that they probably represent perivascular
elements of a primtive type Thus, 1t would seem that our
results lend additional support to the concept of “physio-
logical races” of spmndle cells to which Raymond Parker
(1988) contributed the significant obsérvation that charac-
teristic growth rates wn viro are obtained for strams of fibro-
blasts derived from various organs Lewis (1951) also
observed that during healing of necrotic frostbitten rabbit leg
muscle the fibroblastic growth can first be detected in the
vicity of blood vessels

Work m progress 1s concerned fwith a comparison of
critical thermal mjury to other species of tissues and organs
which can easily be managed with the present technique.

Rapid versus Slow Freezing
Characteristic results in this series are illustrated by two
experiments (Nos 65 and 66) in which twelve-day chick
tissues were frozen to approximately the same level in sixty
seconds, as agamnst shghtly more than five minutes Twenty
cultures were used for each experimental condition These
were stamed by Jacobson’s method (Giemsa—May—Grun-

wald) after six days’ incubation and the following observations
were made

Leg Muscle Skn
Experiment 66 Muscle and spindle cells | Epithellum  and  spimndle
Fre m 8 cells 1n 4
28%%'50 Scant spindle cells only | Scant spindle cells only 1n
- m b 15
1n 60 sec No outgrowth in 7 No outgrowth n 1
Expervment 65 Muscle and spindle cells | Eprthelium and spindle cells
Freezeoto Spindle cells only 1n 16 | Spindle cells only mn 17
—}39 8°C Spindle cells less dense | Spindle cells somewhat less
1n 820 sec than corresponding con- | dense than those of con-
trols trols
CONTROLS Muscle and a rich out- | Epithehum and numerous
growth of spindle fibres spindle cells 1n all cultures
m all cultures
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Rapid freezing certainly reduces the total amount of out-
growth but 1t 1s interesting to note, especially in this series
of experiments, that whenever the emigration of spindle cells,
presumably of the fibroblastic type, is inhibited muscle
spindles and epithelis are encouraged. This result did not
appear to be due to differences 1 pH but possibly to competi-
tion for nutrients i the immediate vicmty of the explants.

It will be noted that with the use of the potentiometric
recording technique, super-cooling effects were obtained,
which were characterized by a sudden rise in temperature soon
after the zero pont had been passed when a bath at approxi-
mately —20°C. was employed for the freezing operation,
This phenomenon has been observed m the course of 1 vivo
experiments by Lewis and Freytag (1952). Whether or not
1ts occurrence m freezing procedures is important in relation
to recovery from the injury has not yet been determined in
the present series of experiments.

The Intensity-Time Factor

Recent work (Lewss, 1952) has served to emphasize that
several days’ exposure to temperatures of as lngh as -}-60°
to +70°F. reported 1n cases of “‘immersion leg” can produce
gangrene 1dentical with that found in frostbite. This indicates
the mmportance of the intensity-time produc¢t in thermal
mjury to cells

Whle freezing of tissue fragments in balanced salt solution
1s admittedly less physiological than that achicved in the
15 per cent glycerol-serum mxture used by A. U Smth
(1952), there 1s evrdence m our experiments of greater injury
to cells exposed for thirty minutes than for a period of five
or less minutes Under these conditions no outgrowth was
obtained 1 only one out of 20 cultures of muscle for the two
experiments with periods of short exposure, but 14 out of 20
cultures were totally inlibited m the thirty-minute scries.
With onc-half hour exposure, muscle fibres were completely
climinated and spmdle cells were markedly reduced and
showed vacuolation. In contrast to luxuriant cultures in the
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controls and for the short exposure, skin frozen for five
minutes produced eprthelium m 6 out of 20, scanty spindle
cells and no outgrowth m 4 out of 20 cultures. For skin
frozen for thirty munutes, no outgrowth was obtained m 9
out of 20 cultures, spindle cells were markedly reduced and
no epithelial elements ermgrated

Efforts to Relieve Thermal Stress

The techmique of imposing cold stress on tissues under
standard conditions with accompanymng potentiometric
records of the induced thermal changes also suggests the
opportunity to use tissue culture methods in the quest for
agents to overcome physicochemical disturbances, to neutra-
hize the effect of toxic bodies which may be hiberated as a
consequence of the mnjury, and to provide additional nutrient
factors which might enhance the course of the tissue recovery

In addition to the work cited (Smith, 1952), Luyet and
Gonzales (1951) found protective action from 80 per cent
ethylene glycol used as a dehydrating agent for chick embryo
heart fragments frozen in hquid nitrogen and subsequently
cultured «n vitro In prelimimary work we found that cultures
of thirteen-day chick leg muscle and skin frozen to —84-2°C.
in one hundred and forty-three seconds n 80 per cent glycerol
m Gey’s balanced salt solution produced muscle fibres,
epithelium and spindle cells resembhng those of controls
which had been allowed to stand at room temperature for the
same period 1n the glycerol-salt solution mixture In contrast,
skin frozen to —82°C m ninety-seven seconds showed no
epithelum and spindle cells in only one out of 20 cultures.
While the time required for freezing was not 1dentical, the
protective merit of glycerol even i combination with balanced
salt solution appeared certain in this experiment

In an effort to determine whether the mechanism of glycerol
protection was primarily associated with its role in increasing
the osmotic pressure and m relation to other goals described
n the next section, glucose at a final concentration of as high

as1 2 g per cent was mcorporated m the medium used as the

NORMAL TISSUES 1
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flmd phase for chick muscle frozen to —27 0°C. (in eighty-
eight sec.) and skin frozen to —26+7°C. (in one hundred and
seventy-two sec.) and to —82°C. (in nmety-seven sec).
Following s1x days’ mcubation 1n the presence of this hagh
concentration of glucose, the cells showed little evidence of
mjury, but no relief of the damage seen in untreated frozen
control cultures.

In keeping with current views on stress phenomena, tissue
mjury due to cold might be expected to incite the mechanism
of this reaction. In an effort to determine whether the
balanced salt solution contained toxie bodies following freezing
to —22°C, for one and a half hours, 1 ml, of supernatant
fluid obtained after centrifugation of 80 fragments mn a 2 ml.
aliquot was used to constitute 50 per cent of the flmd for the
nutrient used on three-day-old unfrozen cultures of twelve-day
chick leg muscle. Suitable controls were prepared with
balanced salt solution which had had contact with a similar
number of tissue fragments for the same period of time but
without exposure to freezing, as well as controls contaming
1 ml. of balanced salt solution. After four days’ incubation,
cultures were fixed and stamned. Microscopic examination
revealed no significant differences 1n the four types of prepara-
tions

In studies directed at exploring the mechanism of allergic
reactions with tissue culture methods, efforts have been made
to describe the toxiaity of several relevant chemicals on the
basis of short-term contact with suitable cells Advantage
was taken of this information mn designing experiments
which might shed additional data on the pathology of cold
injury.

In hanging drop preparations of epithehum from human
skin tested with histamine dichloride, total mnhibition was
found 1n the presence of 4165 pg /ml., while some cellular
ermgration resulted with 2080 pg /ml. of this substanec in the
culture medium. With 880 pg./ml., there was slight injury
to the cells, while 415 pg./ml. did not appear toxic as compare
to the corresponding controls. These values may be of mterest
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in considerations of possible histamine release as a factor
m cold injury.

The antihistaminic Benadryl has been shown to inhibit
epidermal outgrowth at a concentration of 880 pg./ml,
but a few cells emigrated at 165 pg./ml. While some damage
was found 1n the presence of 40pg./ml., contact with 80 pg.
Benadryl/ml. for seven days resulted m no hmitation of
outgrowth, although cells appeared to form more ‘“‘compact”
sheets even with as little as 15 pg /ml

The toxicity of various cortisone preparations on chick
tissues in vmiro has been described by Ruskin, Pomerat and
Ruskin (1951). No mjury to the outgrowth of human skin
cultures was found after seven days’ contact with 200 pg./ml
of corfisone tricarballylate.

Results from a recent experiment illustrate a procedure
being used as a fresh approach to frostbite therapy which
might also prove useful in dealmg with the problem which
concerns this Symposium.

Thirteen-day chick embryonic muscle was frozen to
—27°C. (i eighty-eight sec) and the corresponding skin
to both —26-7°C. (in one hundred and seventy-two sec ) and
to —82°C (in nmety-seven sec.) FEighty fragments were
used for each experimental condition and 20 pieces were
cultured without exposure to cold (unfrozen controls)
Immediately after thawing, the frozen tissues were set up m
roller tube cultures. A basic nutrient was used throughout.
A control group received no further treatment, but 20 frag-
ments in each of the three temperature series for both tissue
species recerved an additional substance (1) glucose to make
a total of 1 2 g. per cent, (2) Benadryl at 20 pg /m!, and
(8) cortisone at 15 pg./ml Excess glucose, which 1s behieved
to be valuable m synthetic culture media (Waymouth, 1958),
appeared to have httle or no effect; the Benadryl was shghtly
damaging, but the cortisone appeared to exert some beneficial
action, especially upon the spindle cells 1n skin cultures
frozen to —82°C., where 8 out of 20 cultures showed
spindle cells as compared to only one positive culture m the
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untreated frozen controls Moreover, outgrowth in the
presence of cortisone was relatively heavy i 8 of the 8
cultures. In earlier expemments at a lower temperature
(—18 2°C in thirty-four sec.), 10 ug /ml. of cortisonc was
found to produce a richer population of multinuclear straps
from explants of cleven-day muscle These observations,
while qualitative and only suggestive, warrant further
investigation. Details of these experiments will be pubhshed
elsewhere.

Attention 1s called to the finding by Nowinski and De-
Robertis (1948) that the Qo, of gumea-pig hiver shices dropped
from an average value of 6 47 to 2 04 following freezing
hqud air (—90°C) and quick thawing. The respiration of
such matenal could be restored to the normal value (6-88) with
the addition of M/50 sodium succmate. It was concluded that
low temperature injury mvolved damage to the cell mem-
brane resulting i the loss of this substrate. This direction of
exploration mnvites further study

Cold and the Cell Organoids

For some years we have been usmg a perfusion chamber to
study the effect of changing the chemical environment of
cells mm tissue culture while recording thewr activities with
phase-contrast time-lapse cinematography * In the course of
a programme of mvestigations on the biology of the human
nasal mucosa, nucler were occasionally scen to rotate in both
clockwise and counter-clockwise directions  Onec nucleus
made 15 complete revolutions n seventy minutes, turning
through 860° n seventy-five seconds at onc pont during this
period (Pomerat, 1958). In order to determine whether this
phenomenon accompaned sudden changes 1 temperature, a
microthermocouple was introduced within the perfusion
chamber (Figs 12 and 13) so that thermal changes could
be correlated with cvents seen m the film record. While the
imitiation of nuclear rotation could not be clearly attributed
to varations 1in temperature, at +37°C, the cells in a single

*A film on “The reaction of living cells Lo thermal stress” was shown
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layer of mucosal epithellum were seen to undergo constant
shifts m relative position. After dropping the temperature
to 427 5°C tlus activity disappeared but was immediately
reinihiated with a return to body temperature While such
changes m actiity are to be expected, the importance of
these observations hes in the opportunities available for the
exploration of thermal effects upon cell organoids such as
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Fic 14 Potentiometric record of temperature changes m a
perfusion chamber containing a four-day culture of adult human
nasal mucosa 1n the presence of a flud medium consisting of
undiluted human ascitic fliid  Photographs of the cells before
and after freezing are shown 1 Figs 15 and 16, respectively

mitochondria with the highly controllable conditions pro-
vided by tins mstrumentation.

Fig. 14 shows the course of temperature changes from
a thermocouple withm a perfusion chamber contamning a
four-day culture of adult human nasal mucosa m a plasma
clot but with a fluid phase consisting of undiuted human
asatic fluid, The pattern of intracellular structures with
thlse photomicrography was established immediately before
(Fig 15) and after (Fig 16) the perfusion chamber was
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placed 1n a deep freeze umt. Mitochondria were seen to
become rounded and swollen  Wrinkling of the nuclear
membrane and increase in optical density suggested scrious
mjury. No evidence of viability could be found upon subse-
quent observation. The experiment was repeated on the
next day using sumilar culture material but with ascitic
flud containing 15 per cent glycerol Initial photomcrographs
showed considerable cell shrinkage, as evidenced by lines of
tension, cytoplasmic retraction processes (Figs 17 and 19)
and by general surface ruffiing (¥ig. 18). The latter could
be distinguished from mtochondma (Ifig. 19) by carcful
focusing. A portion of one cell before (Ifig. 19) and after
(Fig. 20) exposure to cold did not show injury to the mito-
chondria 1 the presence of the glycerol. Cinematographic
records confirmed these results.

Citing Matruchot and Molhard (1902) and Geneves (1951,
1952) m a recent review dealing with the morphological
changes in plant mitochondria, Buvat (1958) has emphasized
the importance of water loss from protoplasm as a result of
low temperature. The formation of free water 1in the cyto-
plasm 1s beheved to account for hypertrophy and vesiculation
of the mitochondria, a phenomenon which 1s reversible under
some conditions. It would appear that glycerol may prevent
the formation of free water in the cytoplasm and thereby

protect cell organoids.

Grateful acknowledgement 1s made for indispensable md with tissue
culture procedures to Mrs John Finerty and Mrs Frank Dunton, to
Mr. George Lefeber and Mr Curtis Hoskins for photommcrographic
records and to Mr. McDonald Smith for aid in the preparation of the

graphs and diagrams.
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DISCUSSION

Evans Dr Pomerat, 1n your film you were associating the nuclear
rotation with the presence of 2 nucleoh Do you suspect that nuclear
rotation 1s more common 1n epithelial cells than i other cells?

Pomerat Yes. 1 have never seen the phenomenon except in epithehial
cells I have never seen a fibroblast show nuclear rotation, although the
classical fibroblast has a double nucleus, at least according to the
textbooks of histology and in our own observations

Eicawarp Since 1t 1s unlikely that the nucleus rotates as a whole at
the beginming, which part of the nucleus do you think begins rotating
and drags the rest after it?

PomerAT I beleve the whole nucleus rotates from the beginning
When a notch in the nuclear membrane develops, we can trace that
notch and see (especially when we reverse the film) that the whole
thing 1s moving 1n an area where there 1s apparently quite a different
viscosity T think the electron microscopists find a zone, perhaps not
relatively quite as wide, close to the nuclear membrane, of quite a
different density, and perhaps having distinctly different properties

Evans Is 1t associated at all with the age of the culture?
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Poderar These are all quite young cultures, mcubated for only
five or six days

Roceers Is it possible that extranuclear or eytoplasme activity
pushes the nucleus around?

PoxEraT Some mvestigators believe that there are charges bult up
on the membrane, but there 1s Ittle factual mnformation available.

RocEers In your pictures where there 1s an mflowing from the ¢y to-
plasmic membrane of vacuoles, all seem to be flowing toward the centre.
It almost appears as 1f there 1s some defimte, specialized nctivity of the
cytoplasmic structures around the rotating nucleus

Porxerar One typically finds that there 1s a ccll centre, whether yvou
call 1t the Golg: apparatus, or the juxtanuclear area or n “zone actif™,
Very often we sce activities procecding to or from an area, and particu-
latly 1n secretory cells we sce a lot of movement at such a site Tt 1s
possible that the nucleus has turned over and 1t 1s pivoting on tlus sone,
or perhaps the polanization 1s not present at that moment, but we don’t
see any particular “centre” mn the cytoplasm durmg rotation 1y
plotting the nuclear position very carefully we had hoped to find
that every time the nucleus eame opposite a particulnr pomt mn the
cytoplasm there mught be a change 1 rate, but the curves relaling
rotation to time are quite smooth There 15 no evidence of polanty as
far as the eytoplasm 1s concerned

Eanw: Have you tried to follow this rotation of the nucleus at anv
other frequencies of time-lapse photography ?

PoueraT We have done 1t at one frame per nunute and at eight
frames per minute for different types of analyses  Those that T showed
were one frame per minute

Eanve In watching the pictures T got the feehng that there was
some type of eyclosts in the eytoplasm of the eclls pushing the nucleus
around, but that 1t was possibly obscured by the frequency of the tune-
lapse photography, and I should hhe to see similar pictures at infervals
of, say, 20 frames per minute.

Poarcrat The nucleus sometimes moves a Iittle Interally asat turns

EarLr If, for nstance, you had a nucleus with a very heavy and farge
nucleolus, and if that nueleus were bemng pushed around centnfugally,
1t 15 very unlhihely that 1t would rotate without some laternl shaft alvo

A U. Switan Dud you get any photogruphs at the time of freczmg to
see what was going on n the cell and surrounding medium?

Pouerar No T should have explaincd the conditions under which
the film showing freczing of cells was made  We teok the whole micro-
scope out of the warm chamber and simply put it in an wdjucent deep-
freeze umt. We had expected that we should huve all sorts of foguing
of the lenses, and there 15 some, but m the sbll pictures there was no
dificulty until water condensation in the mteror of the tabe finally
gathered and went down to the objective  You can do at fenst the
prehminary serecnmg that way, But we didn’t follow st at the moment
of frcezmg to discover whether we could see erystals or any thing of timt

sort, although I think it 15 fenwible
A U Ssrra Mr, Spules and T have recently been trving to find ont
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whether imtracellular crystalhization takes place i glycerol-treated
tissues at very low temperatures We are using guinea-pig testis, which
contams very large multinucleated spermatids Wnlst cooling tissue
treated with 15 per cent glycerol, the medum freezes, but mn spite of
surrounding 1ce crystals, many cells remain clear even at —60°C In
absence of glycerol, ntracellular crystalhzation invarably occurs
between —5° and —10°C, and the cells then black out After thawing,
tissue which has not been pretreated with glycerol 1s completely
disrupted, whereas the glycerol-treated tissue 1s morphologically normal
and the tails of some developmg and fully developed spermatozoa are
still moving when the preparations are re-warmed to body temperature

Simular experiments have been carried out with corneal tissue from
the bull and the rabbit, but we had no obvious criterion of whether the
cells were alive after freezing, and so we are continuing these studies
with testicular tissue

[The illustrations shown as lantern shdes will be published 1n due
course 1 the Journal of the Royal Macroscopical Society ]

PomzraT We hope sometime to be able to follow such events with
cinematographic records

Parges The techmcal difficulties of doing photomicrography at
—60°C are quite unbehevable

Earruc How long can these testis cells be maintamned 1n glycerol at
regular incubator temperature? Indefimitely?

