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ABSTRACT

The primary goal of reconstructive surgery is the
restoration of function and quality of life to patients with
congenital or acquired deformities. Unfortunately, severe
limitations for reconstruction occur in cases where there is
insufficient or inadequate donor tissue resulting in serious
morbidity. Successful transplantation of comparable tissue
from donors would provide an ideal solution.

Advances in immunosuppression, particularly the
discovery of Cyclosporin A, have made successful
transplantion of tissue for reconstructive purposes a
realistic goal. The requirement for innervation in certain.
types of reconstructive tissue transplants differs
significantly from clinical transplants undertaken unti2
now. Despite several reports of successful long-term
survival of adult rat limb transplants using Cyclosporin A,
concern has been expressed as to the significance of this
animal model in view of the ease with which induced
tolerance is possible in rats. The aims of~his project
were therefore to: 1) successfully designtwo models of
reconstructive tissue transplants in the primate, one with a
purely sensory nerve supply, the other a mixed sensory and
motor supply and 2) achieve long enough survival for
reinnervation to have occurred, assuming it can take place
in the presence of the immunosuppressants.

A neurovascular free flap comprised of the entire ·soft
tissue coverage of the second digit and a hand transplant
model were successfully designed in the baboon (Papio
hamadryas anubis). Seven transplanted neurovascular free
flaps and four hand transplants were undertaken. High dose
Cyclosporin A was found to be necessary to prevent
rejection. The therapeutic range for serumtrough level~ of

.~.

the drug in these models was 8oà~î500ng/mL. Steroids
proved to be a necessary part of the immunosuppressive
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regime. Nine out of 11 transplants survived to or beyond 4
months. Average survival for the transplanted neurovascular
free flaps was 196 days, ranging from 122-413 days, and
148.5 days for the hand transplants with the longest
remaining viable at 311 days. In most cases, the end point
was determined by the date for evaluation of reinn.ervation
by our neurophysiologist colleagues and not loss of the
transplant due to rejection.

Although the original goals of the project had been
achieved, it was not without considerable effort and
difficulty. only 3 out of 11 transplants survived with
little or no signs of rejection. All others had significant
episodes of rejection, most of which were successfully
reversed or controlled by using our rejection protocol. In
addition, all animals, to varyingdegrees, demonstrated some
of the following side effects: anorexia, anemia, gingival
hyperplasia, hepatotoxicit:;, hirsutism, lymphoma,
nephrotoxicity, subcutaneous or intramuscular abscesses and
tremors.

While two models for reconstructive transplantation in
the primate have been successfully designed, further work in
the field of immunosuppression will be necessary before they
can be reproduced with ease and before their application in
the human can even be considered. These models have
nevertheless already been used by our neurophysiologist
colleagues to demonstrate that reinnervation of such tissues
does occur in the presence of Cyclosporin A.
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RESUME

La chirurgie de reconstruction a pour but la
restauration de la fonction et l'amélioration de la qualité
de vie des patients atteints de déformation congénitale ou
acquise. Malheureusement les résultats sont très limités
lorsque la quantité ou la qualité des tissus disponibles
n'est pas adéquate. Les patients, atteints d'une morbidité
significative, s'amélioreraient beaucoup si les tissus en
question pouvaient être transplantés avec succès.

Les découvertes en immunosuppression, particulièrement
celle de la Cyclosporine A, ont rendu possible la notion de
transplantation à des fins de reconstruction. Les besoins
d'innervation pour certains types de greffons utilisés pour
la reconstruction font contraste avec les transplantations
cliniques faites jusqu'à date. Bien que plusieurs rapports
font état de la survie à long terme de membres transplantés
chez le rat adulte à l'aide de la Cyclosporine A, des
critiques ont été exprimées vis-à-vis ce modèle animal étant
donné la facilité à provoquer la tolérance immune chez le
rat. Les buts de ce projet étalent donc de: 1) réussir à

mettre au point deux modèles de transplantation à des fins
de reconst~uction, le premier avec une innervation
sensitive, le second avec une innervation combinée motrice
et sensitive et 2) atteindre un taux de survie à long terme
pour permettre la réinnervation, assnmant que cette dernière
soit possible malgré la présence des immunosuppresseurs.

Les deux modèles mis au point'avec succès chez le
babouin (papio hamadryas anubis) étaient premièrement le
lambeau libre neurovascularisé comprenant l'ensemble des
tissus mous recouvrant l'index et deuxièmement la
transplantation de main au niveau de l'avant bras dist~l.

Sept lambeaux libres neurovascularisés et quatre mains ont
été transplantés. De fortes doses de Cyclosporine A ont été
nécessaires pour prévenir le rejet. En effet le niveau
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sérique pre-dose thérapeutique de ce médicament pour ces
transplantations était de SOO-1500 ng/mL. Les stéroïdes se
sont avérés un élément indispensable de ce protocole
d'immunosuppression. Neuf des 11 transplants ont survécu 4
mois et plus. Les lambeaux libres neurovascularisés ont
survécu entre 122 et 413 jours, pour une moyenne de 196
jours. La moyenne de survie des mains transplantées a été
de 14S.5 jours, dont une encore viable à 311 jours. Dans la
plupart des cas, la date finale était déterminée non pas par
la perte du greffon par rejet mais plutôt par la date de
l'évaluation de la reinnervation par nos collègues
neurophysiologistes •

..I:-~

Ce n'est pas sans effort et de nombreuses difficultés
que nous avons pu atteindre nos objectifs originaux.
Seulement 3 des 11 greffons ont survécu sans signe
significatif de rejet. Tous les autres ont subi des
épisodes de rejet, pour la plupart, renversés ou tout au
moins controlés, avec notre protocole. En plus, tous les
animaux, a un degré plus ou moins sevère, ont montré des
effets secondaires: abcès souscutanés ou intramusculaires,
anorexie, anémie, hépatotoxicité, hirsutisme, hyperplasie
gingivale, lymphome, néphrotoxicité, et tremblements.

Bien que deux modèles de transplantation à des fins de
reconstruction chez le primate ont été développés avec
succès, des progrès en immunosuppression seront nécessaires
avant que ces modèles puissent être reproduit avec facilité
et avant même de penser répéter l'expérience chez l'humain.
Ces modèles ont malgré tout été utilisés par nos collègues
neurophysiologistes pour démontrer que la réinnervation de
tels tissus est possible en présence de la Cyclospori~e A.



o

vi

ACKNOWLEDGEMENTS
Nclhing in the world exists in a vacuum,
AlI is intcrconnected with the rest of the universe,
Were that connection to break,
Everything would vanish...