A U Syite We have not kept the guinea-pig testis tissue for longer
than about an hour at mncubator temperature but it was all right at
the end of an hour

Earir Is there any cell type that has been mamtained for standard
intervals 1n glycerol at mecubator temperature?

Pargrs You are thinking of some long pertod, are you? Days or
weeks?

Earir Yes

A U Smrre We have not kept anything in glycerol for more than
a few hours at body temperature

PomEeERAT Our first 1dea about the glycerol effect was that we had a
mild hypertonic reaction represented by cell shrinkage So we tried to
mutate this with 1 2 per cent glucose and although the survivals of
these cultures was not sigmificantly different from the controls, there
was absolutely no protection to cold The effect of glycerol 1s more than
a mere matter of protecting against the hypertome state As I mentioned,
some plant cytologists have concluded that with cold, bound water 1s
freed and the total amount of water that appears in the mtracellular
sttuation 1s responsible for the change i mitochondral form It has
been known for a long time that mitochondra, for example i the
Iiver of Ampliuma, treated with hypertome solution become long
filaments, but with a hypotonic solution swell and tend to become
spherical The formation of free water mught be responsible for the
differences 1n freezing behaviour of different species of tissue cells
And perhaps the effect of glycerol 1s to protect agamst this—it dehy-
drates the cell a little, then some water comes out during the freezing
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process and 1t equilibrates the system again  We shall have to learn
more about how much glycerol 1s needed for particular cell species m
terms of the effect on the mitochondmna

Hanrris. How do you interpret the eytoplasmic bubbling as you
perfuse away the glycerol?

PomeRAT My mterpretation would be that the cell 1s suddenly taking
on an enormous quantity of water. I suspect that the return to the
1sotonic state may be a very critical matter, at least with some cells
Perhaps we should restore this gradually Certamly in the movie and
n some still studies that we have done, there 18 2 monumental amount
of bubbling and bhstermg with the perfusion of the regular nutrient
medwim which 1s ordinarily employed for maintaining these cells 1n a
healthy state

Harris Do you think then that the normal bubbhng which takes
place 1n some cells during division 1s due to the same thing—the cells
taking on water?

EarrLc That’s exactly the question I was gomng to ask As far as
I could see this bubbling was 1dentical with the bubbling that occurs at
the surface of a cell in certain stages of mutosis

PomeraT Yes, we see that regularly in mitosis, and of course 1t 1s
also seen under various conditions of mnjury For example, in shght
injury of leucocytes with radioactive substances, this bubbling on the
surface has been described

MepAwWAR Is there any nucleated cell type in which pinocytosis
does not occur? Is this the first demonstration of 1t 1n epithehal cells?

PomERAT No, I think that 1t occurs 1n most types of cells Dr. Arthur
Hughes has demonstrated beautiful pimocytosis in the growth cones
from nerve fibres cultivated from gangha We see 1t 1n many species
of cells, 1n fibroblasts 1t can be very common The mechanism regulating
pinocytosis 1s a matter that needs much further study, apparently the
presence of electrolytes 1s vital in determining 1its intensity.

MepawaR What sort of sense does 1t make of biophysieal theories
of cell permeability?

PomeraT Many of us mn the tissue culture field feel that the cell
doesn’t give a damn for pretty drawings of interlocking proteins! The
problem of getting something through that membrane 1s not at all a
concern to the cell, when 1t can simply throw out a loop-hke pseudo-
podium and then ingest a perfectly tremendous globule These globules
aggregate and become quite large and then they move towards the
indented side of the nucleus, and reduce progressively or suddenly
disappear If there are large proteidial aggregates moving inside, then
following the expulsion of the water 1t 1s possible that they are in direct
contact with the enzymes of the cytoplasm The arrangement of
molecules forming a “membrane” may have been present during the
process of ingression, and surroundmg the vacuole, but once that
interface 1s destroyed, these bodies are quite free and 1n direct contact
with the pattern of molecules or enzymes in cytoplasm Probably n
this way many phenomena can be accounted for that do not yield to
theories of mosaic patterns for the structure of the cell membrane.
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Harris That does depend, of course, on whether you have a dynamic
or a static concept of the cell membrane

PoMERAT In any case these observations with phase cinematography
of pinocytosis widen our horizon and give us more with which to work,
whether we have a dynamic or static concept of the membrane

Earre I should like to carry this line of thought on pinocytosis one
step further When these droplets are taken 1n, the cells are hiving 1n a
protein-rich solution Obwiously, when the droplet 1s taken 1n, 1t must
contain the protein Let us consider one of our strains of cells that has
been 1n tissue culture for eleven years Let us conceive that a large part
of the protein that 1s taken in by the droplet 1s pre-digested before it ever
gets really into intimate contact wath the actual eytoplasm of the cell
Isat quite credible to assume that within that eleven-year interval none
of that foreign protein ever really getsinto the cell, 1n view of this pino-
cytosis? If the foreign protein does get into the cell, how 1s 1t going to
affect the milieu 1n which the chromosomes and genes must operate?
Even 1f you have potentially unchanging chromosomes and genes, are
they going to operate in an unchanging manner in what may well be an
altered milieu?



THE STORAGE OF SKIN

R E BILLINGHAM

THE storage of skin grafts has long been recognized to be a
clinical problem of some mmportance, despite the fact that the
fate of skin homografts at present practically restricts the
application of stored skin to the individual from which it was
removed mitially In an emergency, of course, as a hife-saving
expedient, stored skin offers an immediately available source
of homografts for use in providing temporary skin coverage
Skin storage may sometimes save a patient the necessity of
having to undergo repeated operations, since a sufficient
supply to cover both his present and future requirements
may be obtained at one operation and ‘“banked”. Exper-
mentally, a rehable method for the long-term preservation
of skin 1 a wviable state 1s becoming increasingly desirable
for a variety of purposes.

Skin 1s particularly suitable for studies designed to deter-
mine the optimum conditions requsite for tissue preservation
with mimimal damage to various cellular and fibrous com-
ponents, grafts may be removed with ease, subjected to
various treatments n wvifro, and then grafted back ortho-
topically to the amimal from which they were taken mitially
as a biological test of therr continued wiabihity Skin so
grafted can be appraised for the rate at which epithchum
grows out from 1ts margins, the conservation of the pigmenta-
tion of 1ts hairs and of 1ts superficial epidermis, the normahty
of the hair crop which regenerates, the survival of 1ts glands,
the extent to which its fibrous organization remains mtact, efe.
In view of the existence of these numerous criteria, there can
surcly be httle doubt that the grafting method offers a sitmpler
and more accurate method of appraismg the aggregate
effect of an wn vitro treatment on skin than does the 2r vitro

160
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culture of small explants Grafting will establish not merely
cell survival, but the survival of skin as an organized functional
tissue

Storage at Ice-Box Temperatures

It 1s generally accepted that intact skin 1s a tissue highly
resistant to thermal and other stresses; this 1s not unexpected
n view of 1ts exposed position mn the body Skin also manifests
1ts resistant qualities w1 vitro to a high degree, for example
Pepper (1958) has shown that the epithehum of grafts of
rabbit’s skin which have been placed on damp blotting paper
and maintaimned at 87°C. survives for three to four days, and '
at 0°C for about five weeks At intermediate temperatures
intermediate results were obtamed

As long ago as 1912 Carrel laid the foundations of what
have now become the generally employed chnical methods
of skin storage He demonstrated that flaps of dog’s skin
after bemg sealed off 1n tubes contaming hiquid paraffin as
a preservative medium and stored at ice-box temperatures
(between —1° and +7°C) “took’ as well as fresh skin on
grafting He also reported that skin removed from a dead
mfant and preserved in this manner healed mnto place as well
as normal skin on homotransplantation. Ringer’s solution he
found to be inferior to petrolatum as a preservative medium
The various clnical procedures now to be described are
essentially shght modifications of Carrel’s technique Webster
(1944) mn America reported a procedure which he had success-
fully employed on 23 patients over a period of years. On
removal the grafts were cemented to sheets of pliofilm and
then folded with thewr raw surfaces in contact to prevent—
evaporation Thus folded, the grafts were wrapped in addi-
tional pliofilm, after which the package was wrapped 1n several
layers of xeroform or vaseline gauze to seal the grafts A
final wrappmg of two sterlle towels was then added and
storage carried out at 4°C It was reported that all the grafts
survived autologous transplantation, provided that the
recipient areas were suitable and the grafts had not been
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preserved for longer than three weeks. Longer preservation,
with one exception in which skin preserved for thirty-five
days was grafted successfully, gave failures. Subsequently,
Matthews (1945) in Britain described a seres of successful
clinical results obtaned with skin stored for periods up to
eight weeks—the longest period of storage required—with
an essentially similar techmque. The grafts, after being folded
so that the raw surfaces were approximated, were wrapped
in tulle gras followed by gauze tightly wrung out after soaking
m saline. The packages were then placed n tightly stoppered
bottles of 20 ml. capacity, care bemng taken_to prevent the
package contaimng the graft coming into contact with flud
collecting at the bottom. The storage temperature adopted
was 8-6°C. Flatt (1948) made use of a similar method, the
grafts being wrapped 1n tulle gras as before, but without the
addition of the sahne gauze. He mamtained the skin at 82°
-84°F. and reported high percentage takes with skin grafts
transplanted within the first three weeks of storage, though
even with longer storage satisfactory ‘‘takes” were obtamned.
Grafts from skin stored for as long as sixty-one days yielded
82 per cent “‘takes”

Subsequent to the appearance of these clinical reports of
the satisfactory use of stored skin, the determination of the
optimum conditions for the preservation of skin within this
temperature range has been made the object of several ex-
perimental investigations. Hanks and Wallace (1949) carried
out extensive tests on rabbit’s skin stored either in 10 per cent
serum 1n balanced saline solution or 1n mineral o1l at 0°C. and
at 6-8°C., the viability of the stored tissue being assessed on
the basis of the wn vitro cultivation of sample explants. They
reported that exclusion of air was detrimental with storage
at 6-8°C , viability declining within a week. Thus is surprising,
since Medawar (1947) had previously shown that rabbit’s
skin epithelium can survive for upwards of a week in serum at
body temperature under strictly anerobic conditions At
6-8°C. better results were obtained by Hanks and Wallace
when their grafts were just covered with the storage medium.
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As a storage medium they demonstrated that 10 per cent
serum was superior to mineral oil. Storage at 0°C., they
stated, gave less satisfactory results, particularly in the
presence of ar. The superiority of 10 per cent serum as the
storage medium was explamed on the grounds that it provides
a nutnient and dilutes or buffers the acids that result from |
metabohsm Both on the basis of the results of n wvitro
cultivation and on the results of grafting experiments, using
rabbit’s skin, Marrangoni (1950) has presented confirmatory
evidence of the superiority of 10 per cent serum as a storage”
menstruum  More recently Allgower and Blocker (1952)
have described the results of their detailed study of the
viability of human skin 1n relation to methods of storage. On
the basis of tissue culture experiments they have reported that
the methods of Webster (1944) and of Matthews (1945) are
far from being optumal. They emphasize the marked
superiority i viability obtained from human skin stored in,
10 per cent serum m balanced saline at 5°C 1 the presence of
air, over that obtained from skin stored in either vaseline
gauze or wet (1.e. sahne-moistened) gauze at this temperature
Epithelial outgrowth in vitro was obtamed from skin which
had been stored in dilute serum for as long as twenty-eight
days, whereas demonstrable viability in tissue culture was
lost after twelve days when the skin had been stored in vase-
line or saline gauze The optimum serum concentration for
skin storage was found to lie between 10 per cent and 88 per
cent, storage 1n serum alone being definitely harmful. Viability
of the stored skin was optimal when the amount of dilute
serum used was adjusted so that there was approximately
1 ml for each square cm of skin. Changmg the storage ™
medium had a deleterious effect.

The serious shortcoming of all the methods of storage so far
described lies 1n the fact that the viability of the skin dechnes
with storage so that the useful Iife of grafts so preserved does
not extend beyond a month or two at the most. At present
this 1s probably not a very serious clinical disadvantage,
though 1t would certainly become so 1f means could be devised
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to prolong significantly the life of skin homografts. For the
experimentalist the shortcoming 1s more serious

The Storage of Skin in the Frozen State

The first experimental evidence that mammalan skin will
withstand freezing to temperatures below the eutectic pomt
of 1sotonic saline was presented by Mider and Morton (1989)
who reported that rat skin which had been 1apidly frozen to
—50°C. (within twenty seconds) and immediately thawed
and implanted subcutaneously showed some survival, though
better results were obtamned by slow freezing. They also
found that the grafts survived storage at —74°C. for twenty-
four hours. Subsequently Briggs and Jund (1944) reported
the first successful orthotopic transplantation of frozen skin
m mice In their experiments the skin to be frozen was placed
m the mner tube of a concentric test-tube assembly with
either one or two air gaps The entire assembly was then
immersed m pulverized dry-ice at —79°C  Successful grafts
were obtaimned after storage at this temperature for one to
twenty-four hours They emphasized that slow freezing was
essential, better results being obtamed when two air gaps
were used than with one. Their best results were obtamed
when the temperature of the grafts fell from 0°C. to 15°C
within 2 5 to 8 minutes Moreover, they suggested that the
more raptd the thawmg the better, grafts thawed by pouring
warm Ringer’s solution at 25°C. directly on to them gave
better results than grafts thawed by mmmersing the tube
contaming them 1n a water bath at 80°C  Few clinical reports
have appeared of the use of skin stored in the frozen state
Strumia and Hodge (1945) successfully used {rozen skin
autografts on three patients  Spht-thickness grafts were
placed 1n a vaceme bottle, just covered with ertrated bank
plasma and frozen at —20°C. to —25°C, when complete
freczing took place within fifteen to tharty minutes, after
which they were stored at a temperature below —15°C. The
grafts were thawed by immersmg the contaners i the 37 °C.
water bath The longest storage period attempted was sixty-
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one days It was reported that the percentage of successful
takes obtained with the stored grafts was only shghtly inferior
to that obtamned with fresh grafts used as controls. They
stated that ‘“instantaneous freezing at very low temperatures
1s neither necessary nor does 1t improve the final product.”

Billingham and Medawar (1952) have recently carried out ~
experiments designed to determine those conditions of
freezing and thawing that result mn: the minimal possible
damage to the structure and viability of thin, sphit-thickness
skin grafts of uniform size removed from the dorsa of rabbits’~
ears After subjecting the grafts to various treatments in
witro their well-bemg was assessed by transplanting them back
m “open style” to an extensive vascular bed prepared on the
side of the chest of the animal from which they had been
removed mitially. Two extreme rates of freezing and two
extreme rates of thawing were adopted. Quick-freezing was
achieved when the grafts, after being flattened on to an
extremely thin strip of copper foil by means of vaseline
applied to .their outer surface, were quickly 1mmersed 1n an
1sopentane bath chilled to a temperature below —150°C.
With slow-freezing the copper strip carrying the grafts was
placed 1n a thick-walled test-tube fitted with an outer one of
large bore so that there was an air gap of 8 mm. between them
After a prelimmary immersion of this assembly 1n a freezing-
bath at —79°C for fifteen minutes, 1t was transferred to
hiquid air for a further fifteen mmutes, and finally the copper
strip was withdrawn and lowered directly into 1sopentane
chilled to below —150°C. as 1n the quick-freezing procedure
Quick-thawng entailed plunging the copper carrier bearing
the frozen grafts directly . into excess Ringer’s solution
warmed to 87°C, slow-thawing was obtained when the metal
carrier bearing the grafts was allowed to warm up n an air
chamber mamtained at 0°C

Before freezimg, the grafts were soaked either in Ringer’s
solution for one hour, or mn a 15 per cent solution of glycerol |
In Ringer’s solution which Polge, Smith and Parkes (1949) ‘

had found to protect fowl spermatozoa from the otherwise

NO
RAAL TISSUES 12
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fatal effects of freezing to low temperatures. It was found
that the eprthelum of the skin grafts was very tolerant to
variation 1n the rate at which 1t was frozen, since after either
the Ringer or the glycerol pre-treatment 1t survived erther
rapid or slow freezing when these were followed by rapd
thawing. However, 1t proved to be much more_sensitive to
-variation in the rate at which 1t was thawed: rapidly-frozen
Jskin after Ringer pre-treatment did not survive slow-thawing,
[though pre-treatment with glycerol enabled 1t to do so
Summarized briefly in this manner, the results fail to make it
clear that slow freezing was found to be preferable to rapid
freezing on the basis of every criterion according to which
the well-being of a skin graft may be assessed This conforms
with the findings of earlier workers on skin, discussed above,
and with those obtamed from studies on the freezing of
tumour tissues (see Snell and Cloudman, 1948). In the case
of skin, the preference for slow freezing 1s made particularly
clear when the fate of epidermal melanocytes (melanoblasts),
v known to be more sensitive to a variety of physical stresses
than Malpighian cells, 1s taken into consideration. It was found
that the melanocytes of rabbit’s ear skin pre-treated with
Ringer’s solution survived neither quick freezing nor slow
thawing, slow freezing and rapid thawing bemg essential.
( Pre-treatment with glycerol, however, protected these cells
agamnst the otherwise fatal consequences of quick freczing
but not of slow thawing “The protective action of glycerol
pre-treatment was made particularly clear by experiments m
which epidermal cell suspensions, prepared and grafted
according to the methods deseribed in full by Billingham m}d
Reymolds (1952), were frozen. Epidermal cells suspended in
Ringer’s solution failed to survive even slow freezing fol}owcd
by rapid thawing, the combmnation found to be best for intact
skim. Nevertheless, after being suspended in Ringer’s solution
' contammg 15 per cent glycerol both Malpighian cells and
melanocytes survived both quick and slow freezing. .
To determine whether glycerol has any dcm?nstlzablc toxic
effects, freshly removed skin grafts were immersed in glyeerol
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solutions of high concentration with continual stirring  Such »
grafts became optically clear and as stiff as cardboard
After rehydration by immersion m Ringer’s solution, the :
grafts were transplanted back to their donors to test their !
wviability. The epidermis of grafts so treated survived exposure |
to absolute (98 1 per cent) glycerol for eight hours at 0°C.
and to 80 per cent glycerol for two hours at room temperature
No doubt 1t would have survived much longer treatments As
might be expected, epidermal cell suspensions proved more
vulnerable though even these survived exposure to 80 per
cent and 98 1 per cent glycerol at room temperatures for as
long as thirty-five mimutes. )

The manner in which glycerol exerts 1ts beneficial effects 1s
unknown.” Presumably 1t achieves some degree of imitial
dehydration; 1t lowers the freezing pomnt of water down to a
maximum of about —40°C. at a concentration of about
70 per cent, 1t certanly changes the ‘“‘gramn’ of the frozen
solid 1n a conspicuous way, and 1ts viscosity should promote a
high degree of supercooling Any of these properties may be
important

After determination of the optimum conditions for freezing
and thawing skin, the results were apphed to the problem of
its long-term storage m the frozen state Grafts removed from
the dorsal ear skin of rabbits were soaked for one hour n a
15 per cent solution of glycerol in Ringer’s solution, after
which they were blotted free from excess fluud and placed
mn small stoppered glass tubes and slowly frozen to and stored
at —79°C m contact with solid carbon dioxide contamned 1n
a large Dewar flask After storage for various periods up to
four hundred days—the longest storage period so far
attempted—the grafts were thawed out rapidly by immersion
of the tubes m the 87°C water bath while simultaneously
pouring 1n warm Ringer’s solution, and the standard trans-
plantation test of survival was carried out Inno case was there
the shghtest perceptible difference between the appearance
of the stored grafts and freshly removed grafts transplanted
at the same time as controls These results indicate that skin
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can be stored in the manner described after pre-treatment
with glycerol without apparent deteroration for very long
periods. Indeed there seems to be no reason why this storage
period should not greatly exceed even the most optimistic
estimate of the donor’s hfe. When similar experiments were
conducted with skin pre-treated with Ringer’s solution the
stored grafts on transplantation were invanably found to be
“1nferior to their controls; they regenerated a sparser hair
jerop showing varymg degrees of depigmentation and never
irecovered the characteristic cosmetic qualities of ear skin
It would be misleading to pretend that the hiterature on the
storage of skin at temperatures below 0°C. 1s free from
mconsistencies. Baxter and Entin (1948), on the basis of
clinical transplantation studies, have claimed that skin
deteriorates rapidly upon storage below 0°C. and does not
survive after exposure to a temperature of —20°C or below
for more than two days. Allgower and Blocker (1952) re-
ported failure to obtain epithelial or fibroblastic outgrowth
in viro from human skin frozen to —86°C. and stored for
fourteen days. Recently, Keeley, Gomez and Brown (1952)
reported that dog’s skin did not survive rapid freezing—
carried out 1n ther experiments by holding tightly stretched
skin segments 2-8 cm. above the surface of hqud mtrogen
contamned 1n a deep, narrow-mouthed Dewar flask—followed
by rapid thawing. However, they claim that when the skin
segments were ‘“ultra-rapidly” cooled by plunging them
directly mnto iquad mtrogen, with vigorous agitation to pre-
vent accumulation of gas bubbles, after being first pre-cooled
to just above freezing point, a high percentage survival was
obtaned on subsequent rapid thawing and transplantation.
Even better results followed 1f the grafts were partially
dehydrated before ultra-rapid cooling by immersing them m
ethylene glycol for twenty seconds to three mmutes Grafts
so frozen and then stored at —70°C. were reported as showing
a high percentage survival after forty-four and after sixty-six
days, though not after one hundred and twenty-three days.
It 1s to be regretted that these workers did not include the
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effect of slow freezing in thewr studies and 1t may be con-
sidered questionable whether in fact the rate of cooling mn their
so-called “ultra-rapid”’ freezing was faster than the “rapid”
freezing as used by Bilhngham and Medawar (1952). In their
mvestigation, Keeley and his colleagues have followed the
teaching of Luyet (1987), who has imsistently argued that}
ultra-rapid cooling leading to vitrification 1s theoretically to -
be preferred on the grounds that the formation of ice crystals
in the cooling system 1s thereby prevented, thus avoiding
mechanical damage to the cells The advantage of the pre-
limmary dehydration of the grafts 1s said to derive from the
fact that the velocity of cooling required to vitrify aqueous
solutions, mcluding colloids, varies with (among other things)
the water content. It may be added that Luyet and his
colleagues have presented evidence 1n support of therr hypo-
thesis based on the recovery of motility of micro-organisms
and of frogs’ spermatozoa, and of the irritability of muscle
after ultra-rapid freezing and thawing experiments (see
Luyet, 1952) Nevertheless, so far as mammahan tissues are
concerned, 1t has been the general experience of those who use
continued growth and cell division as a criterion of survival
that better preservation 1s obtaned by slow freezing than by ~
fast. This 15 most fortunate since otherwise the purely
technical difficulty of coolmg skin sufficiently rapidly to
ensure 1ts vitrification before storage would surely preclude

its adoption as either a routine chmecal or experimental
procedure.

The Possibility of Applying Freeze-Drying in
the Storage of Skin

There 15 one case on record in which a “lyophilized” skin
autograft 1s reported as having given satisfactory takes ~
(Webster, 1944) The graft was quickly frozen to —72°C. and
then lyophihzed; unfortunately no details were given as to
the method of dehydration and, more particularly, to what
extent the graft had been dehydrated.

A quantitative study of the capacity of thin shavings of
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rabbit’s ear skin to withstand desiccation from the frozen
state has been made by Billingham and Medawar (1952).
Since moisture determmations on frozen-dried grafts neces-
~sarily mvolve their complete dehydration, 1t was obviously
mmposstble to carry out these as well as the skin grafting test
of survival on one and the same set of grafts. To solve this
dafficulty, two similar sets of grafts were removed from adja-
cent sites on the same ammal’s car and dehydrated 1n separate
flasks under similar conditions on the same apparatus
Dehydration was carried out for one to twelve hours according
to the degree of desiccation 1t was hoped to achieve One set
of grafts was used for the various gravimetric determinations,
the other was used for grafting. Both sets of grafts were
frozen slowly; the grafts to be used for the viability test were
rapidly thawed and rehydrated by pouring mto the flask
excess Pannet and Compton’s solution warmed to body
temperature The grafts were either frozen and dried direetly,
i e. without special treatment, or after pre-treatment with
(vanous known concentrations of glycerol in Ringer’s solution
The untreated grafts were frozen to and dehydrated at
—80°C. to —382°C., the glycerol-treated grafts at —22°C. to
—25°C, the lower temperature being adopted simply to slow
/down the rate of dehydration in the absence of glycerol.
During the desiccation process the pressure within the
apparatus was mamtamed at 0 005 to 0:001 mm IIg. It
was found that the rabbit’s ear skin grafts which normally
contamed about 70 per cent water did not survive a state of
dehydration that resulted i a final overall water content of
less than about 25 per cent. The pre-treatment of these
{ grafts with glycerol solutions did not mecrease their capacity
to withstand desiccation It may be emphasized that any
clmm that a tissue withstands desiecation must be substan-
tiated by factual records of its final water content. The out-
'ward appearance of frozen-dried skin is most misleading;
;grafts still containing as much as 25 per cent residual water
‘look, and feel completely dry. It may be added that there 1s
no evidence that any mammalian tissue whatsoever can
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withstand drymg to below even a 10 per cent residual moisture
content

These results suggest that further pursuance of the problem’
of skin storage i the dry state should be abandoned since
adequate methods have been devised for its long term storage
mn the frozen state
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DISCUSSION

Loneyire I should hke to ask Dr Billingham about the thickness of
the graft that may be preserved by the slow freeze method IS that
mportant 1n obtainng viable grafts?
BruumerAM T see no reason why even full-thickness grafts should
;mt be perfectly viable after preservation by this method Despite the
81(1:11; that the thickness of a graft will determine the maximum rate at
}Vuuch 1t can be thawed out—and rapid thawing 1s essential—even with
“thickness skin a sufficiently fast rate of thawing should be obtaable
Without difficulty

Lonemire: Is' the protection afforded by glycerol just a surface
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phenf?)menon, or does the glycerol have to penctrate each cell 1n the
Briuinenam I think the glycerol, to be effective, must diffuse mnto
the graft, and very probably into its component cells. We never treat
our grafts for less than an hour with the glycerol solution, wlueh must
surely be ample time for 1t to penetrate them completely. With full-
thickness grafts of human skin the period of treatment could certamly
be extended without harm.
AricdWER I have been advocating the 10 per cent serum storage of
skan, but I would like to say that glycerol storage scems to be much
better 1n long term storage Only there is one pont on the climeal
usefulness of thisstorage method very often we want to store the skin
for one to three weeks only For this length of time storage i 10 per
icent serum 1s very satisfactory as it can be kept at normal 1ce-box
temperature and because this serum-store¢d skin can be used immediately
on the patients How do you treat the glycerol-stored skin before you
.-put 1t back on the patient?
BruuinerAM  After rapidly thawing our stored grafts we normally
:leave them i contact with Ringer’s solution for one hour at room
ttemperature before transplantation. This should present no difficulty
chnically I should like to emphasize the convenience of thus method
of storage Although I have had no personal éxperience of your storage
method, I should have thought that in its demands on the surgeon’s
time and facihties our method was no more exacting. Our refrigerant
is sohid carbon dioxide (at —79°C ) which 1s cheap and readily available
m most countries  Our “bank™ simply compmnses a lagged 5-gallon
Dewar flask 1n which small vessels contammng the skin grafts are stored
n contact with the dry-ice A 25-pound block of tlus substance lasts
—for about three and a half weeks. The skin to be stored is removed
aseptically and treated with sterile media, mn our experience the addibion
of antibiotics 1s wholly unneccssary.

Ar1gbweER Another pomnt: we use tissue culture technques to assess
viability, and are still of the opimon that 1t is a very exacting test.
T wonder how these two kands of storage would compare as to the tissue

~culture test. What 1s the percentage of survival of your grafts when
~you put them back?

Brouixeuanm I am unable to answer 1n terms of percentage survival
We have studied detectable differences between the appearance of our
stored skin grofts after transplantation and that of freshly cut skin
grafts transplanted on the same oceasion as controls  After storage
following glycerol pre-treatment, by the methods I've deseribed, in no

, case have we found the stored grafts to be inferior to ther controls
: after transplantation

PomeraT. T think the use of the tissue culture method as a final test,

especinlly for exploratory operations, 1s very important, because §0
_often one ean be fooled by these 11 vivo methods. Very often nn ndjacent
tissuc may come nto the picture and confuse the 1wsue  For example,

1n tissue cultures of dermus, a cut sweat gland duct may prohferate and

pour out o veritable 1sland of epithehum that Jooks identieal to that
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which comes from the muddle of the epiderrms I think sometimes m
the denuded skin we have repair arising from the ducts of glands which
are of course of the same poimnt of origmn from stratum germmativum
But when you have true emigration n vitro, you can then be absolutely
certain that the material 1s viable and 18 not 8 derivative of some
adjacent area

Mepawar But mere cellular survival 1s not the only important
criterion of the persistence of the graft after storage mn a state as good
as new One has to consider such changes as take place 1n the fibrous
endoskeleton, which will determine the pattern and density of hairs, for
example. The criterion that Billingham and I have been using 18 quite
simply the restitution of skin to a state as good as new 1n every respect, :
and I don’t see how tissue culture can 1mprove on that

PomeraT No, I agree with you—unless you haa a formation de novo,
for example from a gland base of an 1sland, but I think 1t would take a
good deal of time to produce that

Mepawar In theory that 1s a danger, but our survival test in fact
precludes that These grafts are put right mto the muddle of a great'
big raw area, stripped might down to the panmculus carnosus muscle. ¢
Now I don’t believe 1n metaplasia of, shall we say, mesenchymal cells
1 the epidermal cells

Biuineaam I mught add, Prof Pomerat, that n taking the rabbit
we were fortunate, because sweat glands do not oceur.

Rocers From a historical standpoint I think 1t 1s interesting that an
American surgeon, Z J Lusk 1n 1895, used corrosives to raise blisters
on the epithelium of some of hig patients and then, excising the bilateral
material, he dried 1t and stored it 1n a bottle He carried the bottle
containing dried blisters on his rounds, applymg them indiscriminately
on slow-healng or second and third-degree burn defects Now these
dried blhisters or blistered epithelium were supposed to have actually
grown, according to Dr Lusk, as viable epithehum once they were
transplanted Although his follow-up studies are poor in the three
articles which he wrote, from a standpoint of tissue we might consider
the possibility that Dr Lusk’s dried, blister epithehum may be somewhat
simular to the freeze-dried type of grafts We don’t expect viability or
as you have imphed, surviving cells i a freeze-dried graft and yet the
US Navy hopes to make chmeal use of these freeze-dried grafts n
any number of surgical problems

Pate We have dehydrated our freeze-dried skin to a total water
content of less than 1 per cent, and are morally certam that thesei
pieces are completely dead However, after putting them on about'
20 patients, we have not found any surgeon yet who can tell which 1s/
the freeze-dmed skin and which 15 the fresh homograft. We know
1t’s dead but 1t fulfils 1ts mechameal function —

BiLLivgram With regard to the use of these frozen-dried skin grafts
I should have thought that their surfaces would have been moist soon
after transplantation smce the epithellum presumably dlsmtegrates\
fairly rapidly as a consequence of autolysis and other processes

Pare In fact, the opposite 15 true, 1t’s very dry o

NORMAL TISSUES
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been mserted at about 2 mm. a day—only a httle slower than
the 3 5 mm. a day at which they advance down the distal
stump of a nerve which has been severed and reunited
immediately (Sanders and Young, 1942; Sanders, 1942
Gutmann and Sanders, 1942). Recovery of reflex function
and cutancous sensibility also take place at a time and with a
final quality comparable to that obtained following severance
and immediate reunion.

Histological examination of autografts shows that re-
innervation proceeds very much as in an ordmnary distal
stump, although proliferation of Schwann nuclei and break-up
of the myehn takes place more slowly than normally. In the
terminal stages of regencration, however, an autograft
resembles a normal distal stump very closely indeed.

Homografts

Pieces of fresh nerve transplanted to fill & gap 1n a nerve
of another individual of the same species become, like auto-
grafts, firmly umited with the host nerve, although therecafter
their behaviour 1s very different. In favourable circumstances
the distances reached after fifteen or twenty-five days by nerve
fibres growing through such grafts are as great as those through
autografts. Most grafts, however, show far shorter distances of
outgrowth, and when treated statistically the data show
evidence of a significant variability not under experimental
control (Sanders and Young, 1942). Recovery, both of motor
function and of cutaneous sensibility, can nevertheless follow
the use of short homografts in the rabbit. e g s1x out of seven
such grafts mnvestigated by Gutmann and Sanders (1942)
recovered motor power of a quality hittle infersor to that
given by autografts TFour of the six ammals which showed
motor recovery also hnd some return of cutaneous sensibility.

The vanabihty in the distances reached at a given time
by new fibres growing through homografts is reflected i their
histological appearance  Wallerian degencration takes place
more slowly 1n homo- than n autografts so that unbroken
myelm segments can be found as late as twenty-five days
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(Fig 1). The result of this delayed breakdown of the contents
of the graft can be seen at sixty days when a graft may con-
tan large spaces full of active macrophages (Fig. 2), even two
hundred days after grafting sumlar, though smaller, macro-
phage-filled spaces remamn (Fig. 8). It 1s uncertamn, however,
how far these later appearances reflect the process of Wallerian
degeneration (which although slow 1s fairly normal m its
early stages) and how far they result from a deep seated re-
action from the host to the graft which causes the latter to be
destroyed and replaced partially by the host tissue (see
below, pp 181-182).

By far the most striking feature of homograft histology is
therr mvasion by lymphoid cells The degree of invasionis very
variable. In the best case mfiltration 1s only minimal but in
less favourable mstances the whole graft becomes distended
by a mass of lymphocytes and its internal architecture
considerably disturbed (Fig. 4); eventually there are patches
of necrosis, in extent proportional to the intensity of this
reaction. Although the lymphocytic nfiltration subsides
farly quickly there 1s mevitably a certamn amount of fibrosis
and a less uniform innervation than in autografts. Although
new nerve fibres are able to penetrate homografts and to
become myelinated within them (Fig. 5) parts of such grafts,
usually at the centre, contain either no, or only small, nerve
fibres (Gutmann and Sanders, 1948) However, n spite of
such unfavourable features nerve homografts m the rabbit
are still able to conduct nerve fibres across a two centimetre
gap 1n suffictent numbers to produce a return of motor func-
tion and of sensibiity only a hittle mnferior to that of autografts.

The nature of the homograft reaction

The apparent success of nerve homografts in animal
experiments 1s not paralleled by any similar result 1n man
(Sanders, 1942, Seddon and Holmes, 1944). Very few human
nerve homografts have been followed by any recovery of func-
tion which could be unequivocally ascribed to the affected
nerve, and sections of such grafts, removed at long mtervals
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after mnsertion, have shown them mainly converted mto i
strands. The reason for the discrepancy between the 3
of homografts m man and m experimental animals ¢
found 1n the nature of the host reaction to homografts

In the case of skin transplants Medawar (1944, 194
shown that homografts behave at first very like autoy
the grafts healing securely, and even giving rise to epil
proliferation. However, after a variable period, an
inflammatory reaction sets in, and the whole natn
population of the graft 1s destroyed. The mflammator
cess includes first of all vascular and lymphatie prolifer.
a massive mvasion of the graft by lymphocytes and 1
cytes of host origin, severe cedema, and a general mobihz
of mesenchyme cells At the close of this phase, a stagn
and obliteration of the vascular system of the graft, tog
with the death and necrosis of its constituent cell popul
take place. Later, homografts are invaded ancw by
vessels from the host, and lymphocytes and monocytes
through their walls to establish a secondary cell popul
within the graft

The whole reaction of the host to the grafted foieign 1
1s of the type of an actively acquired immune reaction,
conscquently, depends quantitatively upon the amowr
foreign tissuc transplanted Thus, a smgle small homo;
of skin may survive many days without destruction, 1
larger amounts of tissue—whether transplanted as a s
large, or many separatc small grafts—undergo a much 1
rapid breakdown Moreover, “‘second-set’ gralls from a g
donor to a host already immunized by grafts from that do
break down even more quickly  Such observations ar
particulal mnterest since, n the case of nerve grafts. one ol
mamn features distinguisinng human and animal homog
cxperiments has been the size of the transplants used, A\
ammal caperimenters have used small thin grafts 2-3
long, while most of the grafts nsed to repair human n
defeeis have been at least 8-10 em long, and of correspo
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“dosage” of foreign tissue than has been used mn animal
experiments, and, provided nerve homografts behave simlarly
to skin, the more rapid breakdown of such large grafts might
be expected adversely to affect recovery It 1s interesting to
note 1n this connection that the only human nerve homografts
to show any convineing evidence of recovery were three of
Duel’s (1938) six cases of facial nerve homografting In all
of these the dosage of tissue was low; the nerve transplanted
was of small diameter, and the gap to be bridged was short.