E.P.E. 1989

l wish to express my sincere gratitude to Dr. Rollin K.
Daniel for believing in me and for giving me the opportunity
to prove that l too can transform dreams into reality, and
to Dr. Carolyn L. Kerrigan for being an inspiration in my
professional life.

without the dedication and conscientiousness of Don
Samulack, Ph.D. throughout the project it could never have
been undertaken. Janette Green's devotion to the well being
of the animals was beyond value as was the attention given
by all the animal caretakers involved at the Animal Facility
Room, Montreal Neurological'Institute, (Montreal, Quebec,
Canada), the Animal Centre, Mclntyre Medical Sciences
Building (McGill University, Montreal, Quebec, Canada) and
the many volunteers. The difficult task of taking, over the
reins of animal care well into the project fell into the
hands of Dr Susan E. Skanes and l wish to thank her for
shouldering the challenge. The expert technical assistance
of Susie Spurdens was invaluable in the preparation and
monitoring of the Cyclosporin A.

l would like to express my heartfelt gratitude to
Robert W. Dykes, Ph.D., whose patience and wisdomhave
guided me during the writing of this thesis and all previous
papers related to this research.' The painstaking chore of
deciphering millions of words of handwritten text and
corrections having to do with this project went to Genevieve
Holding to whom l am forever in debt both for her hard work
and endless encouragement.

l remain deeply thankful to a great'i~any other people
who, in ways big and small, have helPed,~~fi~weredquestions,



c

"

vii

guided me to others with the right solution to every
obstacle, and to the laboratories that processed innumerable
tests as well as those who accepted responsibility in order
to help make things happen. Although naming all these
individuals without omitting any would be impossible, two
people must not go unmentioned, Dr. Ronald D•.Guttmann,
Director of the Transplantation Service, Royal victoria
Hospital (Montreal, Quebec, Canada) who guided our choice of
immunosuppressants and helped develop our rejection
protocol, and Dr. R. Clark Sharp, Assistant Scientist in the
Department of Genetics, Southwest Foundation for Biomedical
Research (San Antonio, Texas, U.S.A.) who undertook the
histocompatibility testing of six of our animals.

l also wish to express my most sincere thanks to Dr.
Jean F. Borel and Sandoz (Canada) without whose support and
generous supply of cyclosporin Athis project could not have
been possible. Finally, and most importantly, l would like
to thank my husband, Pierre Gravel, with all my heart for
his endless patience and enthusiastic support in all my
endeavours because without him nothing else would matter.



-- viii
:J...1, ~

TABLE OF CONTENTS

DEDICATION i

ABSTRACT • • • • • ii

RESUME • • • • iv

ACKNOWLEDGEMENTS vi

TABLE OF CONTENTS • • viii

LIST OF FIGURES • • • • • • • xi

LIST OF TABLES • • XV

DEFINITIONS AND ABBREVIATIONS • • • xvi

INTRODUCTION • • • · • · • • • • • • • • • 1

BACKGROUND • • • • · • · • • · . • · · · · • • • 4
Overview of Transplantation in Reconstructive

Surgery · · · · • · · · · • • 4
1- Cyclosporin A · • · • • • -l' • 8
2. Skin transplantation • • 14
3. Nerve transplantation • • • · 16
4. Muscle transplantation • 19
5. Bone transplantation • • • 21
6. Limb transplantation • • 24

overview of Microsurgery • • • • • 31

OBJECTIVES AND RESEARCH PLAN • • 36

MATERIALS AND METHODS • • • • • • • • • 39
Experimental Animal • • 39
General Animal Care • • • • 40
Tissue Typing • • • • 41
Immunosuppression · • • • 42
Perioperative Care • • • • • • 43

1. Infection control • • • • • 43
2. Anesthesia and analgesia • 43
3. Ventilatory management • • 44
4. Hemodynamic monitoring • • • • 45
5. Temperature regulation • • 46
6. Anticoagulation • • • • • • • 46
7. Dressing and splinting • • • 47

postoperative Care • • • • • • • • · • • 47
1- Cyclosporin A Radioimmunoassay • 47
2. Biochemistry • · • • • • · • · 48
3. Hematology • • • · • • · • • • • • • 49

0 4. Transplant technical assessment • • 49
5. Rejection protocol · · · · · • · 50

.:;'.:";

:./

'~Ji



53
53

ix

89
89
93
93
95

64
64
65
68
68

74
74
76
78
78
79
79
80
81
81
84
84
85
85
86
88

69
69
73
73
74

53.
53
53
57
61
64

•

•

•

•

•

•

•

• • •

•

•
•

•

•

• •

• • •

• •
•

•

• • •

•

• •

• •

EXPERlMENTS • • • • • • • • • • • • • • • • '. • • • • •
stage I: Anatomy and Design of Transplant Models •

Experiment #1: Anatomy of the baboon forearm
and hand . . . . . . .
1) General appearance
2) Vascular anatomy • • • •
3) Neural supply • •• • •••
4) Musculoskeletal system •••
5) Summary • • • • • • •• ••

Experiment #2: Design of a neurovascular
island flap •• •
1) Background • •
2) Design • • • •
3) Results • • • •• ••
4) Summary • • • • • • . • • •

Experiment #3: Conversion of the
neurovascular island flap to a
neurovascular free flap • • •
1) Design • • • • • • • •
2) Intraoperative results
3) Postoperative results •
4) Summary . . • . • • . • . • . . .

Experiment #4: Design of a distal forearm
level neurovascular pedicled hand model
1) Background • • • • • • •
2) Design • • • • • • • •
3) Intraoperative Results •
4) Postoperative results •
5) Summary • • • • • • • • • •• •

stage II: Immunosuppression •• • • • • • • • •
Experiment #5: Cyclosporin A in the rabbit

1) Administration • •• ••••••
2) Radioimmunoassay •• ••••••
3) Summary • • • • • . • • • • • • . .

Experiment #6: Cyclosporin A in the baboon •
1) Part I: cyclosporin A • •• •

A) Administration • • • • • • •
B) Radioimmunoassay • • • • • •
C) Summary ,e • • • • • • • • •

2) Part II: pilot transplantation of the
neurovascular free flap • •
A) Technique •• • • • • •
B) Intraoperative results
C) postoperative results
D) Summary • . • . • • •

c



x
~','4; Stage III: Transplantation • · · . · 98· · • ·Experiment #7: Transplantation of the

neurovascular free flap · · 98
1) Intraoperative results · · 104
2) Postoperative results • • · 104

A) Technical assessment • 104
B) survival times · • · 104
C) Rejection • • · · · · 105

3) Summary • • • • · · · • • · 114
Experiment,#8: Hand transplantation • • 117

1) Intraoperative results · 130
2) Postoperative results • • 133

A) Technical assessment 133
B) Survival times • 133
C) Rejection • 134

3) Summary • • • • 138

DISCUSSION • • • • • • 142

CONCLUSION • • • • • • 153

BIBLIOGRAPHY • • • • • • • • 154

APPENDIX l • • • • • • 177

APPENDIX II • • • • • • 180



(
xi

LIST OF FIGURES

Figure 1: Arterial supply to the forearm and
hand of Paoio hamadryas aDUbis (left
upper limb volar view) •••.••••• · . .