A dosage effect may also be inferred from the data of four-
teen human nerve homografts removed and examined
histologically after failure to regenerate (Seddon and Holmes,
1944, Barnes, Bacsich, and Wyburn, 1945, Spurling, Lyons,
Whitcomb and Woodhall, 1945) InFig 6 (p 180)the distances
reached by nerve fibres growing through such grafts 1s plotted
against the length of the graft used and 1t will be seen that
there 1s, generally speaking, an inverse relationship between
the si1ze of the graft and the distance reached by nerve fibres
growing within 1t The relationship may 1n fact be closer than
that shown 1n the diagram The cases of Spurling et al (1945),
which together form the group of short grafts in which some
outgrowth had occurred, were most of them excised after
shorter periods than those of the other authors Had they been
allowed to remain longer in the host they might have shown
still greater distances of outgrowth. The 18-cm graft of
Barnes et al (1945) 1s exceptional in that it was penetrated
by new fibres for a distance of 25 mm , while nerther of the
large grafts of Seddon and Holmes (1944) showed any regen-
eration whatsoever However, the whole reaction to this
graft was much milder than in any of the other grafts studied
and may indicate a closer compatibility between the tissues
of donor and host than in the other cases

The dosage effect has also been studied 1n the rabbit by
comparisons between long (5-cm.) and short (2-cm ) homo-
grafts in the peroneal nerve, the fate of the grafts bemng fol-
lowed for as long as four hundred days after operation
(Sanders, 1953) The distance reached after thirty days by
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new fibres growing through 5-cm homografts was less than
that reached five days earher when 2-ecm. grafts were used.
Indeed, m three out of fourteen long grafts, fibres had not
crossed the upper junction at this time.
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The return of motor function was delayed mn onset (cighty-
five to two hundred and fifey-five davs) in long as compared
with short grafts (seventy to one hundred and twenty-five
days), morcover, the quality of motor recovery finully attamed
was much mferior, No ammal bearig a longr graft showed any

return of cutancons senstbility whatsoever
Ihstologieal investigation of the inflatamatory changes
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Fic 1 Abnormal myelin degeneration 1in a rabbit nerve homograft
twenty-five days after msertion (Weigert stamn )

LR

\bnormally large macrophage-filled spaces 1n a homograft
sixty days after msertion  (Bodian-Masson stan )
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Fic 4 Residunl maerophages m a homograft two hundred days
after insertion  (Masson stuin )
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Fic 5 New myelinated nerve fibres mn a homograft twenty-five
days after mnsertion  (Weigert stam )

Fic 7 New nerve fibres and Schwann cells 1n the upper part of a

nerve homograft twenty-five days after grafting
stamn )

(Bodian-Masson
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Fic 8 Stagnant, dilated, blood vessels i the upper part of o 3 cm.
homograft thirty dayvs after grafting  (Mallom staun )

e ©  Homorrloge within g homopmaft instrted thsets sdnvs
provionalv (Maller wtoin
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Fic 10 Necrosis of the native cell population of a homograft thirty
days after grafting, note also dilated, stagnunt blood vessels (Mallory
stamn )

Fic_11 Schwann cell strands of host orgin n the lower part of o
3 em homograft thirty days after grafting  (Masson staun )
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Fic 14 TExcessive macrophage population i a homogratt stored
for three weeks at 0°C in Ringer’s solution before grafting  (Bodn-
Masson stam )
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which take place within nerve homografts has shown that the
response of the host tissue to such grafts resembles that seen
mn skin homografts (Medawar, 1944, 1945), although with
nerves the reaction 1s compheated by the activity of the nerve
fibres and Schwann cells of the host nerve mto which the
graft 15 mserted. In the case of a nerve homograft, primary
union between the graft and the host nerve takes place
Wallerian degencration begins within the graft, together with
proliferation of 1ts Schwann cells New blood vessels, coming
mainly from the ends, grow into the graft, and nerve fibres
from the central stump cross the upper junction, start to
travel down the Schwann tubes of the graft (Fig. 7) and may
begin to myehnate within 1t (Fig. 5) The lower junction 1s
made by Schwann cells from both the graft and the peripheral
stump.

Parallel to these changes, and at a rate and with an mtensity
dependent upon graft dosage, the mflammatory reaction
builds up. Mononuclear cells pour out from the blood vessels
mto the graft, which becomes cedematous. The reaction 1s
most mtense at the junctions, which at twenty-five days are
markedly swollen and packed with lymphoid cells, large,
dilated blood vessels can be found within the graft, especially
m the neighbourhood of the junctions (Figs 8, 10). At the
height of the reaction, the walls of the vessels break down,
and local hemorrhages occur within the graft (Fig. 9) At
this time the native cell population of the graft i1s destroyed
(Fig. 10) At this time, therefore, new nerve fibres and
Schwann cell strands from the host nerve, which have mnvaded
the graft from its two ends, are exposed to an environment
in which the only structures maintaining the continuity of the
nerve are the collagenous tubes of the graft. In short grafts
this 1s without serious effect, since fibre and Schwann cell
continuity 1s estabhished throughout the length of the graft
by cells of host origin i the period before breakdown takes
place (Fig 11). These structures seem relatively unaffected
by the short period of 1schemia which results from the break-
down of the blood vessels of the graft, since short nerve
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homografts removed at long mtervals after msertion closely
resemble autografts, having been repopulated by cells from
the host nerve. The accumulations of macrophages scen in
such grafts in the later stages probably have to do with the
removal of the dead and necrotic remnants of the orynnal
graft contents. The fate of the graft collagen is less certamn.
Medawar (1945) found the collagen of skin homograft< to be
removed eventually and substituted by host collagen,
although this took place much later than the destruction of
the cells of the graft; phagocytosis of the graft collagen fibres
did not take place. The collagenous framework of nerve
grafts may also be replaced by host collagen. If so, the new
collagen must be laid down m the pattern of the old, smee
the latter undoubtedly acts as a mude for the nerve fibres
and Schwann cclls as they traverse the graft. This might
account for the shght nterstitial fibrosis seen in the late
stages of successful low dosage homogralts,

In long grafts the ngger dosage of homologous tissue causes
the inflammatory reaction to come on earhier and to be more
intense  Primary vascular breakdown, and destruction of
the native cell population of the graft takes place beforc it fias
been penectrated throughout by blood vessels, Schwann cclls,
or nerve fibres  Regons thus exist in the middle of a long
nerve homograft which have been without blood supply ever
siee transplantation (Fig 12} Such a rvegion later hecomes
heavily collagemized and can aet as a barrier to regeneration
(F1g 13). As a result, a long nerve graft examined ot a Inte
stage often consists of a thick fibrous strand, at cither end of
which are segments resembling normal nerve. that at the
upper end looks like a re-innervated distal sturnp; that ut the
distal end resembles o degenerated distal <turap of oy
standing (Holmes and Young, 1942), Sumidar histologic i
appearances were found i human nerve homografis reiovs il
following the faulure of regencration  What counts must
against the suceess of o large nerve homograft 1. the {ihrenty
of part or all of the graft The feature of the homograft
reaction which seems most damaging from this point of vrw



THE PRESERVATION OF NERVE GRAFTS 183

1s the breakdown of the blood vessels growing within the graft
and not the death of the constituent cell population It 1s
thus possible that some treatment of homografts which would
modify the “homograft reaction” m the direction of avoiding
primary vascular breakdown might improve the prospects for
homografting whether or not 1t destroys the cells of the graft

The results of attempts to modify the homograft
reaction

Very little work has been done 1n the past with this speeific
aim. Most authors who have mmvestigated procedures for the
storage of nerve grafts have been concerned with providing
“banks’’ of stored nerves for the treatment of war casualties
Assessment of the results of storage procedures has of neces-
sity been pragmatic Certain storage procedures however are
of some interest simce they do seem to modify the extent of
homograft reaction Sanders and Young (1942) and Gutmann
and Sanders (1942) studied the behaviour of grafts of rabbit
nerve which had been simply kept mm Ringer’s solution at
0°C. for one or two weeks before transplantation. Nerve
fibres grew readily through such grafts, occasionally as fast
as through autografts. Motor and also sensory recovery
followed, with a quality defimtely superior to that of fresh
homografts of comparable size, but inferior to that of auto-
grafts. A striking effect of storage in Ringer’s solution was a
reduction of the amount of lymphocytic mvasion—the extent
of the reaction became progressively less with an increasing
period of storage—with a result that grafts stored for two or
three weeks made very clear junction with the host nerve and
were accompanied by the mmimum of nerve fibre deviation.
However 1n the early stages of re-mnnervation of such grafts
there was an excessive penetration by macrophages; tls
being most marked m the grafts stored for longer periods
(Fig. 14) However, at late stages there was no sign of this
macrophage reaction and the grafts resembled normal distal
stumps contaiming many Schwann cells, and new fibres 1n
process of myelination The Schwann cells were undoubtedly
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of host nerve origin. As storage 1s prolonged 1t probably
results in the death of more and more of the cells of the graft,
the pronounced macrophage mvasion seen 1n grafts stored for
longer periods being concerned in the removal of this dead
tissue.

Weiss (1944) and Weiss and Taylor (1945) found a similar
reduction 1n the reaction to homografts which had been dried
from the frozen state and subsequently rehydrated. Not only
did new nerve fibres and Schwann cells grow through such
grafts but functional recovery m both cats and monkeys was
found following thewr use However n all their experiments
short grafts (less than 8 cm ) were used and experiments with
longer grafts have failed to show any superiority of frozen-
dried over fresh homografts (Sanders, 1954). We have
compared the functional results of 5-cm. frozen-dried homo-
grafts of rabbit nerve with those of comparable fresh nerves.
There was no significant difference erther in the time of onset
or the quality of the functional recovery achieved Histo-
logically there was httle to choose between fresh and frozen-
dried homografts when examined imn the late stages of re-
generation. The latter, although penetrated by a fair number
of nerve fibres, were as heavily collagenized as fresh grafts.
In the early stages of regeneration there was no great lympho-
cytic mvasion as seen with fresh grafts. It thus appears
probable that the freeze-drying exercises 1ts effect in the same
way as simple storage 1n Ringer’s solution, i e by killing the
native cells of the graft, and this accounts for the absence of
lymphoeytic mvasion in the early stages Alteration of the
chemical nature of the graft as a result of the drying procedure,
however, may account for the lack of success of such grafts.
Sanders (1958) mnvestigated the behaviour of grafts in which
the cell population had been deliberately reduced by five
successive cycles of freezing (—70°C) and thawimng (87°C)
before transplantation This procedure was chosen as a way
of killing cells with the least effect on the protemns of the
graft Table I shows the distances reached after thirty days
by fibres growing through 6 5- to 8 5-cm grafts In the
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case of fresh and frozen thawed homografts. The distance
reached by fibres growing through fresh grafts was highly
variable, the mean distance being 9 4 mm Fibres had grown
somewhat further through the frozen thawed grafts (mean

TABLE 1

CoapaRISON OF DisTaNcCES REACHED IN TmiRTY DAYS BY NERVE FIBRES
GROWING THROUGH ErrSEr FRESH, OR FrozeN/ToAWED, NERVE HOMOGRAFTS

Dhistance of oulgrowth in mm

Length of Grafit Fresh Grafis Frozenfthawed Grafts

V] 12

8 15

8 17

8 5 cm 15 18
16 18

18 19

87 21

0 11

] 185

2 17

6 5cm 4 19
4 20

10 20

10 58

Mean distance of outgrowth (fresh grafts) = 9 4 mm
Mean distance of cutgrowth (frozen/thawed grafts) = 20 mm

Analysis of vanance of above data —

D M
Ttem Frecdom | aguare | ! P
Fresh v frozen-thawed grafts 1 788 6
8 5m v 6 5 cm grafts 1 87 2 oo
Residual vanance 25 117

distance of outgrowth=20 mm.) and the difference between
the two types of graft was statistically significant. Histo-
logically the frozen thawed grafts did not eheit a homograft
reaction although they were penetrated by Schwann cells
and new fibres (Fig 15). There was however an excessive
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number of macrophages in these grafts, concerned presumably
with the removal of the dead graft contents. Functional
results of this latter procedure are not at present available
and further work will be necessary before the clinical prospects
of such frozen thawed grafts can be determined.

All the histological appearances seen n nerve homografts
are consistent with the following view —

1 The constituent cells of a homograft are destroyed as a
result of an immune reaction on the part of the host, the
severity and the rapidity of whose onset depends both upon
the amount of tissue transplanted and the genetic relationship
between donor and host

2. At the height of this reaction the new blood vessels which
have grown into the graft from the host nerve break down

This leads to a variable degree of avascularnty depending on
the size of the graft and consequent fibrosis. Until there have
been further investigations of the details of this reaction
and treatments have been devised for its modification, the
use of any kind of nerve homograft in man 1s to be discouraged.
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DISCUSSION

ErcawALp By what method did you determune the rate of travel of
the regenerating fibres?

SANDERS An extremely simple and crude one The ammal was
anesthetized and the nerve carrying the graft severed peripherally and
freed from 1ts bed It was then pinched with fine, smooth-tipped forceps
at 1 mm 1ntervals from the distal end upwards, until the ammal first
gave a sensory response The distance of this pomnt from the upper
graft junction was then recorded and the piece of nerve mcluding the
first positave pinch removed and checked histologically for the presence
of nerve fibres This method 1n fact measures the distance reached by
the fastest growing sensory axons (Gutmann, Gutmann, Medawar and
Young, 1942) *

ErcEwarp You never re-pinched the same graft, you just used 1t
once?

SanpeErs We checked that, yes We went beyond the necessary
8EeNnsory response

Hvarr Isn’t 1t possible that the method might have encouraged
mtraneural fibrosis?

Sanpers Pmching the nerve was only done as part of a terminal
experiment Immediately after the distance of fibre outgrowth had
been so measured, the whole graft was removed for histological study
No pinched nerve was allowed to remain 1n the animal long enough for
secondary histological changes to occur As regards pinching itself, the
genuineness of the first positive response was always checked by one or
two more pinches more proximally

Hyart Did Weiss indicate or intimate that the frozen-dried nerves
hved? What was lus freeze-drying procedure?

Sanprcrs My mmpression 18 that he makes no definite statement con-
cerming survival of the grafted elements The techmique used involved
quick-freezing 1n 1sopentane chilled with liquud mitrogen, followed by
low-temperature vacuum drymg over phosphorus pentoxide Our pro-
cedure was the same

Rocers I am rather disturbed about the dosage phenomenon }
I certainly beheve 1t can be demonstrated i animals but I’'m not yet
convinced that 1t apphes m humans, at least as far as skin homografting
1s concerned Chmically T have seen sphit-tluckness skin homografts
about two inches wide and two iches long applied, which have sloughed
in three weeks even though the dose was small and the genetic re-
lationship was close (mother donated skin to cover daughter’s burns)
Another mother donated for her daughter roughly 25-80 square inches
of spht-thickness homografts, which survived for two and half months
I know that other variables might be considered, e g the closeness of
a bmmatological relationship and so on, but I wonder whether the
dosage phenomenon can be taken as seriously mn chimeal practice as 1t
can mn ammal experimental work?

*J exp Biwol, 19, 14
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SanpERs I can’t speak on the subject of skin, and for nerve, of
course, the data on dosage are extremely scanty Clinically, a nerve
graft 15 not often used unless the nerve gap to be closed 1s €normous,
which automatically imples a large dose of homologous tissue Only
three human nerve homografts (Duel, 1938) have shown unequivocal
evidence of recovery of function, and these were comparatively short
grafts in the facial nerve in the temporal canal By contrast, almost all
the grafts used mn animal experiments have been short and represent
a much smaller dosage of homologous tissue This fact alone 15 adequate
to explain the discrepancy between chmeal experience and the results
of ammal experiment as far as nerve homografts are concerned Dr.
Longmure, do you remember how long were the homografts used by
%aw?s m his ammal experiments? They were short grafts, weren’t
they ’

Loneaare I think they were 24 ecm 1n length.,

MepawAr® Dr. Sanders’ experiments have a very considerable
cautionary value—they 1llustrate one of the occasions on which animal
experiments can be totally misleading, when applied to human beings
As I see 1t, the essentials of his argument are first of all that the rate of
advance of nerve fibres 1s just about the same after injury in man and
m rabbits, and, second, that the tempo of immunological response 18
also about the same And therefore one can’t compare gaps of pro-
portionate size 1n man and 1n rabbits, 1t 1s the absolute size of the gap
that matters. Thus 1s therefore a case in which one can’t use the rabbit
as a proportional model for studying reparative processes 1 man

LoneMirz In the ymmune response which these nerves provoke,
have you any impression, Dr Sanders, of the importance of the Schwann
cells or of the nerve fibres themselves, the contents inside the sheath?

SAnDERS I'm afraid I have no direct evidence at all concermng that
point We assume that an immune response 1s oceurring during nerve
homografting by analogy with Prof Medawar’s work with skin, and on
the fact that we were also able to demonstrate a second-set phenomenon
1n the case of nerve grafts. In nerve homografts the avons and myelin
break down as they do 1 all nerve fibres separated from their cells of
origin, the Schwann cells appear to be destroyed durmg the homograft
reaction, the collagenous tubes, as in the case of skin, appear to last
longer While the reaction 1n 1ts violent phase appears to affect princi-
pally the Schwann cells, I do not know how many of the clements are
concerned 1n stimulating the immune response of the host

Loncyre I was wondering about the possibiity of allowimg the
matenal mside the sheath to be removed 1n the host before making the
transplant.

Sanpers My main point 1s that, where nerve 1s concerned, the
mmportant phase of the homograft reaction 1s not necessarily the
destruction of the native cell population, since new Schwann cells can
come 1nto the graft from the host What does matter 15 the breakdown
of blood vessels A race seems to take place between blond 1essels
growing into the graft from both ends and the bnld-up of the homo-
graft reaction  In'short grafts the vessels get right through m the first
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wave, so that you get a graft which 1s at any rate intermittently vascular,
1n which the host nerve fibres and Schwann cells are able to survive.
In a long graft the blood vessels never get to the middle before break-
down oceurs, so that you have a central segment which just goes into a
mush and eventually becomes fibrosed

NORMAL TISSUES
14



THE PRESERVATION OF ARTERIES AND
OTHER TISSUES FOR CLINICAL USE

CHARLES ROB and H H. G. EASTCOTT

WE 1ntend 1n this paper to concentrate our remarks upon
man and will only touch m bref fashion upon our work n
experimental amimals Whilst most of the time at our disposal
will be taken up with a discussion of the preservation of
arteries, we wish to put forward some of our ideas and data
on the preservation of human endrocrine glands, the human
cornea and the rat’s and rabbit’s trachea

Arteries

At St. Mary’s Hospital we have had a human frozen artery
bank in operation since the summer of 1951 and the results
have been satisfactory. The techmque of artery banking
which we use is based on principles used n the food preserva-
tion trade and 1s patterned on the ornginal work of Charles
Hufnagel. The grafts are taken from donors decad for less
than twelve hours, and young enough to have macroscopically
normal artenes, and the body must have been placed 1n a
cold chamber within two hours of death. A full aseptic ritual
1s used as for a surgical operation Suitable segments of arteries
are excised and placed m a bowl] of sterile 1sotonie saline. The
grafts are then placed mn sterle pyrex tubes and frozen n a
mixture of alcohol and dry ice at a temperature of —79°C. for
five minutes. After this they are stored in a decp-freeze at a
temperature of —70°C. or less This temperature 1s achicved
by incorporating dry 1ce 1 a special cork lagged box within
the deep-frecze. When required for use the grafts arc removed
and thawed rapidly by pouring sterile 1sotonie salme at 39°C.
into the tube until the graft floats frce when 1t 1s tipped nto
a bowl of saline at this temperature

190
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After such treatment these grafts are indistinguishable
mucroscopically from normal arteries, but they are dead.
That they may survive the origmal quick freezing process
was shown by Hufnagel and Eastcott (1952) mm two ways:
firstly, a series of tissue culture experiments showed a
moderate growth of fibroblasts in seven out of 20 cultures
of vessel wall frozen m liquid nitrogen and thawed im-
mediately; and secondly, applymng Medawar’s criterion of
tissue survival (remmplantation mto the donor) whole seg-
ments of carotid artery were frozen and thawed in the way
described and when examined three months after autografting
showed normal function and histology. But 18 cultures from
arteries which had been banked as described for periods of
between five and one hundred and sixty-six days showed no
growth.

The 1deal artery or tissue bank should fulfil the following
conditions.—1. Perfect safety and steriity. 2. Prolonged or
indefinite storage. 8 Easy maintenance. 4 The grafts should
be transportable from hospital to hospital and town to town.
5 In the case of certain tissues the graft should be alive when
placed 1 the recipient

The artery bank at St Mary’s Hospital, which 1s the first
human frozen artery bank to be established i the world,
gives safety and sterihty Prolonged storage in human work
1s of great importance because of the difficulty of getting
donors and with the earlier artery banks this proved to be a
source of difficulty. Peirce found that in his bank more than
90 per cent of the grafts were wasted, but with a frozen artery
bank the wastage should be mimimal, and we have a utihzation
rate of at least 95 per cent. Easy mamtenance 1s a feature
of storage of frozen tissues, all we do 1s to replemish the dry
1ce every third day Transport from hospital to hospital 1s
useful, we have sent grafts from St Mary’s Hospital to Col-
chester, a distance of 60 miles. An advantage of this method 1s
that unused grafts can be returned to the bank and are not
wasted Our bank does not provide hive arterial grafts but
smce seeing the publications of Dr. Parkes and his colleagues



192 CHARLES RoB anp H. H. G. EASTCOTT

we have attempted to remedy this defect for glandular and
other tissues.

In arterial grafting the results do not appear to be mfluenced
by the viabihity of the graft. Homografts nearly always die
m the host and arteries are no exception Artery grafts,
whether alive or dead when placed in the host, merely act
as a scaffold mto which the host tissues can grow. In the case
of arteries it 1s possible that the new intima is deposited as
cells from the blood stream, although growth also occurs from
the ends of the host vessel, the media and adventitia are
replaced by fibrous tissue and the elastic lamina appears
unchanged when examined through a microscope, whether
1t 1s alive or not, we do not know. The results of using frozen
arterial homografts of this kind in the femoral and pophteal
arteries of man are shown in Table I. Other methods of
reconstruction such as autogenous vein grafts have not been
mentioned, but in our opinion they have many advantages
over artery grafts for the peripheral vessels.

Endocrine Tissues
We now store endocrine tissues i glycerol saline, as
recommended by Polge, Smith and Parkes (1049) In this
way cells survival may possibly occur and the uses of a frozen
tissue bank can be extended beyond the conventional ficlds

of artery, bone, corneal and cartilage grafting.

The Adrenal

The development of surgery in this field to include the
operations of total and subtotal adrenalectomy for such
conditions as Cushing’s syndrome, advanced carcinoma of
the prostate, and hypertension, has opened up an mteresting
field for the clinical use of the storage of glandular tssues.
When we do a total or subtotal adrenalectomy today we
preserve slices of the gland 1n various ways, including glycerol
saline, they are carcfully labelled so that should the need anisc
we can return the patient’s own gland as an autograft, placing
thin slices 1n the muscles under loeal anmsthesia. We have
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several such glands 1n our bank, but so far none of the patients
has required an autograft. After six months’ storage of such
glands the histological appearance 1s still normal but cell
survival has not been proved after this length of time.

The experimental side of this subject suffers from the
difficulty of getting a suitable amimal preparation for an
adequate therapeutic trial of an autogenous adrenal graft
Our efforts with the rat have so far been largely unsuccessful,
but after hearing Mr Jones’s communication we are encour-
aged to try again

Trachea
Tracheal homografts have been inserted 1n 18 rats and three
rabbits Eight of these rats received a fresh homograft of a

Table I

Frozen arterial homografts used 18

Claudication 11

Gangrene 2
Immediate failures 4
Return of distal pulses 9
Subsequent relapse - - 8
Condition maintamed during 2-18 months ¢

complete segment of trachea 4 rings in length Five of these
eight rats had to be sacrificed between five and ten days after
the operation because the graft became necrotic and ob-
structed the airway, two rats lived for one hundred and thirty
days and one hundred and four days respectively before they
developed strictures of the trachea, and one was killed on the
one hundred and seventy-fifth post-operative day with a
satisfactory airway. Therefore only one fresh homograft n
eight worked entirely satisfactorily.

Segments of trachea were preserved by freezing in the same
way as we preserved arteries Ten rats and three rabbits
recerved such a frozen and preserved tracheal homograft
All the grafts became necrotic and every animal had to be
sacrificed before the twenty-first post-operative day
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The fresh tracheal homograft usually failed, the cartilage
rings sometimés survived and provided a framework for a nen‘
tracheal wall The frozen trachea became necrotic on every
occaston, but perhaps after preservation n glycerol saline an
occasional successful result might be obtained.

Cornea

Arrangements for supplymmg human corneas, although
much easier since the Corneal Graft Bill, 1952, must still be
made on a day to day basis; the storage hife of corneal grafts
at refrigerator temperatures 1s hmited to a few days. Grafts
have been used with success after four weeks but this 1s
exceptional. Little has been published on their preservation
by freezing Katzin (1947) found that nine frozen-dried
corneal grafts, though clear when rehydrated, all became
opaque within twenty-one days of insertion into the patient
He cited the Russian hterature on survival of corneal cells
after freezing, as judged by tissue culture. At St Mary’s
Hospital we are now using the glycerol sahine medium for
cornesl grafts The grafts are placed i the glycerol solution
for one hour and then frozen at —79°C. for five minutes,
after which they are stored mn the artery bank until needed
They are thawed by placing the container in a thermos jar
of water at 40°C. Prelimmary results i lamellar grafts arc
encouraging the ophthalmic surgeons find them satisfactory
to cut and to suture; and so far six have remamed clear for
periods of up to four weeks. Tissue culture studies are being
carried out on these grafts by Mr. S. E. Smth of Dr Parkes’s
department at the National Institute for Medical Research,
Mill Hill It 1s impossible at this early stage to say whether
results will equal those of fresh grafts, but if the cornea can
be stored at —79°C. 1n glycerol-saline for a prolonged period
we may expeet to see a great inerease n the scope of this part

of ophthalmic surgery

Conclusion
A frozen artery bank works well. The discovery of Parkes
and his colleagues that frozen storage in glyccrol saline
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permuts cell survival opens up fields of great interest to the
surgeon  Delayed autografts may become possible and
elective homografts simplified. The extension of this type of
surgery to the human arterial system, adrenal and cornea has
been discussed, many other uses come to mind.
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EXPERIMENTAL AND CLINICAL OBSERVATIONS
ON THE TRANSPLANTATION OF
BLOOD VESSELS*}

CHARLES 4. HUFNAGEL

THE concept of homologous transplantation of vascular
tissue 1s not new  Like the general problem of transplantation
of other tissue, 1t has intrigued man since the advent of the
aseptic era of surgery Carrel (1907, 1908, 1910) m lus epic
work on the suture of blood vessels gave conclusive expern-
mental evidence that homologous vascular grafting was
practical. However, 1n spite of this and the work of Guthre
(1912), climical apphication of this method was neglected until
recent years and little progress was made

In 1944 we werc stimulated by our work with kidney trans-
plants and with coarctation of the aorta to remnvestigate the
problem of arterial transplantation It was quite apparent
that for such a method to be entirely practical on a large
scale 1t would be necessary to use either homologous or
heterologous transplants. It was also obvious that autogenous
arterial segments were not available If venous segments were
to be used to replace the damaged or resected artery, smtable
autogenous venous segments would not be available from the
same idividual in the case of large arteries

It was apparent that some method of preservation must he
available in order to have such grafts at hand for either
emergency or clective use. We began our work with a survey
of the methods employmg tissue culture-hke media Tt was
found that satisfactory homo-transplants could be made after
storage for relatively short periods with such solutions at

*This study was supported by grants from the National Heart Institute of

the National Tnstitutes of Health, Betheada, Mars Innd
+Acknowicdgement is also made to the Naot{onal Nasval Modial Center,

Bethiesdw, Mam land, for co-operation in this work
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temperatures just above freezing. But the himited storage
life of vessels kept in these solutions made their replacement
necessary after mtervals of three to four weeks This did not
seem an entirely practical technique Therefore, later 1n 1944
we began our work with rapidly frozen arterial segments
(Hufnagel, 1947) Followmng this Gross et al. (1949) reported
the use of a modified salt solution with 10 per cent serum as
the storage medium for arterial grafts. This method has been
rather widely employed, but has the inherent disadvantage
of the short storage time which 1s permissible The necessity
for umform temperatures of storage and the large numbers
of cadaver donors which are necessary to maintain a vascular
bank with the method of modified salt solution storage has
certamnly kept 1t from beimng generally employed

Ideally one would like to set up certamn conditions for the
mamtenance of large quantities of arterial segments 1mn a
vascular bank under the simplest possible conditions These
general criteria would be as follows (1) Readily available
arterial segments in suitable sizes (preferably not from a
human donor) (2) The elimmation of the need for aseptic
technique 1n obtaming such grafts That 1s, a2 simple method
of sterilization of the graft after it has been taken without
mpairing the function of the graft (8) Simplhieity of storage
There should be no necessity for stormng mn a solution which
has to be changed nor of mamntaining the graft at any constant
temperature The temperature of storage should preferably
be a noncritical environmental temperature (4) The proce-
dure for preparation of the graft for storage should not be
compheated. (5) The graft should have a mimimal rate of
thrombosis or breakdown and maximal functional capacity
of carrymg blood without aneurysm formation after trans-
plantation

We have endeavoured in our research programme to fulfil
these conditions so that vascular grafts might be available at
any time and at any place It has been our feeling that the
necessity for the use of human donor material would always
greatly curtail the use of grafts because of the lack of the
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avallabihity of suitable young infection-free human donors
Thus then has led us to the problem of hetero-transplantation.
However, 1t was only after the good results obtained using
homologous grafts that we have extended our studies further,

1

Rapidly Frozen Arterial Grafts

It has been our conviction that properly frozen arterial
homografts could function satisfactorly in the replacement
of major arterial segments, and such grafts have the distmet
advantage of long-term storage. We have demonstrated
that some elements of such rapidly frozen' grafts survive the
freezing process and can be grown n tissue culture. However,
we are convinced that when such grafts are transplanted into
another individual of the same species that the more specia-
hized elements of the graft do not usually survive. Rather the
tissues of the host use the graft as a framework and grow into
the graft in a regular pattern, replacing to a large extent the
original elements of the graft This 1s true whether the graft
1s a fresh homo-transplant or whether 1t1s a stored homograft
It should be pointed out here that the method of tissue
culture evaluation of arterial grafts which are to be trans-
planted offers no evidence of survival in the host The fact
that this tissue grows i tissue culture does mo! mean that
the tissue will grow m the new environmental conditions
after transplantation to another individual of the same
species.

QOur own research on several endocrine tissues and blood
vessels and some of the work which has been presented here
all bear out the conclusion that under the proper conditions
of freezing, tissuc can survive when transplanted back into the
same animal., It should also be pointed out that when one
transplants a blood vessel one 1s not transplanting merely
cellular material which can perform its function cssentinlly as
a group of 1solated cells, as docs endocrine tissue, but that one
15 actually transplantmg an organ wlnch for its proper function
must mantam its charactenisties of structural mtegrity. It1s
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also essential that 1t must continue 1ts function for years mn
order to be a satisfactory transplant.

The methods of rapid freezing which we have employed are
described elsewhere i detail. Essentially, we have employed
the freezing of tissue erther 1n a bath of carbon dioxide ether
or hquid nitrogen (Hufnagel, 1947, 1952). Both methods
used properly have been satisfactory. We have regularly
employed a storage temperature of —70°C  All efforts are
made to mamtam this temperature as umiformly as possible
once the grafts have been frozen. Fluctuating environmental
temperature even below —40°C would appear to have a
deleterious effect upon the tissue. Experimentally such
frozen material has been employed in more than 800 animal
experiments. The results must be classified to some degree
according to the size of the vessel. When such grafts are over
6 mm. 1n diameter one may expect uniform success, the
percentage bemg approximately between 90 and 95 per cent.
When short grafts of smaller diameter are employed the
percentage 1s less, averaging about 60 to 75 per cent. This
figure, however, includes a number of very early experiments
in which the sterihty of the small grafts was not certain In
more recent work, however, the small grafts have done better
and are approximately 80 per cent successful.

During the last eight years such grafts have been employed
experimentally 1 bridging defects of the thoracic aorta,
abdominal aorta, pulmonary artery, ihac artery, and carotid
artery of dogs They also have been used to produce shunts
between the left ventricle and the aorta and between the
right ventricle and the pulmonary artery (Donovan, Huf-
nagel, Kastcott, 1952) We have been impressed with the
uniform success of these methods.

The histological changes are quite characteristic, and
mclude a rapid degeneration of the muscle of the media with
hyalimization of this area of the graft The endothellum grows
across the transplant from each end This sometimes requires
several months to bridge the mid-portion of the long graft
The subendothehal tissue becomes thickened, particularly
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the junction of the graft with the host artery. Fibrous .
ssue bridges the suture line withm two weeks. New cells of
)parently fibrous tissue origin grow into the graft both from
e host artery and from the exterior where the graft 1s in
ntact with the host tissue. In some cases there 1s a con-
lerable thinning of the wall of the graft during the first
onths after transplantation due to condensation of the
zdia. This has not appeared to affect the general function
the graft and in our expenence has not led to ancurysm
rmation or excessive dilatation of the vessel The elastic
sue of the aorta becomes condensed mto a thick layer in
e media The internal elastic membrane‘is usually intact
d can be readily distinguished Such grafts have heen
served 1 animals now for periods up to five years with
ientially no change from that wlich 1s observed 1n the first
ar. At the end of this time stabihzation has apparently
;urred and no further histological change 1s demonstrable.
Frozen homologous human arteries have been employed
nically 1n the thoracic aorta, the abdominal aorta, the ihac
ceries, and the femoral arteries Some of these grafts have
w been 1n place for more than two years. In no instance
s there been either thrombosis or disruption of the graft,
d no aneurysm formation has been ohserved. These grafts
ve varied in length from 10 em. m the thoracic aorta, to
cm 1 the ihac arteries Peripheral grafts have been made
some cases 1n patients with severe arteriosclerotic oblitera-
e disease, but n spite of this no difficulty has been en-
mtered 1 suturing the grafts, and their function has been
rcllent
[n an effort to simplify further the problem of prescrvation

vessels, following the work of Marrangom and Cecchini

151), and Iyatt, Patc and colleagues, we have used the
thod of freeze-drymng In this ease we are certain thot
+ grafts which are so employed are completely non-viable,
1 1 this sense parallel our earhier work with grafts trczlt:ul
h formalin and other antiseptic and tissue preservative
utions. The method of freeze-drying offers debnite
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advantages from the pomt of view of convenience of storage
for long periods of tme Dr. Pate has reviewed m his paper
the significance of electrical potentials of the transplant,
these would appear to play an important part i the process
of mtravascular clotting.

We have employed a sumphfied freeze-drymng method
which can be made readily available at low cost. This
method employs a high vacuum pump with a mercury
diffusion attachment. Specially designed traps, which
are mamtamed at —190°C. with liquid mitrogen, condense
the moisture as 1t 1s liberated from the tissue. The vessels
are taken 1n the usual fashion and then are rapidly frozen,
using hiqud mnitrogen or carbon dioxide-ether mxtures.
While they are still in the frozen state they are packed in
solid carbon dioxide and placed on the pumping mechanism
Evacuation of the system 1s begun After two hours the solid
carbon dioxide 1s removed from outside the vessel containers
and the vessels are then allowed to reach room temperature
Processing requires approximately eight hours, depending
on the size of the vessels and the number of vessels 1in the
system. During the latter part of this time the pressure 1s
held to less than ten micra. At the end of this period the glass
tubes in which the vessels are held are sealed with an oxygen-
gas torch and the vessels are stored at room temperature.
When the wial 1s broken the vessels are reconstituted in
a balanced salt solution or distilled water, contaimning 1000
units of penicillin per ml The arteries reach a normal con-
sistency in approximately fifteen to twenty minutes. They
can then be sutured in place. Twelve such grafts have been
placed i patients at the National Naval Medical Center in
Bethesda, Maryland, with the co-operation of the Tissue
Bank team operating there These grafts have been placed 1n
numerous sites, ranging from the thoracic aorta to the super-
ficial femoral artery In the twelve grafts there has been one
thrombosis which occurred, not in the graft, but at a site
just proximal and just distal to 1t in the patient’s own artery
It 1s interesting to note that this particular vessel had been
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placed from a point just distal to the bifurcation of the aorta
mto the distal end of the common femoral artery. In order to
bridge this defect two freeze-dried grafts had been sutured
together. Several months following operation the blood supply
to the hmb was found to be diminishing and a secondary
operation was carried out. At this procedure a thrombosis
was found above and below the graft, but the graft, in spite
of having no blood flowing through 1t, was still patent. There
was no thrombosis in the secondary suture line. In this
patient a new opening was made mto the abdominal aorta
just proximal to the bifurcation and a new graft was placed
from there into the superficial femoral artery. This neces-
sitated a graft which 1n 1ts unstretched length was 85 em n
length and when 1t was 1n place was approximately 45 cm.
mn length. Following operation the patient again had pedal
and posterior tibial pulses which have been mamntained.
From these experiences 1t has been our impression that all
patients with obhterative arteriosclerotic disease should be
mvestigated to determine whether grafling can rceonstruct
their vessels to maintain patency for long periods of time. In
the series of patients in whom this has been carriced out for
arteriosclerotic disease we have had to date only two failures
and feel that there 1s a very large group of patienfs in whom
such procedures may offer long years of uscful hife.