PAGE

• 55

Figure 2: Nerve supply to the forearm and ha~d

of Paoio hamadryas anubis (left upper
limb volar view) • • • • • • • • • • • • • • • 58

Figure 3: Nerve supply to the forearm and hand
of Paoio hamadryas aDUbis (left upper
limb dorsal view) •••••••

Figure 4: Design for the NVIF (animal #1)

•

• "

59

66

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Dissection in the palm at surgery in
preparati9p for tl1e NVFF (animal #2).
The second'Ci-::'g'ie is to the L, the
thumb to the top, and the wrist to the
R; Two pieces of pale background
material are placed beneath the proper
palmar digital nerves to the second
digit (L). A piece of pale background
material is placed beneath the radial
component of the volar arch (center
R) • • • • • • '. • • • • • • • • •• ..".. 71

NVFF removed from its bed at surgery
(animal #2). A piece of pale
background material is placed beneath
the two proper palmar ditital nerves
and another beneath the dorsal vein.
A portion of calibra~ed ruler is
placed beneath the ra~ial component of
the volar arch (proximal end of the
arterial supply to the NVFF) • • • • • • • • • 72

NVFF bleeding from a distal stab wound
6 days post-operatively (animal #2) ••••• 75

Timing of CYA administration and serum
levels in the rabbit • • • • • • •• •••• 82

Figure 9: TNVFF (animai #2) • • • • • • • • • • • 91

Figure 10:~~FF (animal #2) next to recipient
~tiand (animal #3) at transplantation.

Components of the TNVFF pedicle layed

fJ out in identical fashion to those in,
Figure 9 • • . • • • • • • • • • • • · • • • . 92



'Q,-..
". !;,
";,s'

xii

Figure 11: Dorsal TNVFF 6 days post­
transplantation (animal #3). Moderate
swelling and mild erythema present in
the proximal TNVFF • • • • • • • • . • • • • • 94

Figure 12: Dorsal TNVFF 20 days post­
transplantation (animal #3).
Increasing swelling, inflammation, and
desquamation present in the TNVFF due
to rejection and infection • • • • • . 96

Figure 13 : Design for the TNVFF (animals after
#3) • . . . . · • . . • . • • . . . · · • .

Figure 14: TNVFF 141 days post-transplantation
(animal #17). No evidence of
rejection · . . . • . . . . . . · · . .

100

lOG

Figure 15: TNVFF 190 days
(animal #20).
rejection•••

post-transplantation
No evidence of

/'· . . . . . -:.- . . · . . . 107

Figure 16: TNVFF 32 days post-transplantation
(animal #21). Very mild rejection
with edema and thickening of the
epidermal layer • • • • • • • • • · . . . lOB

. . . .

Figure 17: TNVFF 193 days post-transplantation
(animal #21). The hand is oriented
differently from Figure 16;'but is the
right hand of the same animal 161 days
later. No evidence of rejection • • •

Figure lB: TNVFF 33 days post-transplantation
(animal #11). Mild rejection with
edema and sloughing of a thick, firm,
epidermal layer'revealing healthy,
intact epidermis . . . • . . . . • .

Figure 19: TNVFF 124 days post-transplantation
(animal #11). Moderate rejection
including weeping from small areas of
breakdown to raw, red dermis ••••

Figure 20: TNVFF 277 days post-transplantation
(animal #11). Moderate chronic
rejection with persistent flaking

· . .

· . .

· . .

109

110

111

112



Figure 21:

Figure 22:

TNVFF 62 days post-transplantation
(animal #15). Severe rejection with
large areas of epidermal slough
leaving plaques of angry, red, moist
dermis . . . . . . . . . . • • . . .

TNVFF 181 days post-transplantation
(animal #11). Moderate rejection
controlled using the rejection
protocol . . . . . . . ,. . . . . .

· . . .

· . . .

xiii

113

115

. . .

Figure 23:

Figure 24:

.Figure 25:

/1

Schematic representat5;on of surgical
/'technique for BTs .,'. . . . . . . . . . . .

(/'
Donor HT (animal/if8) to animal #9,at
transplantatio~/priorto amputation.
Neurovascularalements and tendons are
identified, tag~~~, and the tendons
marked with a sutur~ 2 cm proximal to
the wrist. In the nonor, all these
structures are sectioned as far
proximally as possibl~while the
radius and ulna are transected 4 cm
proximal to the wrist • • • • • • • • • • •

Donor HT (animal #6) to animal #7 at
transplantation. At the top is the
amputated recipient hand (animal #7).
In the middle is the recipient forearm
(animal #7) with the neurovascular
elements and tendons identified, .
tagged and the tendons marked with a
suture 2 cm proximal to the wrist. In
the recipient the tendons are
sectioned at the j oint and the
neurovascular structures 2 cm proximal
to the wrist. At the bottom is the
amputated, .prepared donor hand (animal
#6) •••••••••• e-e • • • •

119

120

122

· . . .
Figure 27:

)

Figure 26: HT at completion of transplantation
(animal #12). Accurate tension
adjustment at tenorrhaphy provides a
tenodesis effect with finger flexion
during wrist extension • • • • • • •

HT at completion of transplantation
(animal #12). Accurate tension
adjustment at tenorraphy providesa
tenodesis effect with finger extension
during wrist flexion • • • • • • • • • • • •

123

124



xiv

Figure 28: "Switch" HT (animals 1112 and 1113) at
transplantation. At the top is the
amputed hand of animal 1113. In the
middle is the recipient forearm of
animal #13. At the bottom is the
donor hand from animal 1112 • • • • • . . ., 126

Figure 29: "switch" HT at completion of
transplantation (animal 1113) . . . . . . . . 127

Figure 30: "Switch" HT at completion of
transplantation (animal 1112) . . . . . . . . 128

the

Figure 31:

Figure 32:

HT at completion of transplantation
(animal 119). Beginning of hyperacute
rejection visible with greater edema
than usual and the appearance of
discoloration present along the
transplant side of the incision line

HT 26 days post-transplantation
(animal 119). Hyperacute rejection
with necrosis and mummification of
fingers, and purulent material
draining from the more proximal
portions ~ • . . . • . . . • • . . . . . .

131

132

. . . .

Figure 33: HT 69 days post-transplantation
(animal 1112). Severe rejection with
weeping, infected surfaces •••••

Figure 34: HT 6 days post-transplantation (animal
1112). Early moderate rejection with
appearance of bullae • • • • • • • • •

.Figure 35: HT 308 days post-transplantation
(animal 117). Mild to moderate
rejection with build up of a thick,
firm, epidermal layer • • • • • • •

. . . 135

136

139

Figure 36: HT 145 days post-transplantation
(animal 1113). Moderate chronic
rejection with persistent flaking. . . . . . 140



Table 1:

LIST OF TABLES

summary of animals used in experiments
#1 through #6 inclusive • • • • • • • . . .

xv

PAGE

54

Table 2: Cyclosporin A serum levels in the
rabbit • • • • . • • • . • • • . · • . . . . . 83

Table 3: Trough levels of CyA on various dosage
regimes in baboon #3 • . • • • • · • 87

Table 4: Summary of TNVFFs in Experiment #7 • 99

Table 5: Summary of BTs in Experiment #8 • • 118



xvi

DEFINITIONS AND ABBREVIATIONS

Ali definitions are specifie to r~eir meaning intended in
this thcsis.

Allele: various genes existing in the species 7apable of
occupying the same gene locus and which 1n an
individual can only be of maximum two different types
(one on each coupled chromosome).

Allo-: prefix indicating the genetic dissimilarity within
the same species of the ~ord which it modifies from
that of the individual in question (e.g., allograft,
allo-antibody, allo-asc~tic fluid, allo­
transplantation, allo-antigen, etc.).

Allogenic graft: allograft.
Allograft: same as an autograft only transplanted to another

genetically dissimilar recipient of the same species.
Ant~body: immunoglobulin produced by B-lymphocytes generally

in response to antigen stimulation.
Antigen: foreign material recognizable by the immune system

which normally responds in order to rid the individual
. of its presence.

Autograft: an anatomie structure, organ or tissue(s)
detached and transferred from and applied or

. reattached to the same individual whether or not
immediate vascular repair is undertaken.

Autosome: chromosome other than a sex chromosome.
Axial pattern flap: a flap direètly supplied by a

longitudinally running vascular pedicle.
B-cell: B-lymphocyte.
B-lymphocyte: non-thymus-dependent lymphocyte resembling the

bursa-derived lymphocytes in birds.
'C: degree(s) Celsius.
Class l antigens: HLA -A, -B, and -CW.
Class II antigens: HLA-D (subdivided into DR or DR, Dg, and

Op) •
cm: centimeter(s).
cyA: Cyclosporin A.
Degloving a digit: removing the entire skin / soft tissue

coverage with its neurovascular supply and leaving
behind the osteo-tendinous structures.

Donor: individual from whom the anatomie structure, organ or
tissue(s) is taken for transplantation.

Epineurium: outermost connective tissue sheath of a nerve.
Eponychium: skin and nail producing tissue immediately

proximal to the visible nail and covering the nail
root.

First set rejection: rejection of an organ or tissue(s) in a
recipient never having been exposed to the specifie
set of foreign antigens (unprimed recipient) •

. Flap: tissue(s) transplanted or transferred with immediate
repair of, or without sectioning its vascular supply.
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Gene locus: specifie position on a chromosome.
Glabrous skin: non-hair bearing skin (palmar and plantar

surfaces).
Graft: tissue detached and transplanted or transferred

without vascular repair with early survival dependent
on absorption from the recipient bed while
revascularization is taking place (unless specified as
a vascularized graft, in which case it is the sam~ as
a flap only common usage does not refer to it as SUQh,
e.g., vascularized bone graft).

Graft versus host disease: GVHD, condition in which
transplantation of immuno- competant cells into a
foreign recipient, such as in bone marrow
transplantation, results in immunologie attack of the
recipient by these cells.

Haplotype: segment of genetic information usually
transmitted as a unit and coding for a specifie gene
product.

Heterotopic: denotes the presence of an anatomie structure,
organ or tissue(s) in a location other than where it
is normally found.

Histocompatibility: comparative genetic identity of
individuals, which if sufficiently similar permits
successful allografting between them. Major and minor
histocompatibility barriers refer to the degree of
dissimilarity present between donor and recipient.

HLA: human leucocyte antigens.
HT: hand transplant.
Hyperacute rejection: rapid rejection (minutes to days) in

some cases due to previously formed antibodies and
characterized by rapid vascular destruction seen in
primed recipients transplanted across major
histocompatibility barriers. In the slower form, cell
mediated immunity is implicated.

i.m.: intramuscular.
Inbreeding: mating of related animaIs over"multiple

generations in order to produce a genetically
homogeneous population.

Induced or immune tolerance: condition characterized by a
lack of rejection of a foreign anatomie structure,
organ or tissue(s).

Interdigital pads: three pads of skin and thick subcutaneous
tissue in the distal palm of Papio hamadryas anubis
overlying the metacarpophalangeal joints of the digits
excluding the thumb.

InternaI fixation: hardware placed within the skin envelope
permitting stable bony immobilization.

lU: international unites).
i.v.: intravenous.
kg: kilogram(s).
Lymphokine: non-specifie helper factor produced by some

cells involved in the immune response.
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Lyophilization: freeze drying.
mg: milligram(s).
MHC: major histocompatibility complex.
mL: milliliter(s).
MLC: mixed leucocyte culture.
mm: millimeter(s).
Neurolysis: splitting a nerve's connective tissue sheaths

longitudinally without transecting any axons.
ng: nanogram(s), billionth(s) of a gram.
NVFF: neurovascular free flap.
NVIF: neurovascular island flap.
orthotopic: denotes the presence of an anatomie structure,

organ or tissue(s) in a location where it is normally
found.

Parabiosis: fusion of the vascular systems of two
individuals.

Passive enhancement: situation in which short-term treatment
against rejection leads to a condition of long-term or
perpetuaI immunologie tolerance.

Phylogenic scale: evolutionary development organization of
the species.

p.o.: per os, oral.
Primed recipient: a recipient having already been exposed to

a specifie set of foreign antigens.
r: (probably) rad.
Recipient: individual receiving the transplanted anatomie

structure, organ or tissue(s).
RIA: radioimmunoassay.
s.e.: subcutaneous.
Second set rejection: rejection of an organ or tissue in a

recipient having already been exposed to the specifie
set of foreign antigens (primed recipient). In sorne
cases the period of time elapsed between exposures
modifies the immune reaction at the second exposure.

Sensitization specificity: immunologie stimulation and
preparedness to respond to a specifie set of foreign
antigens.

Sensory nerve distribution: area of skin supplied by a
specifie sensory nerve.

Serum trough level(s): serum drug levels in this case, taken
at their lowest level immediately before the next dose
of the drug is given. -

'Switch' transplant: where each of a pair of individuals is
both donor and recipient of the anatomie structure,
organ or tissue(s) transplanted.

syngeneic: genetically identical.
T-cell: T-Iymphocyte.
Tenodesis: passive motion at a joint due to motion of an

adjacent joint and usually in the opposite direction.
T-Iymphocyte: thymocyte-derived lymphocyte.
TNVFF: transplanted neurovascular free flap.
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Transplantation: transferring an anatomie structure, organ
or tissue(s) from one individual to another usually
genetically different individual (not used when
transferring from one area of the body to another in
the same individual).

~m: micron(s), micrometer(s), millionth(s) of a meter.
~mol: micromole(s), millionth(s) of a mole.
unprimed recipient: (see first set rejection).
xenograft: same as an autograft only transplanted to a

recipient of a different species.
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INTRODUCTION

The primary goal of reconstructive surgery is

restoration of function and quality of life to patients with

congenit~l or acquired deformities. Referrals from every

surgical sub-specialty challenge the reconstructive surgeon.

For their treatment, numerous ingenious operative procedures

utilizing skin grafts and skin flaps, as weIl as grafts of

bone, muscle, and nerve have been developed. Nevertheless,

limitations remain in cases where there is insufficient or

inadeguate donor tissue for the required surgery. Thus,

young adults with non-replantable upper extremity

amputations can only be offered insensate prostheses and

those with severe hand burns, although healed using skin

grafts, frequently develop devastating function-limiting

contractures. Unfortunately aIl too many patients must live

with serious morbidity due to crippling and mutilation of

appearance. For these situations, when the defect cannot be

corrected with the individual's own tissue, transplantation

of comparable tissue from donors would provide a possible

solution.