To obtain arterial grafts aseptically from the postmortem
cadaver offers a considerable problem If these vessels could
be taken without aseptic techmque the difficultics would be
considerably reduced In an cffort to do tihis a series of
experiments was undertaken, utihzing eathode ray irradiation
to stenilize the tissue  Vessels were taken, rapidly frozen and
then subjected to cathode ray irradiation.  When irradiation
dosage is sufficiently high to ensure sterithty certan undesir-
able changes occur in the graft. Tlowever, lower dosage of
cathode rays appear to exert no harmful mfluence on the

aft from the functional pomnt of view. It has been recom-
mended therefore by some (Deterling ¢t al., personal communi-
cation) that to exclude the possibility of contaminantion of
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grafts which are taken under aseptic technique small doses of
cathode ray irradiation may be valuable. This does not i any
sense solve the problem of obtaming grafts without all the
surgical precautions essential mn asepsis We have therefore
employed a number of other materials in an effort to sterihize
grafts without deleterious effects.

The use of orgamc gases with antiseptic properties has been
extensively investigated. We have now employed ethylene
oxide m both 1ts gaseous and liquid forms for the sterihization
of such grafts Sterihzation by this method 1s rehable When
used as a gas ethylene oxide may be used 1n a mixture with
carbon dioxide, commercially available under the name of
“Carboxide”, or as pure ethylene oxide. It may be
employed immediately after the grafts are taken or even more
easily after grafts are freeze-dried. The gas can be admitted
to the already evacuated chamber at the conclusion of the
freeze-drying process so that the stemlity of the entire
apparatus can be further assured by contact with the gas.
Any contamination which occurs during processing can thus
be elimmated

The use of ethylene oxide as a hquid has certamn advantages.
The time of exposure necessary to complete sterihzation 1s
somewhat shorter because of the high concentration of the
sterthzing material Liquid ethylene oxide has a dehydrating
effect upon the tissue which does not appear to be deleterious
Ethylene oxide 1s also a fat solvent, and the possibility of 1ts
action mn the removal of certan fatty compounds may be
valuable The work of Pate (1952) and of Sawyer and Pate
(1958) has demonstrated that the antigemicity of tissue 1s
changed by freeze-drying and we feel the use of ethylene oxade
may further diminish the antigenicity of tissue. We do not as
yet have data sufficiently conclusive to evaluate the mechan-
1sms 1nvolved, but the experimental results m 80 animals
parallel the results with grafts taken aseptically. Because of
our success with this method in amimal experiments it has been

employed with human homografts, but 1t 1s too early to
evaluate the results.
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The Jack of extensive peri-arterial tissue reaction mn homo-
grafts which have been freeze-dried suggested that hetero-
grafting should be nvestigated. We have employed freeze-
dried calf, lamb, and pig vessels experimentally. The results
are quite different from those of fresh heterologous transplants.
In the fresh state the success of heterologous arterial grafts
1s quite variable, but failure of the graft is to be expected 1n
almost all cases. After freeze-drying and treating with ethy-
lene oxide we have had no comphecations m 85 per cent of
the amimals In our early experiments there were several
notable failures with disruption and disintegration of the
graft. The treatment in these cases has been reviewed and we
feel that the method of processing the graft in these cases
was madequate, and that drying had not been fully accom-
plished In the cases which have had what we now consider
to be an adequate freeze-drying techmique we have had
excellent results. The tissues following implantation closely
resemble those of homografts except that the peri-arterial
response 1s more marked

We have been sufficiently impressed with this method that
we have now successfully employed heterografts in two
patients. In these cases the arterial grafts were obtamed 1n
an unsterile state In one case the vessel was taken from a
calf and in the other from a young pig. The grafts were
treated with hqud ethylene oxide for forty-five minutes
They were then frozen and dehydrated, sealed 1n a vacuum
of ten mucra and stored three months and two months
respectively. One of the grafts was used to replace the
common 1liac artery The origin of the right common ihac
artery had been completely obliterated by arteriosclerotic
disease and a new opening was made higher 1n the aorta and
an end-to-side anastomosis of the graft was made to the
aorta. Because the graft was too short to bridge the entire
length to the end of the mnguinal hgament, a second graft was
sutured to the first. An anastomosis of the graft to the
common femoral artery was performed just under the inguinal
hgament Pulses have returned below the gromn where they
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were absent prior to operation The patient’s foot 15 much
warmer and oscillometric readings are now greater on the
operative side than on the normal side, whereas they were
absent prior to operation. The potential applications of
heterologous grafts taken without aseptic precautions,
sterthzed with ethylene oxide, rapidly frozen, dehydrated,
and stored at room temperature in high vacuum would appear
to be the most practical of the methods which have been
employed to date for the large-scale availability and the
long-term storage of grafts. It is our feeling from the experi-
mental data which have been accumulated that these grafts
can be kept for very long periods of time; the exact time has
not as yet been determined, but the storage period should
be considerably more than one year if the processing has been
carried out adequately. Other expermmental work 1s now n
progress m which the grafts are stored in an atmosphere of
an mert gas mstead of bemg stored mm a high vacuum. In
this process hehum or nitrogen 1s admitted to the tube after
dehydration. This makes the sealing of the tube considerably
easier and we feel that this will probably be as satisfactory as
vacuum storage.

At the present time 1t may therefore be stated that there 1s
a sumple readily available process for the rapid freeze-drying
of arterial grafts Arterial homografts have been used
patients with good results The situations for which they have
been employed include congenmital obstructive lesions, such
as coarctation, as well as aneurysms, trauma and arterio-
sclerotic lesions of the obstructive type. A new method of
sterthzation of tissue with minimal tissue change has been
described, employing gaseous or iquid ethylene oxide

It fvould appear that such methods of sterilhization when
combined with a freeze-drying techmque favourably influence
the reception of the implanted tissue to such a degree as to

offer a real hope that arterial replacement can be readily
available on a large scale

NORMAL TISSUES
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DISCUSSION

Oupor* I have not used any freeze-dried grafts, but I have used in
humans 80 grafts prepared by Gross’s procedure I think my grafts
are non-viable, because in four or six hours’ time, I have never seen a
growth 1n tissue culture My results are similar to those of Hufnagel
and Pate In the 80 grafts, there were only three leakages, I had a
leakage when I did a second graft on the same patient, and I think that
m a case hike this 1t 18 a question of an immunologieal reaction. T have
also used grafts for bifurcation of the aorta, and I have now 12 cases
with 10 good results The method of Hufnagel 1s very interesting and
very convenient, and I am sure there 1s no immunological reaction

Pankes Do you know the residual water content of your freeze-dned
grafts, Dr. Hufnagel?

HurNactL., We have not measured that extensively Dr. Pate hag
done some work on that

Pate It s less than 1 per cent—about 0 8 per cent

Evans Dr Hufnagel's statement, that viabihity of tissue doesn’t
necessarily mean that you're going to have a functioning graft, 1s very
mmportant X think 1t mught be taken nlo consideration regarding the
use of tissue culture as a means of determiming if skin 1s viable. You've
got to be very sure when you have a positive result that it is not merely

*(Editor's Note Dr Oudot died before he could cheek his part in this anl
subsequent discussions His comments have been omitted wherever the
transcriptions left some point in doubt )

= A e e s
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mugration or unfolding of the cells from the edge of the explant, you have
to be positive that 1t’s real growth In addibion 1t may not be wise,
except and even n the hands of the very experienced tissue culturist,
to extrapolate results erther negative or positive into the final results
to be expected from functioning grafts 1n vivo

Roeers Dr Hufnagel, how long a follow-up period do you have on
your heterografted arteries now?

HUFNAGEL The heterografts are qumte recent, bemng about two
months since mmplantation

Rocers And have any of your patients died, not because of the opera-
tion, but concomitantly, so that they could be autopsied?

HurnaerL Fortunately not

Patr We have a series of freeze-dried heterografts in dogs which
have been followed for about eighteen months—we have autopsied
about 20 of them—and the graft looked fairly good both mucroscop-
1cally and grossly They do show an increased amount of fat in the
media but not 1n the intima, which we can’t explan at the present tume

MepawarR Have any of the dogs which have been grafted with
freeze-dried heterografts ever had second grafts from the same species?
I ask that question because there might be a catch 1n the use of freeze-
dried heterologous grafts Gibson has done some unpublished expen-
ments on the use of boiled beef cartilage 1n human plastic surgery, and
finds that although the first graft works farly well the second ones
sometimes do suffer an accelerated reaction of some sort

PaTte We would use a different donor species the second time,

Strone We have a case in the Tissue Bank file who has had four
grafts to his nose the first one was a merthiolate cartilage which failed,
that was followed by his own 1ihac bone, which dissolved, tlus was
followed by a piece of frozen bone, and that dissolved, and that by a
piece of his own cartilage which dissolved The last word we had from
m was that he had had enough of grafting

Roeers I think American plastic surgeons are very interested mn
the recent newspaper reports of the use of bovine cartilage mn Great
Britain for nose and ear reconstruction i the human I would be
particularly interested i knowing what type of follow-up studies have
been made on such bovine heterografts

Easrcorr I was recently privileged to see a case of Sir Harold
Gillies’ mn which he mserted bovine heterografts a long time ago He
says that these bovine heterografts, although they reconstruct perfectly
at the time and are tolerated very well m the early stage, undergo slow
and steady resorption and some may need replacement, although I
gather he hadn’t met the problem of immunity response to the origmal
species

Mepawar May I ask Prof Pomerat what circulatory cells he thinks
could possibly re-form a vascular endothelium?

PoymEeRAT It seems very difficult to see how the circulatory elements
can come 1 and replace vascular limngs along the new course of the
graft On the basis of other information 1t seems much more Iikely the
growth 1s mwards I would have hked to have seen the shdes Mr
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Easteott showed at higher power to see whether this was a matter of
edema or what the cellular configuration was at the md-pomt.

Ros. We have other shdes which indicate that we get lamellar
clotting, a thin clot on the surface of the graft, and certan cells 1n that
clot produce a layer which resembles vascular endothelium

PomEraT That’s a very mnteresting possibility, because there have
always been those who have believed that monocytes have macrophagic
capacity, and the Maximow Bloom school has maintamned that even
the small lymphocyte may produce a macrophage, and so in the chain
of transformations one might get back as far as mesenchymatous
elements with wide potentialities I think the ficld deserves a great
deal of study i

SANDERS This raises the whole problem of to what extent the tissues
of one individual may be able to copy the contents of a foreign trans-~
plant placed within that individual When we look at the end results of
transplants without studying intermediate stages, we may perhaps
sometimes be decerved by the normal-looking appearance of the graft,
1t may, 1n fact, consist mostly of host tissue which has copied, or whose
cells have reinhabited the matrix of the transplanted tissue.

Pomrcrat It has long been known that reverse transplantation of
skin from the belly and back of the tadpole results in colour changes n
the transplant Eventually the transplanted tissue 1s entirely replaced
by adjacent cells I think 1n the case of the dead vascular segment, we
are providing the organism with a temporary scaffolding which can be
replaced from a cellular point of view and apparently eventually at the
molecular level

Ros I should hike to stress agam this matter of delayed autografts
of glandular tissue that Mr Eastcott mentioned briefly. I think it may
have an important clinical application m sclected cases, and that
surgeons should consider very carefully the possibility of stormng away
human endocrie tissue and putting 1t back mn gradunted doscs in
accessible sites at future dates, and perhaps if one puts too much back,
taking a httle out agamn and so on It should be simple to do and may
have a big future.

PaRrkrs. Are you thunking of endocrine tissues only?

Ron There mught be a case for other tissues, but T think the endo-
crines are particularly suitable In the case of an organ the problem of
preservation 1s much more difficult if one’s not preserving 1t mn slices
and then one would have to reconstitute the blood supply subsequently
With the thin shees of endocrine tissue, just ke the skin grafi, you
hope to get the blood supply to the surface

Parres Have you any posittve results yet?
Ron No. We have been storing human adrenals and other tissues

for just over a year, and we have not yet got a really deficient patient
for such a delayed autograft In one patient whose adrenals were
removed for Cushing’s Syndrome over a year ago we may nced n graft
soon and we have kept lus adrenals in glycerol sahine at ~790°C ever

smnce .
Jones I don't want to be discouraging, but I've done a certain
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number of expermments and Dr Smith and Dr. Parkes have done many
more, on storing adrenals at —79° I beheve they have been unsuccessful
and I've had no success at all At —79° 1t seems doubtful whether ad-
renals, anyway, remain viable for more than twenty-four hours—if that

Ros Ovanan tissue does

Parkes In the medium we have been using, —79° 1s not a very good
temperature for preservation, but we think that 1s maimnly a matter of
further work on the medium From the work that we’ve done 1n the rat,
1t seems that ovarian tissue lasts better at —79°C 1f 1t 1s frozen 1n glycerol
serum rather than glycerol saline. There’s a great deal more work to be
done on the question of medium as well as on temperature But have
you any experience with human adrenals stored in glycerol, Mr Jones?
, JonEs No Only of the embryome graft in rats

Parkes This may well be another case where 1t’s not safe to argue
from rat to man.

BruringEAM Mr. Easteott, you mentioned very briefly an experiment
on corneal storage Were you referring to expermmental work or to the
climeal application of a graft?

EastcorT. Both These were experimental operations conducted with
a new method 1n man They were justified by the fact that they were
lamellar grafts which could quite easily be repeated without detriment
to the patient’s condition, and no fresh maternial was available,



THE PRESENT STATE OF CORNEAL GRAFTS
B W RYCRbFT

BEFORE we pass on to the consideration of factors which
influence corneal grafts, cither for good or evil, 1t is essential
that we should clearly evaluate our standards and decide
what 1s to be the yardstick of success 1n a corneal graft.

There 1s some confusion in mternational circles as to the
method of assessment of the results of corneal graft operations
Some authorities such as Tudor Thomas claim that the anato-
mical clarty of the graft rather than the improvement of
vision should be the standard They argue that vision can
be mfluenced mn graft cases by factors unpredictable before
operation such as carly cataract and retinal discases. They
state, with truth, that the pathology of the posterior cye
cannot always be diagnosed before a projected graft operation
owing to the extent of the corncal scar. Yet others ike Stans-
bury prefer a physiological basis and mecasure their success
by the improvement of vision obtained These differences in
the method of assessment have bedevilled comparison of the
mternational results of graft surgery smce anatomical
transparency does not nccessarily mean improvement of
vision Today, however, as we are discussing grafts of many
kinds which arc based on anatomical success the same standard
will be applied to corneal grafts. It should, however, be
remembered that the ophthalmic surgeon demands lugh
standards for his grafts: not only must the graft “take” and
remain permanently transparent but it must also conform to
the regular radius of curvatures in the host if clear undistorted
vision 1s to he obtained, For cxample, a clear graft with
distorted curvatures may not improve vision on aceount of
irregular astigmatism.

Corneal grafts today are used for four mamn purposes—

210
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1 Restoration of vision by the replacement of opaque scar
tissue (optical). 2. Acceleration of healing by the coverage of
an idolent corneal ulcer by fresh graft tissue, which 1s the
same prmciple as 1s used for cross leg flaps and vancose
ulceration (therapeutic) 3 Corneal grafts are also used for
the sake of appearance, to replace the mdeous white staring
scar of a blind eye (cosmetic), and 4. They may also be pre-
paratory, where there 1s a marked disparity i the thickness
of the host cornea compared with that of the graft (prepara-
tory) Today only the optical grafts will be discussed although
from the immunological aspect therapeutic grafts present
many interesting problems.

In technique there are today three types of graft, namely-—
1 the full thickness type, which can be compared to the Wolfe
skin graft, 2. the split thickness type, comparable to the
Thiersch skin graft; and 8. the flange graft, which 1s our own
method, or as 1t 1s called by Franceschetti, the “mushroom”
type. Full thickness grafts must be used where the corneal
scar mvolves the whole thickness of the cornea. It opens the
eye ball and 1s therefore hable to comphcations About 30
per cent of these cases retain anatomical transparency. In
the split or lamellar type of graft complications are few, since
the eye ball is not opened, but there are severe hmitations
and only superficial scars are amenable to this method On
the other hand, about 70 per cent of sphit corneal grafts
remain clear. The flange type of graft has been evolved to
avoid the compheations of the full thickness method The
graft 1s the shape of a back collar stud and 1s composed of
partial and full thickness parts. It aims at providing a self
sealing section and avoids many of the complications of the
full thickness method

The factors which mmfluence optical corneal grafts are —
1 technmique; 2 nfection; 3. selection of cases; 4. selection
and preservation of donor material; 5. vascularization,
6 cedema

Technique need not be discussed in detail today, but 1t 1s
‘probably of more mmportance in corneal graft surgery than 1t
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1s for other types of grafts since these m general conform to
well established principles of surgery. To a certamn extent
technique has vared only n detail in the last fifty years
New and fine-precision instruments have naturally changed
details of surgery a little but the basic principles of accurate
fixation and strict asepsis remamn  In the penetration method
the object must always be to seal the wound in the eye ball
quickly to avoid the possibility of meclusion of s or other
mtraocular contents mn a leaking section, and n the non-
penetration methods absolute fixation of the graft 1s also
essential. Nowadays, direct edge-to-edge sutures and ap-
positional cross sutures are the main methods of fixation.
It 1s vital that needles for suture work and all cutting edges
should be exqusitely perfect. In the East Grinstead clmie
cutting edges and points are all subject to microscopic scrutiny
by the sht lamp before operation.