In this context, a legend fascinates surgeons to this

day. Twin brothers, Cosmas and Damian, the former a

physician, the latt~r a surgeon, lived in the 3rd-century AD

devoting their lives to the sick, accepting no fee. Their

charitable work came to an abrupt end with their martyrdom
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near the turn of the century. At the Basilica which bears

their names, built over two and a harf centuries later i.n

Rome, they apparently reappeared. According to legend, they

came to perform the miracle of the black leg. The writings

profess that the brothers removed the diseased limb of a

devout member of the church and replaced it by transplanting

the leg of a recently deceased Ethiopian Moor, hence the

black leg (11, 25, 91, 126, 193).

Although modern plastic surgeons are far from being

able to duplicate such a wondrous ~eat, the discovery and

development in the early 1970's of a new drug, Cyclosporin A

(hereafter CyA), has permitted dramatic breakthroughs in

immunosuppression during transplantation. It has been found

effective clinically and experimentally in the

transplantation of a greater number of organs than ever

possible using previous methods (24, 26, 27, 28, 29, 30, 37,

52, 73, 77, 78, 87, 89, 100, 101, 102, 110, 119, 121, 122,

127, 131, 134, 157, 165, 175, 177, 179, 180, 181, 182, 190,

191, 195, 204, 208, 214,215, 216, 217, 230, 244, 246, 247).

In the laboratory, CyA's capabilities have further amazed

researchers in its successful use for the transplantation of

numerous tissues (51, 132, 206) including skin (17, 50, 99,

100, 141, 142, 165, 235, 244, 246), muscle (10, 103, 241),

and nerve (4, 5, 252, 253). The superiority of CyA over

other immunosuppressive regimes has made successful
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transplants of tissue for reconstructive purposes a

realistic goal.

The requirements made of certain types of

reconstructive tissue transplants differ significantly from

clinical transplants undertaken until now in that their

reinnervation is essential. Unlike renal and heart

transplants that perform independently of direct neural

regulation, digits and hands must be innervated to be

useful. Therefore, new experimental data are required for

the evaluation of reinnervation of such transplanted tissues

in the presence of CyA before clinical application can ever

be considered. To provide the possibility for such a study

in a higher species, successful experimental models must be

developed.

The primary objective of this thesis was therefore to

design two primate ~odels of transplantation for

reconstructive purposes exhibiting long term survival.

prolonged survival was paramount to allow sufficient time

for reinnervation to occur even if it were retarded by the

process of transplantation or immunosuppression. One model

was intended to allow future study of sensory reinnervation,

the other to permit eventual assessment of motor

reinnervation. Together they would ultimately provide the

opportunity to study the effects of transplantation on skin,

muscle, tendon, nerve, and bone.
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BACKGROUND

Oyeryiew of Transplantation in Reconstructiye surgery

Transplantation surgery derives its roots from the

field of reconstructive surgery with its use of grafts and

need for additional donor sources (7, 47, 105, 183, 186).

Reconstructive surgery, in turn, was born of the necessity

to close open wounds and developed with the discovery that

tissue could be transferred from one area of the body to

restore another as a graft or flap. The first written

record of a reconstructive procedure dates back to India

around the 6th-Century BC in which Sushruta describes the

reconstruction of an amputated nose with the transfer of a

forehead flap (7, 45, 46). In the beginning of the 1800's,

Baronio published the first recorded experimental skin

grafts on sheep thus proving that skin could be completely

detached from the body during transfer (7, 25, 45, 105). By
"1823, Bünger had described the first dochmented clinical

skin graft when he transferred skin from the thigh to cover

the nose of a patient (7, 45). These physical transfers of

tissue within the same individual. or autografts, were a

major step in providing a source for the restoration of both

form and function.

In 1863, Bert reported his study of autografts (taken

from and applied to the same animal), allografts (taken from

an animal and applied to another genetically dissimilar
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animal of the same species) and xenografts (taken from an

animal and applied to another of a different species). He

noticed different degrees of success for each type of skin

graft (7, 20S). These empiric observations became the

foundation for a new discipline, transplantation medicine,

and the first of an increasing number of studies." ... 1903,

Jensen was the first to suggest that the immune response was

the mediator of graft rejection (7, lOS, 20S), and by 1924

Holman not only described the difference between the rate of

rejection of first and second set skin grafts, but also

recognized sensitization specificity (7, 118, 205).

World War II, with its numerous casualties and burn

victims, magnified the need for a suitable and inexhaustible

source of skin for wound coverage. Interest in the problems

of skin allograft rejection was renewed. The fateful

meeting between Medawar, an English zoologist, and Converse,

an American plastic surgeon, during the early part of the

war, began a new chapter in the history of transplantation

(7, 47, 20S). Medawar, after this encounter, began worki.ng

with an English plastic surgeon, Gibson, in studying skin

allografts (2S, 49, lOS, 163, 164, 20S). His subsequent

lifelong quest in the laboratory to understand the process

of rejection and induced tolerance later won him the Nobel

Prize for Medicine (7, 47, lOS, 163, 164, 205); prompted by

his meeting in England with Medawar and his experience in

treating combat casualties, Converse, upon returning home,
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became determined to unlock the mysteries of human skin

allografting. He received one of the first grants for

transplantation research in 1950 (47) and 1ater proposed the

first international meeting on transplantation which took

place in 1954 (47,205). with his associates, using a

systematic program of experimental skin grafts, he went on

to document human skin allograft behavior (47, 48, 184, 185,

186, 187, 188, 205). One of his colleagues, Rapaport,

continuing this work in collaboration with Dausset, helped

clarify some basic principles in immunology (47, 69, 70, 71,

72, 186, 187). These contributed clues toward elucidating

the significance of histocompatibility in the outcome of

allografting and eventually clarifying the role of the human

leucocycte antigens (hereafter HLA) in clihical organ

transplantation (47, 105, 164, 186, 205). By June 1958, it

was announced that the new specialty would be publishing the

Transplantation Bulletin within the pages of the Journal of

Plastic and Reconstructive Surgery (236).

These contributions of reconstructive surgery to

transplantation medicine laid the ground work for its

clinical applièation. Although attempted sporadically

b~fore, in the .early'1950's, several groups undertook kidney

transplants (105). In 1955, Hume reported attempting nine

such transplants using cadaver material (25, 47, 105, 207).

steroids, a product of the war effort (105), were used in

some of these patients but only one patient survived to
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around 6 months. The successful transplantation of a kidney

between identical twins by Joseph Murray, a plastic surgeon

at the Peter Brent Brigham Hospital in Boston, published in

1955, demonstrated that transplantation was technically

feaRible (167). He subsequently repeated the feat between

several other twin pairs (25, 105). Therefore, its wider

application awaited only the development of immune

modulation that would reliably prevent rejection. Although

total body irradiation in 1958 had permitted limited success

(25, 105, 164), a major step was taken when the

immunosuppressant properties of 6-mercaptopurine were noted

in the late 1950's (24, 27, 164, 200). Within a few years

its analogue, azathioprine, underwent clinical trial in

kidney transplantation (163, 164, 168). Prednisone was soon

added to azathioprine in order to achieve an additive effect

of two drugs with different modes of action (105, 164, 170).

Despite the many modalities that have been tried over

the past twenty years to improve graft survival and to

increase the number of transplantable organs, the

combination of azathioprine and prednisone remains the

mainstay of standard immunosuppressive therapy to which all

other regimes are compared (25, 28, 37, 105,203, 243). A

single more recent discovery, CyA, stands alone in the field

of immunosuppression as a major advance. with the advent of

this more iotent immunosuppressant, the history of
,//

transplantation may travel full circle. Reconstructive
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surgery, which contributed to the development of

transplantation with its quest for additional donor sources,

may in turn be advanced by this new transplant drug. Should

CyA permit the successful transplantation of skin and other

tissues p~eviously found to be impossible utilizing other

methods, a new chapter in the history of.reconstructive

surgery may be written.

1. cyclosporin ~

In 1969-70, two new strains of fungi imperfecti were

discovered by the Microbiology Department of Sandoz' on

routine study of soil samples brought from the United states

of America and Norway (14). A two component metabolite

mixture isolated from the fungal extract showed evidence of

weak anti-fungal activity, very low toxicity and, after

further study, a strong immunosuppressant potential (12, 15,

24, 114). The purification of CyA from this mixture in 1973

allowed the detailed evaluation of this compound and its

surprising characteristics (14). Subsequently, its

structure was elucidated and the molecule was successfully

synthesized in 1980 for large scale production (14, 242).

In 1977, the first publications appeared documenting

this drug's effectiveness in experimental laboratory

transplantation (27, 134). The impressive results for

heterotopic heart transplantation in the rat and renal

'sandoz. Ltd., CH-4002, Ba.le, Swltzerland
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alloqrafts in doqs stimulated widespread interest in the

druq. Soon after, clinical cadaver kidney transplantation

(30) as well as treatment and prevention of graft versus

host disease durinq bone marrow transplantation (179, 180)

were undertaken with the use of CyA. Since then, it has

been found clinically effective in kidney (24, 26, 28, 29,

30, 37, 87, 89, 127, 131, 157, 165, 204, 215, 216, 230) ,

heart (37, 102, 131, 175, 177, 190, 191, 217) , lung ( 30,

190), liver (26, 28, 131, 165, 217), pancreas (37, 157,

195), and bone marrow (37, 110, 121, 165, 179, 180, 181,

182, 214) transplantation. Experimentally, in the

laboratory, it has allowed transplantation of other c~gans

(52) and tissues (51, 132, 206). Most significantly, cyA

has permitted experimental skin (17, 50, 99, 100, 141, 142,

165, 235, 244, 246), nerve (4, 5, 252, 253), and muscle (10,

03, 241) allcgraftinq as well as limb transplantation (10,

" 92, 93, 115, 129) in various animal models previously

found to be disappointinq in most cases when using other

forms of immunosuppression (76, 96, 117, 136, 178, 222, 235,

250).

~he molecular mode of action of this lipid-soluble

cyclic undecapeptide (11 amine acids) is to a great extent

still elusive. The normal method through which the body

coordinates the alloqenic graft rejection response is a

complex repertoire of pr~mary and substitute mechanisms
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dependent on the type of antigen and its route of

stimulation (1).

Although the immune apparatus consists of a varied

group of specialized cells (T-lymphocytes, B-lymphocytes,

monocytes / macrophages), and interacts with other

physiologie non-specifie pathways (e.g., the complement­

clotting mechanism) and cellular mediators (e.g.,

polymorphonuclear leukocytes) (1), it is generally agreed

that the T-lymphocyte is pivotal in the rejection process

(38). T-cells are themselves subdivided not only by antigen

recognition specificity, but by their roles. Some serve in

a regulatory function of the immune response (e.g., helper

T-cells, suppressor T-cells), while others work in an

effector capacity (e.g., production of lymphokines,

cytotoxic kil1er T-cells) (1). Although the part played in

the rejection process of many T-cell subtypes is unclear,

cytotoxic T-cells and helper T-cells have been shown to be

involved.

Specialized cells derived from the monocyte/macrophage

lineage (e.g., dendritic cells, Lange~hansl cells) present

antigens to the immunologically prepared helper T-cells and

produce interleukin 1 (1). The helper T-cells respond by

proliferating, some stimulating B-cells into proliferation

and antibody production, others producing lymphokines (non­

specifie helper factors) (1). The inflammatory process and

interleukin 2 production are quickly engaged (1).
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Interleukin 2 further stimulates all T-cells to proliferate

and specifically activates cytotoxic killer T-cells which

lyse the foreign cells recognized by their specifie antigen

(1) •

Although several sets of antigens differentiate human

individuals from each other (including the ABO blood group

system and sex associated H-Y antigen), the HIA is the

strongest of the transplantation antigens (1, 104) and

represents the major histocompatibility complex (hereafter

MHC) •

The MHC is a small segment of genetic material on the

short arm of autosome number 6 (18, 104). Its gene loci A,

B, C, and D, determine cell surface antigens and are linked

so that they tend to be transmitted as a genetic unit called

a haplotype. One haplotype is contributed by each parent.

Each locus within the haplotype, although only capable of

coding for the synthesis of one antigen, has many potential

alleles in the population as a whole.

The HLA is subdivided into Class land Class II

antigens. The former were originally identified by

serologie methods and include HLA-A,-B, and -CW (18). Class

l antigens are found in virtually all nucleated cells and in

body fluids (18). They activate and interact with cytotoxic

T-cells stimulating foreign cell lysis and activate the

antibody response (18). HLA-D antigens are Class II, first

identified by mixed leukocyte culture (hereafter MLC)
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proliferation and are subdivided into DR (a1so written HLA­

DR), Dg, 'and Dp (18). These antigens are more limit.'ld in

their distribution, concentrated mostly in key locaticns for

the purpose of setting the immune response in motion (e.g.,

B-lymphocytes, antigen presenting cells ~uch as those from

monocyte/macrophage lineage, Langerhans' cells, dendritic

cells, activated T-lymphocytes, epithelial cells of various

organs, bone marrow precursor cells, sorne neoplasms:

capillary and glomerular vascular endothelial cells) ~18,

88, 218, 233). Class II antigens activate helper T-

lymphocytes, stimulate the MLC and can also evoke antiboiiy
i!

response (18). Thus Class II antigens stimulate the affe:cent
",1
"

'\'\

proliferation) while Class l antigens attract cytotoxic T-

cells which are responsible for the efferent process.of cell

destruction (18).

In humans, the D locus (Class II) antigens seem to

play an important role in transplantation histocompatibility

because of their effects on T-cell stimulation (233).

DR matching influences significantly the prognosis of

allografted tissues (234), particularly certain DR

specificities which may contribute to à more intense immune

response (38) making DR matching of particular value (130).

On the other hand, in previously sensitized recipients,

matching of the A and B loci (Class 1) antigens may be of

greater importance than matching for the D locus to avoid
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hyperacute rejection (233). Although the importance of HLA

typing in transplantation is still being evaluated, there

does·seem to be favorable effect on long-term results with

HLA-A, -B, and -DR typing particularly in patients treated

with other than CyA immunosuppression (38). Antigens of the

C locus at present appear much less important than the

others. with HLA loci incompatibility, the rejection of an

o

allograft by cellular immunity usually occurs within 10 days

for an unprimed recipient (first set rejection) (l, 48, 158,

185, 186, 188) and within 4 to 6 days for a primed recipient

(47, 158, 185, 186, 188); rejection being indicated by

mononuclear cell, lymphocyte, and macrophage infiltration.