Infection 1s no longer a great problem 1n corneal graft sur-
gery and 1n our last 100 cases 1t has not been of any serious -
consequence. Two types have been encountered one 1s where
there have been comncident severe burns of the face and
conjunctiva with considerable chronic hd infection and the
other has occurred as a small residual abscess in the graft bed.
This was a feature 1n some of our early cases and was probably
due to acrial contamination since granules of tale, cte. have
been found belind the graft All usual pre-operative investi-
gations and selective antibiotics are used: for Bacillus pyo-
cyaneus, which 1s so common 1 burns cases, we have found
local polymyxin very satisfactory. Culture of the donor eye
1s also essential

The condition of the host cornea has also an mnfluence on
the eventual success of the graft In general it may be smd
that 1if a graft 1s completely surrounded by dense fibrous
tissue 1t 1s unhikely to survive, so that if possible grafts should
always be planned to abutt on normal scar tissue. It will
thus be secen that m experimental animals if any accurate
comparison 1s to be made the graft must be placed in scar
tissue and not 1n the normal corneca of the animal, Also a
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graft should not be carried out on a scar which 1s still vas-
cularized from the mitial myury, the quieter the scar the better
the chances of avoiding graft vascularization

The type of host eye disease which has produced the scar
1s of consequence. The scars of conical cornea and interstitial
keratitis are generally successful but the dense scars of burns
from war injuries unfortunately are not Acne rosacea and
leprosy have both been known to spread from the host after
the graft has been successfully performed

The donor problem 1s still with us. The latter half of the
19th century could be called the phase of heteroplasty when
there was a plethora of dismal faillures in corneal graft
surgery Now although these have been put down to the fact
that these grafts were heteroplastic 1t 1s also very likely that
severe mnfection, immature technmique and efficient mstru-
ments contributed to these failures. There was also poor
anesthesia and a confusion of i1deas on grafting. Slowly the
fires of enthusiasm died away but there still remained a few
glowing embers The first heteroplastic graft into the human
was made 1n America by Kissam 1n 1838. He used the cornea
of a s1x months old pig and the eye of a man blinded by a dense
central scar Vision mmmediately improved but within a
fortmght the graft became opaque and mm a month 1t had
merged in to the orngmal scar tissue. In 1886 and 1887 Von
Hippel exhibited a patient at meetings of the German
Ophthalmological Society at Heidelberg where after four
unsuccessful attempts he had succeeded in implanting a full
thickness corneal graft from a rabbit into a partial thickness
bed 1n a human Vision was improved and must have lasted
at any rate for a year But 1t fell to Zirm 1n 1905 to apply a
sharp draught to the smouldering fires by the report of his
famous case of human transplantation which restored the
sight of a man bliinded by lime. Heteroplasty was abandoned
and when homoplasty became the fashion corneal graft sur-
gery m Europe rapidly expanded. Yet we must not entirely
dismiss heteroplasty, since last year Babel, Bourquin and
Choyce have again reported successful corneal heteroplastic
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grafts m animals Expermmental evidence of tlus kmd 1s
valuable in that 1t will enable us to study the behaviour of
heteroplasts but 1t is unlikely to influence the general use of
homoplasts. It 1s mteresting to note m Babel and Bourquin’s
series that the tolerance of heterogenous tissue did not
appear to be pecuhar to a given species nor was 1t related to
any particular part of the donor cornea. Rabbits tolerated
well grafts from ox, horse, pig and sheep Also 1t is of
umportance to note that a second graft from the same and
from a different species was not tolerated as well and nine
such grafts all rapidly became opaque although the clanty
of the original graft was not affected One cannot help
feeling that this 1s parallel to the work of Medawar on rabbit
skin grafts There 1s no evidence to show how these grafts
would behave 1if they had been preserved. they were all
fresh grafts. Inorgamc hetero-transplants must be briefly
mentioned and 1in domng so one may say that the wheel of
fashion has turned a full cirele. The original 1dea of nserting
crystal mnto a scarred cornea came 1n 1778 from de Quengsy;
Franceschetti and others have recently tried plastic corncal
mmplantations with varying success In our own cases the
implant was discarded and even if 1t had remamed fibrosis
would have impaired vision.

Von Ihppel i 1887 founded the basis of homoplastic
keratoplasty. Eyes were removed much more frequently m
olden days than they arc today and there was probably an
adequate supply of donor matenal. Nowadays, however, the
only source of fresh material 1s from cyes winch have to be
excised for tumour of the posterior eye, such as sarcoma, or
from degencrate eyes of absolute glaucoma, ocecasionally
an injured eye 1s suitable. Only once has the original neoplastic
disease of the donor occurred n the graft this was from a eas¢
of ghoma and was reported by Kato in Tokyo. .

But there is no doubt that this supply of fresh grafts 1
steachly dimimmshing as more intraocular tumours are succcss-
fully treated by radium, radon and possibly by isotopce. In
any case, a cornca removed from a pathological eye is not
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ideal smce the eye has often been under tension prior to
excision but by force of necessity this source has had to serve
in the past. In 1922 Filatov reported the use of cadaver
cornea which had been preserved m an ice box and he pre-
ferred preserved corneas to fresh matenal.

The 1deal donor 1s the cornea of an aged mdividual who has
died a natural death the cornea of the feetus 1s too pliable and
sharply curved There 15 no doubt that 1t 1s to the cadaver
cornea that we must look m the future for our main source
of donor supples, methods of preservation, therefore, are
of the highest importance At one time 1t was thought that a
cornea or eye should be removed from the cadaver within
two hours of death but now 1t 1s found that fifteen hours post
mortem 1s probably the humit. Once 1t was found that this
longer period of time was feasible administration difficulties
of collection were easier to overcome. The length of preserva-
tion has been as long as three weeks for optical grafts and many
methods are used. Paufique favours saline vapour, Tudor
Thomas saline or a moist chamber, Barraquer m a dry test
tube on 1ce, and Feldman by partial dehydration At East
Grmstead, Burkr’s method 1s used by which the cornea 1s
preserved m sterile hquid paraffin at 4°C ; such grafts have
been successful after three weeks of preservation. During
that time the cornea is known to consume oxygen. Douane
reported that respiration 1s mamtained in o1l but 1s 1educed
by 70 per cent by freezing to —40°C and 1s abolished when the
graft 1s preserved 1n formalin For our purpose the viscosity
of the iquid paraffin is also valuable because so many of the
donors are transported by rail and the inertia of the oil
protects the eye m transport. Before use at operation the o1l
1s removed from the donor by washing m 1 per cent Cetavlon
and spraying with penicillin saline solution. The graft 1s
never immersed 1 aqueous flmd as an alteration mn thickness
would occur, 1t 15 retamed 1n moist pemcilin gauze,

However, until recently 1t has been quite illegal for people
In this country either to bequeath thewr eyes for surgical pur-
poses or for any surgeon to remove any organ from the dead
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body except on the coroner’s instructions Since there are a
large number of enlightened people 1n this country who wish,
to help research in the cure of blindness 1t seemed, thercfore,
that steps should be taken to abohsh restrictions which
prevented the bequest of eyes and their post-mortem removal,
Accordingly, 1n May, 1952 a Bill was presented to Parliament
with this object m view and 1t became law m September, 19352,
It 1s now legal for a surgeon to remove eyes for therapeutie
purposes from a dead body provided no objection 1s raised
by the nearest relative. It s also legal for people to bequeath
their eyes and from personal experience I have to report that
near relatives have never objected either to personal request
or to the removal of eyes from bequest. The natural sequence
to this Act has been the establishment of Eye Banks through-
out the country The Bank at East Grinstead has rceeived a
considerable increase of material since the passage of the
Act and frequently a team from the hospital has gone out and
collected eyes within a few hours of death. It is of sigmficance
to note that on such an unusual occasion the nearest relative
generally treats the bequest of the deceased and the whole
procedure with a sense of digmty and duty. The problem of
donors in this country has therefore been much diminished
by the Corneal Grafting Act of 1952. )

The nisks of infection and the difficulties in the supply of
instruments and donors which confronted us at the end of the
last war have been largely overcome. The problems which
remain lie, I think, in the province of the laboratory rather
than n the operating theatre. They are those of graft vas-
cularization and cedema.

Vasculanzation of a corneal graft may take three forms:
Firstly there 1s the superficial traumatic vasculanzation
which immediately oceurs after operation and which generally
subsides. Sometimes, however, it persists and invades the
graft, with resultant fibroplasia  Then there may be the
aggravation of existing blood vessels in the host cornen u:lm‘h
may mvade the graft to all depths and bring nbout opacifica-
tion. Thirdly, there is the late vaseularization which occurs
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towards the end of the third week and 1s generally accom-
panied by cedema Previous attempts to control this vas-
cularnzation have been by beta-radiation to host and donor,
retro-bulbar mjections of alcohol, and by cortisone At East
Grinstead no definite conclusion as to the effects of radiation
have been reached but there 1s no doubt as to the value of
local cortisone Not only does cortisone reduce uritation
and discomfort but 1t also, according to Ashton, prevents the
endothellum buds from growing out of new blood vessels,
and new vascularization 1s, therefore, clinically controlled to
a great extent It has no effect on established blood vessels.
If the cortisone 1s given parenterally adverse results are seen
and delayed healing of the graft occurred 1n two of our early
cases.

Oedema of the cornea 1s a problem which 1s 11l understood.
It may involve both full thickness or lamellar grafts and 1t
generally occurs mn conjunction with vascularization. Some-
times 1t suddenly comes on about the third week 1 a graft
which has previously been clear and satisfactory (Maladie du
greffon). Hypertonic salines have some transient effect on
this cedema but the ultimate outlook 1s gloomy. Cortisone
has very little effect and cedema, therefore, remains the
dommant problem at the present time It 1s hoped that
perhaps you may be able to help me with a discussion of the
problems of immunology 1n relation to corneal grafts. Total
corneal grafts with a scleral frill have been attempted, but so
far results have been entirely unsuccessful except to establish
a method of technique These total grafts were performed on
volunteers and on blmd eyes but in every case the eye has had
to be removed subsequently To my nmund, however, if we
can solve the problem of why these grafts fail (and there was
no evidence of infection) 1t will lead us a long way to solving
other problems of corneal graft surgery and to help a further
proportion of cases which have hitherto been considered to be
hopelessly blind

My feeling 1s that the improvement of results in corneal
graft surgery rests not entirely m the improvement of tech-
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nique but rather in a better understandmg of the immuno-
logical problems wluch beset graft and donor.

DISCUSSION

Briringuanm I should Ike to mention briefly some experiments that
Miss Boswell and I have carried out to determine whether corneal
homografts are in fact antigeme as skin homografts are known to be
We have found that when tluin shavings of homologous cornca are
transplanted to richly vascular beds prepared m the skin of a rabbit’s
chest, the grafts heal in, become wvascularized and their epithehum
prohferates just as 1t does i the case of corneal autografts so trans-
planted. However, the hosts did not long tolerate their heterntopic
corneal homografts they broke down in the same manner as skin homo-
grafts Furthermore, once a host had reacted against cornenl homografts
1t became so affected as to accelerate the destruction of further corneal
grafts later transplanted from the same donor. It s mferred from these
results that when corneal homografts are transplanted so that they
become vascularized, they mmmunize therr hosts and are therefore
antigenically effective

We have also tried to shed some hight on one aspect of a further
problem Mr. Rycroft has referred to whether o corneal graft functions
simply as a framework graft, or whether some of 1ts cells may survive
indefinitely We have investigated the effectiveness of transplantation
mmmunity within the substance of the intact cornes by transplanting
minute skin homografts to pockets cut in the corneas of rabbits wiich
had previously been immumzed agminst their intended donor's skin
The ammals were destroyed at various mntervals after grafting and the
fatc of the grafts determmed, either on the basis of histologienl
examination, or by transplanting them back to the original donor from
which they were taken as a biologeal test of thar continued viability.
We found that the skin grafts transplanted to the corneas long outlived
skin homografts transplanted on the same occasion to the recipients!
chests, provided that the grafts in the corneas remamed unvascularnized.
If, however, vessels from the mbus grew out and penctrated the prafts,
they promptly broke down From this it wasinferred that tissue trans-
plantation immumty 1s mneflective within the substance of the cornen
so long as it remams avascular

These findings make it clear that cornea 1s not an “iinmunologically
privileged’ tissue, but a tissue m an immunologieally privileged position,
The question of whether homogralts transplanted to the corpes can
themselves provoke immunity 1s thus of no practical importanee, since
any such immunity would be quite ineffective w0 long as the grafis
remained avascular,

Rycnrorr As a chimicinn, two considerations oceur to me. Ve wottld
not regard a shver of the cornea ns a true graft—it is anly purt of the
cornen  And the environment of such o graft should be either in eontrol
or comparable—there should be aqueous humaour on one sude nnd air
on the other before a ehnician could draw conclusions,
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DempsTER I was interested mn the bacterial pathogens. Would you
say that pyocyanea 1s not common n diseases of the eye?

Rycrorr It 1s extremely uncommon 1n the ordinary way, but a lot
of my graft work on eyes 1s with a burns Umt Pyocyanea 1s almost a
normal nhabitant of such conjunctiva, but the burn 1s the orgin

DEMPSTER It 1s iteresting because A. B Wallace of Edmburgh
finds pyocyanea frequently associated with the breakdown of skin
homografts And in the kidney of the dog, one can quite frequently
culture a scanty growth of pyocyanea in the homografted kidney when
the immune response has come on and when the tubules look histo-
logically satisfactory, but the kidney has stopped secreting I was
wondering if you had tried terramyein locally 1n these cases? Terramycin
seems to be the only available antibiotic which 1s effective against
pyocyanea

Rycrorr We haven’t tried terramycin because we have found
reasonable control with polymyxin

DempsTCR Is 1t a pure growth of pyocyanea? There’s great doubt
amongst some bacteriologists whether pyocyanea 1s really, in fact,
pathogeme You don’t get a mived growth?

Rvcrorr The pre-operative culture investigation shows us con-
sistently the pyocyanea in burn cases we treat them with the polymyxin
first as a routine before corneal grafting

DenvpsTER I see But when you get a breakdown, 1s that ever
connected with pyocyanea infection establishing itself?

Rxl'cnor'r No, conjunctival cultures in corneal graft breakdown are
sternle
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ing mstructed in Tissue Bank technique. The Tissue Bank
ice and 1ts civilian secretary are the administrative centre
the clinieal research project and the follow-up system

At present our principal source of tissue 1s sterile post
rtems on patients that die in our hospital. To be used as
tissue donor the patient must be free from mahgnancy,
ectious or contagious disease, including syphilis, and
patitis. If these conditions are met, a medical officer from
2 Tissue Bank talks to the next-of-kin to ask permission to
nove tissue for grafting. In occasional cases the physician
ang care of the deceased has done this for us. This per-
ssion has been obtained by telegram following a long
itance telephone call to the relatives If this request 1s made
the next-of-kin 1n the proper manner by an individual who
well versed m the Preserved Tissue Program, 1t 1s seldom,
:ver, refused This permission 1s always obtamned 1in writing.
1s must be done within twenty-four hours of death and the
dy must have been refrigerated i the mterim (Deterling,
38). .

I‘h)e body 1s brought to the Tissue Bank work room where
: trunk and lower extremities are shaved and scrubbed with
letergent soap, contamning hexachlorphene. The body 15
wed to the special operating room, which has been previous-
prepared Standard operating room mstrument tables are
. up, sterile drapes and linens are provided 1n large quanti-
s. At the start of the procedure, the body is placed face
wn on the operating table, care being taken not to distort
» face, or stamn the hands and other exposed areas with
» antiseptic solution used to prepare the skin.

The sk 1s prepared with merthiolate following an ether
an-up. The back, buttocks and posterior thighs are draped
*h sterile sheets Large rectangular pieces of skin are taken,
ng the Brown electric dermatome., This mstrument 1s fast
1 efficient, permitting the removal of large areas of skin 1n
hort time. As each piece of skin 1s removed a record 15 made
its s1ze and 1t 1s placed 1 a metal tray After the tray has
:n filled, cultures are taken and the tissue 1s then hberally
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soaked with a saline solution of penicilhn and streptomycm
containing 500 mg. per ml. of each of these antibiotics. Thes
skin 1s quckly frozen by pourmng an excess of hquid nitrogen
nto the tray. It is quickly double wrapped 1n sterile muslin ‘{
wrappers, securely tied and immediately placed in dry ice
storage at —76°C. to await freeze-drying. This technique of
homogenous skin preservation 1s much more rapid than the
nutrient media method we previously used (Hyatt, 1952).
The latter 1s probably the method of choice for stormg auto-"
genous skin for reuse on the donor; however, freeze-drymg
produces a material that works as do other types of skin
homografts and 1t has the advantage of longer storage. Next,
all drapes are removed and the operating team is regowned
and regloved, and the next operative area 1s prepared.
Between each operative site and each new type of tissue
fresh drapes and fresh mstruments must be used to prevent
cross contamination Skin towels are always used.

Tissues are removed 1n the following order. First, the skin
of the back as described above. Second, the scapulas, following
which the body 1s turned onts back, reprepared and redraped.
Third, the femoral vessels are resected from the inguinal
ligament to ten inches distally. Great care must be taken to
divide all arterial branches at least ten millimetres from the
mam artery Fourth, the tibias and femurs are resected
through a lateral incision by subperiosteal dissection. Lane
no-touch-technique and the oscillating electric saws are used
to remove the long bones. The 1ha are removed next. The
chest 1s then entered and the sternum and ribs are divided
at the costochondral junction and the sternum removed, the
thoracic aorta removed, as well as the third, fifth, seventh
and minth nbs on each side Lastly, the abdominal cavity 1s
entered and the aorta and the 1haes are removed.

A word about arterial dissections as apphed to graft pro-
curement. It cannot be over emphasized that the utmost
care must be used mn dissection of arteries. Their branches
must be divided at least 10 mm. from the main vessel. These
branches must not be put under any undue tension which
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would subject them to strain where they leave the aorta, as
this would result 1n a tear wlich does not become evident
until the graft 1s reconstituted Thus 1s particularly true of the
intercostal branches of the aorta ;

Artenal grafts are washed in physiological saline, cultured,
sprayed with antibiotic solution and assigned a number.
They are then laid aside in a glass tube for freezing after all
have been removed. We have been unsuccessful m pre-
serving arterial grafts from donors over thirty years of age

| Over this age we do not even attempt arterial dissection be- -
cause mimimal arterial sclerosis results m crackmg of the
vessel during processing.