ABO blood group matching is clearly essential in

transplantation to prevent hyperacute rejection when

immunologie manipulation is not used (39, 130). There is

also a newly-discovered Class I-like antigen system present

on the vascular endothelial cells whose importance is

becoming increasingly well understood (38, 39, 40). This

system seems to be the most consistently involved in

patients who reject an allograft and is becoming essential

in the pre-transplant evaluation of potential recipients.

Although the role played by CyA in immunosuppression

is unclear, there is unanimous agreement that the ability of

CyA to inhiblt predominantly T-lymphocyte-dependent immune

responses is the factor inducing tolerance of transplanted

tissue across major histoccmpatibility barriers in a variety
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of animal models(13, 22, 31, 37, 113, 114, 165, 170, 245).

In vitro studies indicate that CyA has a differential effect

among T-lymphocyte subpopulations permitting the induction

of suppressor T-lymphocytes while inhibiting the activation

of cytotoxic T-cells (13, 22, 31, 37, 38, 113, 114, 139,

165, 170, 233). Although it appears that the latter are

primed and recognize the foreign antigen, the immune

response is prevented from progressing any further by CyA's

inhibition of interleukin 2 production by helper T-cells

(22, 31, 37, 38, 127, 170, 240), and apparently,

interference with the precursor cytotoxic T-cell's ability

to respond to this proliferative trigger (37, 38, 137, 165,

170, 176). Cyclosporin A can also control the expression of

Class l ant1gens and even prevent Class II antigenic

expression on endothelial cells (38). This drug therefore

appears to effect both the efferent and afferent limbs of

the immune response to achieve immunosuppression.

2. 8kin transplantation

Skin, as the major barrier between individual and

environment, has been found not only to be more immunogenic

than the kidney (17, 196) or nerve (146), for example, but

to undergo rejection more readily than other organs (17, 40,

196, 246) or the other tissues present in a limb (136, 146).

Although Langerhans' cells are believed to be essential in

provoking allo-agression by the recipient immune system due

~
'1
l'
'l
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to their C1ass II antigens (53), all three cell lines of the

epidermis (Langerhans' cells, keratinocytes, and

melanocytes) seem to stimulate lymphocytes (196). This

observation may explain the greater immunosuppression dosage

requirements for skin allograft survival as compared to that

for certain solid organs (2, 246). Skin grafts survive less

than 3 weeks before rejection even under good histocornpati­

bility matching in several species (17, 23, 41, 50, 99, 136,

141, 142, 146, 158, 219, 235, 246).

Although various immunosuppressant regimes have been

tried in the past, prolonged skin allograft survival has

been difficult to achieve. Despite numerous animal models,

treatment with steroids, cyclophosphamide, 6-mercaptopurine,

antilymphocyte plasma, methotrexate, azathioprine, and

azaserine, some in combination, others alone, have had only

modest success (235). Some drugs were entirely ineffective

and others improved graft survival only slightly (in a

single case up to 37 days), but most harboured unacceptable

toxicity (235). With antilympbocyte serum, sornewhat longer

periods of allograft viability were attained. In one study

with high doses administered, healthy grafts were present at

41-56 days post-transplant but the animals died of toxicity·

(235). When used for a restricted period of time followed

by steroid maintenance, anti-lymphocyte serum could sustain

some grafts for as long as 49 days and in three isolated

cases to beyond 100 days (235), but it was not until the
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development of CyA that research into skin transplantation

was transformsd.

with this new drug administered over a wide range of

dosages (from a maintenance dose of 8 mg/kg s.c. every 4

days to 150 mg/kg/day p.o.) in various species, skin

allografts have been shown to survive in many cases at least

as long as the drug is continued (171. 50, 99, 100, 141, 142,

165, 235, 244, 246). After cessation of adequate CyA

therapy, graft survival ranges, on the average, were from 3­

23 days beyond the end of treatment as compared to controls

in which total survival was only 8-15 days (17, 50, 99, 141,

142, 235, 246). Most pub1ished studies dea1ing with skin

transplantation under CyA immunosuppression have uti1ized

skin grafts (17, 50, 99, 100, 141, 142, 235, 244, 246). Skin

flaps on the other hand had never been studied in this

manner with CyA prior to this project and there is very

1ittle information about any other modes of immune

modulation for such f1aps (198). with the use of this drug

the re1ative1y greater immunogenicity of skin may no longer

remain an obstacle for future investigations.

3. Nerve transplantation

Nerve tissue a110grafts do not appear to be as immuno­

logica11y cha11enging as skin a110grafts (146). A1though

rejection does occur (65, 117, 146, 222, 250, 253), nerve

fibers have been shown to successfu11y regenerate across
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fresh foreign grafts in the non-immunosuppressed rat (65,

149, 254). Nevertheless, there seems to be sorne

disagreement as to the relative importance of major versus

minor antigenic mismatching and the significance of

allograft length in these cases.

In more practical terms, the goal of achieving

consistently good results for longer segments of nerve

allograft, as would most.commonly be required in the

clinical setting, has been sought utilizing various

techniques. Irradiation, pre-degeneration, freezing,

lyophilization and combinations thereof as well as other

techniques have been tried in pre-treating allografts in

view of decreasing their antigenicity (65, 147, 148, 254).

Although pre-treatment offers the theoretical advantages of

limitless supply without the need for altering host

defences, reports in the literature of such studies have

provided conflicting results (65, 147, 148). Pre-treatment,

in addition, ·does not offer a direct solution for the

transplantation of nerves as an L ..':egral part of a composite

tissue transplant, a hand for example.

Immunosuppression, on the other hand, has shown sorne

promise. Immunologie tolerance at birth and "radical

immunosuppression" (using thymectomy, total body

irradiation, and bone marrow reconstitution), although

impractical in routine clinical practice, have allowed

allografting across minor and major histocompatibility
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barriers in the rat (146, 254). Nerve regeneration through

4 cm allografts in the immunologically tolerant animals was

successful as compared to controls in which reinnervation of

target muscle did not occur (254). Radically

immunosuppressed rodents, equally showed no immunologie

evidence of sensitization when tested 20 days after grafting

(146) •

Pharmacologie immunosuppression, clinically more

useful, has also been assessed in rat nerve allografting

across major antigenic barriers. Although azathioprine and

hydrocortisone alone or in combination have been shown to

improve axon regeneration through segments of allograft over

that inuntreated controls·when measured by electrophysio­

l6gic and histologie parameters, results did not compare to

those of autografted rats (147).

From the experiments of Zalewski and Gulati, Schwann

cells in peroneal nerve grafts and vagal nodose ganglia have

been shown to survive in experimental animals (252)

suggesting the possibility that they could support

regenerating axons. These investigators subsequently

demonstrated that axons will grow through allografted

pe~ipheral nerves in rats treated with CyA (253). In

addition, CyA has been shown to reduce or eliminate
.

histologie evidence of.rejection, depending on the dosage

schedule used (4, 5, 252, 253). It can even prevent

immunologie responsiveness to the graft when given at a low
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non-toxic continuous dai1y dosage (5 mg/kg s.e.) (4, 5).