The elaborate aseptic ritual used for tissue procurement
<should be emphasized Each time we change an operative
site or start the removal of a different tissue the operating
team must change masks and rescrub prior to donning new
sterile gowns and gloves In addition, fresh instruments and
fresh drapes must be used for each tissue and each operative
site. During the operative removal of tissue all participants
wear double masks which are replaced with fresh ones every
hour on the hour Also, all personnel 1n the operating room
must wear mushn boots over their shoes No talking 1s allowed
and hand signals are used for all communications. During
the average autopsy, which requires twelve to fourteen hours
to complete, between 200 and 250 cultures are taken. It has
been our experience that 1f this elaborate aseptic ritual 1s not
followed, contamination becomes progressively more frequent
as more grafts are processed and cultured. This has resulted m
as high as 20 per cent of the deposits of a given autopsy being
rejected for contamination, principally with airborne bacteria
This occurs m spite of two ultraviolet air sterhzing hights
that are continually burming in the operating room. If, on the
other hand, the strict aseptic ritual 1s rigidly followed, con-
tamnation 1s cut to 1 per cent or less Contammated grafts

are discarded.

After the last tissue 1s procured, the body 1s removed to the
work room for reconstruction. The femoral vesscls are
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yulated with plastic tubes to facilitate embalmmng and
long bones are replaced with intermedullary wooden
els to secure proper length and alignment of the extremity.
skin 1ncisions are closed with a continuous suture, and
body returned to the morgue for the pathologists to hold
-outine necropsy If an abnormal or pathological condition
iticed during the sterile autopsy, we personally inform the
ologist. In spite of the extensive dissection we have
tled out, the pathology department has no difficulty in
lucting their normal post mortem examination. The only
cture we have disturbed 1n which they might be interested
1e aorta, and if this was abnormal, they receive a state-
t as to 1ts condition
ollowing the removal of the body to the autopsy room,
ks are changed, clean drapes and mnstruments provided
the process of cleaning, cutting, grinding and culturing
bone 1s undertaken. Cartilage 1s separately processed.
is tubes contamming arterial segments are carefully im-
sed m a solution of dry ice and aleohol at —76°C Care
t be taken that none of this alcohol ecomes 1n contact with
graft After ten minutes in this solution, the vessels are
ble wrapped with mushin wrappers, labelled and quickly
ed 1n the deep freeze to await desiccation
s they are cleaned, the 1ha and scapulas are cut into pieces
ground ito particles a little smaller than a grain of rice,
ig the Roger-Anderson Bone Mill Ribs are treated mn a
lar fashion or are sphit mto “matchstick’ grafts Approxi-
ely one ounce of this ground bone 1s placed n each bottle
T cultures have been taken The tibias and femurs are
mto flat cortical grafts, cultured, placed in bottles,
tyed with antibiotic solution and temporarly capped.
h bottle has a metal band that 1s stamped with the control
aber. A sequential record of this number and the contents
he bottle 1s made n a large notebook and on a bacteriology
ure request shp This ship 1s sent to the laboratory with
material for aerobic and anaerobic cultures The bottles
'one are placed 1n large trays, doubly wrapped in mushn,
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labelled and stored in the deep freeze at —76°C., to freeze
before vacuum drymg.

If we were unable to reach some of the staff or i1f they were
unable to come 1n at the time the post mortem was done, they
report at this time to clean up. The procedure as described
takes about five hampers of linen, including 75 pairs of gloves
and glove wrappers, 50 gowns, 400 towels, 200 sheets and a
host of muscellaneous materal, including 500 wrappers
Approximately 100 to 125 grafts of all types are obtamned
from the typical young cadaver.

The tissue is now ready for freeze-drying. We use a com-
mercial freeze-dryer that has undergone extensive modifica-
tion m our Tissue Bank This machine is essentially a large
steel chamber that contains three hollow metal shelves The
two bottom shelves are cooled to a temperature of —50°C by
an internal system using “Freon’ 12 as a refrigerant, These
shelves serve as a condensing surface to trap the water
vapour that has sublimed out of the tissue durmg the vacuum
drymg process The third or upper shelf on which the tissue
1s processed, 1s connected to a reservorr of trichlorethylene A
small electric pump m this system permits us to circulate
this matenal through the plate as a refrigerating or heating
agent. When the freeze-drying cycle 1s started and we want
to mamntam the tissue 1n a frozen state, the trichlorethylenc
1s cooled by a bath of dry 1ce and aleohol. This enables us to
lower the temperature of the upper plate to approximately
—50°C. This plate can also be warmed to supply the latent
heat of sublimation by means of a thermostatically controlled
electric heater in the trichlorethylene reservorr Thus the
temperature of the processimng plate can be accurately con-
trolled. We have replaced all vacuum gaskets with a new
cthylene polyfluoride polymer called “Teflon”, winch is an
excellent high vacuum gasket material The machine 15 s0
designed that 1t can be steriized with steam in the same
manner as an autoclave. After sterihization 1t 1s cooled to

room temperature prior to use
Our usual technique 1s to run the internal refrigeration
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system for twenty-four hours before loading the machine for
vacuum drymng. The tissue 1s removed from the deep freeze
and unwrapped, using sterile techmque. By this time the
bacteriology laboratory has reported on the cultures taken
during the procurement and any contaminated materal 1s
segregated and removed before loading The trays of tissue
are placed on the top shelf where they are held in a frozen
state while subsequent trays are removed from the deep
freeze, unwrapped and loaded This 1s all done as quickly
as possible The door gasket 1s coated with high vacuum
grease, the door closed and securely dogged down. The
vacuum pump 1> immediately cut in and the chamber rapidly
exhausted to a standing pressure of between 70 and 100
micra of mercury. A careful check 1s mamtaimned on the
temperatures and pressures during the drying cycle A written
record as well as a visual graph 1s kept The upper shelf 1s
allowed to mse gradually to 0°C as sublimation takes place
On the fifth day there 1s approximately 10 per cent residual
moisture 1 bone. The temperature of the upper shelf 1s then
raised to 80°C., supplying the latent heat of sublimation to
remove this water. At the end of fourteen days the cycle
1s terminated, the bone now contaming less than one per cent
residual moisture The material 1s brought to atmospheric
pressure, removed from the freeze-dryer, and quickly vacuum
packed, agamn under sterile techmque, by using a small
vacuum pump to pull the secondary vacuum through a hand
capping unit.

In our equipment, bone requires fourteen days to dry
However, blood vessels and skin are much more rapidly !
dried, requiring only three days for removal of 99 per cent
of tissue fluids

We have experimented with many types of contamners We
are currently using the two sizes of small diameter Baxter
bottles and have found them to be the most satisfactory of all
types tested. They are commercially available and are much
less expensive than any other type of umit we have used. In
addrtion to the rubber stopper and metal cap a secondary seal
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of hot wax 1s applied Of all the compounds tested the Apie-
zon, manufactured by a British electrical firm, 1s the most
satisfactory for mamtaining a good vacuum over long periods
of shelf storage Following the capping and sealing, the
material 1s labelled, multiple checks are run to make sure that
no contamnated grafts have shpped through, that all records,
numbers, measurements, and descriptions agree, The grafts
are then placed on the shelf for storage at room temperature
until called for by the surgeon. g

A word about records. in running a project of this type,
records can never be too detailed or too carefully kept
Sufficient to say that we have learned the hard way Some of
our records are: 1 A legal form that authorizes us to remove
the tissue 2. A tissue deposit withdrawal card that i1s made
out for each graft, giving 1ts control number and describing in
detail, who, where, when, what, how, and why. The results of
the blood test for syphilis and the culture report from the
bacteriology laboratory are also included. The reverse side
of this form is equally extensive, covering all the information
on the recipient of the graft. Wlile the graft 1s in storage
these cards are kept in chronological order The grafts are
stored as to type, and when one 1s selected for a given case,
the card 1s easily located, the vacuum 1s tested by 1onization
with a high frequency spark, the culture reports double
checked and the graft prepared for use Artenal, cortical
bone and freeze-dried skin grafts are reconstituted with a
saline solution of antibiotics Ground cancellous bone 1s
generally used dry without prior reconstitution

As the Tissue Bank 1s a chinical research project to evaluate
grafts and grafting, one of 1ts prime functions 1s the mam-
tenance of carcful, accurate and complete records on all
patients recenning grafts The file on cach patient mcludes
a case summary, the operative record, the deposit and
withdrawal card (which gives the history of the procurement,
processing and storage of the graft), copies of photogn}phs.
X-rays, and special laboratory tests All bone graft paticnts
are X-rayed every six months post-operatively and, whereser
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prssible, pooeive st the same time phyvsical examination and
evzinsticn. As this project is not Hmited to the Bethosds
Aedteal Center, we have the co-operation of the othor military
megdica] services in obteining follow-up studies. To date; we
have been suceessfud in maintaining follow-ups from avery
case receiving grafts from this Bank. but it is too oarly to
allow definite conclusions to be drawn from this work.

This has been an outline of the manner of procuring,
processing. and studying tissue preservation in the United
States Navy. We feel that this 1s & new approach to this field
in surgerv. e hope that these first steps have been in the
proper direction and that this pilet plant may provide a
pattern for Tissue Banks in civilian and military medicine,
Much of the information gathered at this symposiun will aid
m improving and refining our methods.

The opiniens expressed here are those of the authier and do not necessardly
represent those of the Bureau of Medicine and durgery or the Defense Dopaet-
ment
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DISCUSSION

Eastcorr I was very intercsted to hear that yon have had trouble
with cracking when freezing arteries from donors over 30 yenrs of ngee,
Hufnagel and I found that 1n freezing dogs’ artemes with ligquid nitrogen
Wwe experienced thermal cracking at & very low temperature, when the
arteries had equilibrated at —195°C, but we never saw erncking when
freezing arteries 1n dry 1ce mixture; and subsequently in denling with
human material we’ve never had cracking of that kind. You thought
that arteriosclerosis was responsible, but with frozen arterlosalerotie
vessels, I've not seen cracking result,

I'note that a tremendous amount of hone and much sl win removed

e
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and only a moderate yield of artery was obtained. How does this match
the consumer demand for these three commodities?

StronGg We are engaged 1n a chinical research problem rather than a
production effort We don’t get nearly as much tissue as we could use

We have many requests to help us evaluate this material, but we
don’t have the material to give away. Our hospital 1s not an ideal place
for an endeavour of this type, because we don’t have a large traumatic
service Many of the people that die in our hospital are old retired
veteran personnel, and particularly from the aspect of blood vessels
they are unsatisfactory

Harris I am worrted by the efficiency of the freeze-drying process
It seems to me that these long periods of freeze-drying might be con-
siderably shortened i1f more attention were paid to thermal contact
between the materal being dried and the source of heat, 1n the top shelf
With a piece of bone standing 1n a bottle, standing on a tray, standing /
on a heated shelf (:» vacuo) you have almost no thermal contact
between the matenal and the source of heat. A re-design of that part
of the apparatus might pay considerable dividends I suggest for example
the possible use of metal contamners, or the use of trays for your
“boneburger”’—metal trays can be capped in a sterile manner by a
dropping metal id, as some of the pemallin people have been doing

And the other point that occurred to me s this, why put your material
on the top shelf, and condense your water on the bottom shelf? Would 1t
not be better to raise your cooled surfaces, and have your water comung
up out of the contaimner on to the condensing surface? T reahze that
many of these difficulties are hard to overcome because of the design of
commercial apparatus

Strone We agree with everything you have smid  With commercial
equipment, you take 1t or leave 1t, 1f you have special equipment built
it Truns up the cost considerably. We have been tlunking about new
freeze-driers ‘There is now a small commercial freeze-drying umt that
supplies heat by infra-red radintion It has been used in some
bacteriological work, and 1t’s my understanding that on drymg with
infra-red radiation they get 2 much higher yield as far as survival of
their bactena 1s concerned We have thought about applying that to
our tissues However, we don’t want to change horses 1n the muddle
of the stream, so to speak, on a research project, and for various
limitations of plant size and other things we haven t gone mto a new
{reeze-dryer

As to drymg materal 1n trays, our only objection to that 1s that we
like to put the material in 1ts final contamer in the operating room, and
have 8 mummum of handling  As to metal containers, we arc currenthy
working on putting grafts up n tin cans, and they will be processed 1n
the cans, probably with better heat transmission

Hanrms One would like to see the sides of the can and the bone n
fairly close proximity, so that you do get your heat in - So far as Lean
sce you'rc getting very httle in at the moment. L

StroNG We're getting very httle, the vast majonty of our drying i
done by the vacuum rather than by supplying heat
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Hvyarr I should like to emphasize that we are very careful not to
mutilate the body, 1t must be cosmetically perfectly acceptable The
Tissue Bank people are tramed with special care given to decorum.
The wsthetics and proprieties that go with the digmty of death are
fully observed We have found that our difficulties are mumimized by
this approach

* * * * * *

Parges I have the mmpression that this symposium has served

a most useful purpose, particularly in bringing together, as Sir Harold
Himsworth said at our Dinner last might, varieties of experts who mn
the ordinary way nught never meet at all That was part of the object
of the symposium, and 1t has, I think, been very well fulfilled Another
thing which strikes me 1s that while many meetings of this kind are
devoted largely to integrating the past, here we’ve been mapping the
road to the future. A rather interesting observation which agamn
distinguishes this meeting from many mectings of scientists, 1s that
there’s a very small proportion of grey heads among the membership
This subject 1n 1ts present form 1s a young subject and 1ts exponents
are mainly young people, and this seems to me to be highly desirable ,
msofar as we are mvestigating among other things the potential !
immortahty of stored tissue—if you want to do that, start young! /

Of the discussion and papers we have had, what stands out most
clearly in my mind 1s the very clear differentiation which has been
brought out between tissue grafts which will be of value even if they are
dead or dried—certainly 1f they have no viable cells—and those tissue
grafts which depend entirely on functional survival of the cell for their
cffect I myself, and I think other laboratory workers here, have been
quite astonished at the extensive clinical and surgical use which can now
be made of tissue which 1s admittedly dead In the course of the discus-
sion someone pointed out that where a graft depends for 1ts value on
structural integnity, then a dead graft mmght very well function
adequately, on the other hand, where cellular function was necessary,
then a live graft was of course essential This seems to me to be a very
real distinetion

The other thing 1n connection with the dead grafts which mnterested,
me very much was that the processing, particularly freeze-drying, might
reduce the antigenic properties of the homograft so greatly as to make )
the dead homograft almost entirely acceptable to the host, and the
extreme example of that we heard from Dr Hufnagel, where hetero-
grafts are also acceptable under certain conditions, at least for a time
Many of us would hke to hear later what has happened to these pieces
of pig placed 1 man. The fact that the processing can reduce the -
reaction to foreign tissue 1s one which I find of the greatest interest

In cases where structure of the graft 1s the essential thing and a piece
of boiled or otherwise killed tissue 1s quite adequate, why do we have to
bother with tissue at all? Is 1t possible to construct plastic tubes or
purely synthetic objects which would do just as well 1n acting as an
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absorbable scaffolding to the host’s own tissues? I merely ask the
question—perhaps one day 1t will be answered. The problem of using
completely manimate material for implantation has been approached
1n the sense that metal tubes and metal plates and so on are used, but
what T am suggesting 1s a substitute for the dead tissue 1itself w hich
E'ostlllld behave m other respects mn the same way as the piece of
ssue
That brings us to the second varety of graft, which depends essen-
tally for 1ts value on the functional activity of iving cells” This opens
up the two problems we’ve heard a great deal about, namely, the
‘acceptability of that tissue to the host, and whether methods of preserva-
1 tion can be evolved which will result in the right material bemng available
Just when you want 1t, obwviously a first class essential for practical use
In the homografting problem (which was described 1n some detail and
m g most interesting way by Prof Medawar) we can only hope that fur-
ther information will throw more hght on the circumstances 1nwhich one
can hope for an active homograft to become established and persist, and
particularly as to whether anything can be done in the pre-treatment
of a graft which will not prevent 1t developing as a viable graft but may
 do something to make 1t more acceptable to the host Some of us have
not entirely given up hope that the freeze-drying of tissue without killing
1t mught be possible, and that under particular circumstances viable
grafts mught be established from freeze-dried tissue If that is possible,
1t 1s not mnconcervable, and I don’t put 1t lngher than that, that the
effect of the freeze-drying in decreasmng the homograft reaction may
be the same as with the dead grafis
The other point about storage 1s one mn which I am particularly
mterested and therefore I must not say too much about it Ordinary
methods of storage do have a very time-hmited appheation, and for the
mdefimte kind of storage there 1s no alternative at present for preserving
Irving tissue other than low temperature If low temperature 1s to be
used, then some means must be found of protecting the cell both from
the effects of freezing and thawing and from any additional effects there
may be of the mantenance at low temperature Just a very few types
of cells are apparently able to stand up fairly well to freezing and
thawing, but the great majority of mammalan cells do need adven-
titious protection 1f they are not to be kiled by freczing and thawing
and that 1s where the glycerol story becomes of practical importance
Obviously, as Dr Pomerat has emphasized, we are only just at the
begining of that story—every cell we have investignted so far responds
qurte differently to the addition of gly cerol, the treatment in the presence
of glycerol and to the subsequent removal of the glycerol, and until
those problems, including the rate of freezing and the storage tempera-
tures, can be made to give us more information, we cannot really get
any good 1dea as to the ultimate value of tius technique  The amount
of work to be done which one can sce there 1s quite stupendous I
happened to refer to tiis glycerol matter recently w hen T was lecturing
in the Argentine, and when I'd fimshed somebody eame up who didn't
entirely understand what I'd been saying and smd “At any rate, Dr.
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Parkes you've provided unlimited material for PhD students™, and I
think that 18 certamnly true

Finally, do we need all these methods for obtaiming tissue and
preserving 1t @2 vitro 1n order to have matenal for grafting? I think
Dr Earle would say, “No, we don’t—we're going to make the stuff!”
and that perhaps 1s the ultimate possibihity of all thus, that tissues will
be propagated n vifro from generation to generation and year to year ’
and that an appropriate bit will be taken out at the appropriate time
for some particular use That’s very far in the future, but as a result
of this meeting I think we can say that we have some shght ghmmer
that 1n the future there may be spare parts for everyone.
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