Functional, electrophysiologic, and histologie evaluation of

such allografted rats has shown them to be comparable to

those with syngeneic grafts (5). Despite such encouraging

results, short-term (28 days) treatment with CyA did not

seem to provide long-term (88 days) survival of nerve

allografts suggesting that its long-term use may be

necessary (although repair of the distal end of each graft,

permitting the possible influence of target muscle trophic

factors, had not been undertaken in this study) (253).

Although the results with this drug have been

impressive, all of these studies have dealt with segments of

allografted nerve. None have addressed the important

question of whether recipient nerve endings can recognize

and interact with foreign donor motor end plates or sensory

structures, the basis of reinnervation in reconstructive

transplantation.

4. Muscle transplantation

Although muscle allografts have also been found to be

immunologically less stressful than skin transplants (241),

they are normally rejected by 10 days or after 2 weeks

depending on the animal model used (103, 241). They have

not generated as much interest as some of the other

allografts, but have been studied with some success in the

laboratory. Induction of immune tolerance at birth and in
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the adult animal despite being impractical in humans,

achieved survival of muscle transplants up to 200 days in

some cases (241). ImmunosuppreF. ;ion, a clinically more

useful modality, with anti-lymphocyte serum three times a

week has also been shown to be effective for up to 30 days

after cessation of therapy (241).

cyclosporin A has more recently been evaluated in

muscle allografting. Watt et al transplanted minced muscle

in mice between strains differing at the MHC locus (241).

They found that a higher dose (200 mg/kg/day p.o.) of CyA

was more effective than a lower one (150 mg/kg/day p.o.) in

short-term treatment (20 days) and could maintain the graft

for up to 12 days beyond discontinuation of therapy.

Interestingly, the muscle surviving in the recipient, ,

consisted of a mosaic of donor and recipient cells, probably

in part as a result of the form in which the cells were

transplanted (minced). Gulati and zalewski, transplanting

an entire muscle in rats having both major and minor

histocompatibility differences, used much lower CYA doses to

avoid the toxicity seen by Watt's group (103). Despite

receiving only 5 mg/kg/day s.e., grafts were not rejected as

long as treatment was

neurovascular repairs

occurred by anomalous

continued. Even though no
~

\\
had ~een undertaken, reinnervation

~
~'\F --

routes, returning muscle bulkto about

50% of normal. Tests of function were not attempted so the

efficacy of the newly-formed connections is unknown.
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However, the fact that some of the muscle bulk returned

suggests that there might have been a positive trophic

effect exerted on the transplanted muscle. This data

therefore suggests that nerves can not only regenerate and

become remyelinated in the presence of CyA, but that donor

muscle may be capable of receiving recipient nerves that

provide the trophic signals necessary for its maintenance.

In a preliminary communication, Black et al did

measure the contractile properties of muscles transplanted

as part of a limb allograft in the rat (10). The

transplants had been undertaken 274 and 701 days earlier

respectively across a major immunologie barrier. The

maximal tetanic contractions for the tested muscles were on

the average 65% those of the normal side. Although the

authors attributed this to "simple atrophy", no control CyA

treated or untreated autograft values were mentioned. This

information, despite becoming available well after the

beginning of our study, provided tangible hope that

neuromuscular interactions are possible between recipient

and donor tissues in the presence of CyA.

5. Bone transplantation

Rejection of non-vascularized allografts occurs with

bone as with other tissues (41, 54, 169), but much less

often or not_at all with articular cartilage (23, 95, 138).

Under most'conditions bone allografts can sensitize the host
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sufficiently to induce earlier rejection of a skin graft

transplanted from the same donor (23, 41, 251). The

presence of marrow in some of these allografts stimulates a

more easily detectable response than when it is washed away

(23). Nevertheless, the discovery in vitro of what are

known today as Class l transplantation antigens on the

surface of the bone cells themselves (169) may contribute to

the impairment of new bone formation around fresh marrow­

free iliac bone grafts even when these do not stimulate

premature rejection of a donor specifie skin graft (23).

Pre-treatment such as boiling, freezing, and freeze

drying of bone grafts can diminish their antigenicity (23,

91). While freeze dried grafts seem to retain a small

degree of immune stimulation (169), freezing does not

significantly alter long-term outcome of experimental

allografts when compared to fresh ones (112). In both kinds

of grafts late joint disintegration occurs. This is

believed to be related to impeded or disrupted

revascularization noted in allografts with resultant aseptic

necrosis (95, 107, 112, 220, 251). Despite such negative

experimental data, non-vascularized allo-transplantation of

joints and parts thereof are used clinically (91, 239).

Apparently good results can be achieved, particularly in

cases where the bone is used for packing spaces or only one

surface of the joint is .r,eplaced, but little detailed

evaluati~n is provided in these papers.
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Although non-vascularized bone and joint grafting

offers the advantage of a shorter operative time, living

bone would be preferable for the reconstruction of certain

types of defects. Large defects, particularly in weight­

bearing bones or in the presence of a poorly vascularized

bed (151), especial1y in joints where degeneration occurs

following failure of the vascu1ar supply to the graft (95),

successful vascularized bone grafts wou1d be of clear

benefit. Since the body does not include a dispensable

source of large joints, vasc?larized joint transplantation

has been studied experimentally. Without immunosuppression

these transplants were readily rejected (189, 206, 251).

Using azathioprine intermittently in the dog, survival for

as long as 18 months in a non weight-bearing heterotopic

location was apparently possible (189). In another study,

orthotopic transplantation in the dog was achieved with

patent anastomoses proven by angiography for up to one year

in just over 20% of animals (95). This low success rate

occurred despite combination therapy using anti-lymphocyte

serum, azathioprine, and prednisolone, due to chronic

rejection resulting in function inferior to those of control

autografts. In another study in the rabbit,

immunosuppression using azathioprine, methylprednisolone,

and in some animals, irradiation, although increasing

survival time to a small extent in the non-irradiated cases
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as measured by bone scanning, did not do so in a

statistically significant manner (251).

By contrast, in a letter to the editor by siliski, CYA

alone given to rabbits at 15 mg/kg/day for orthotopic

transplantation of knee joints permitted survival of bone

and cartilage for at least 3 months (when the grafts were

harvested for study) in nearly 36% of cases (206). Although

there was no mention of functional outcome, two grafts in

immature animals did demonstrate ongoing growth at the

epiphyseal plates. Cyclosporin A therefore may prove to be

beneficial in the experimental transplantation of large

segments of vascularized bone, particularly when these

include joints and periarticular structures such as those of

a hand for example.

6. Limb transplantation

Research into the transplantation of limbs began even

before the advent of immunosuppressants (201) and prior to

the advent of CyA results were generally disappointing (76,

96, 136, 143, 178). The few that were successful during

this period utilized techniques inapplicable to humans.

Schwind, for example, over a two week period gradually

transferred the hind limb from an immunologically immature

rat to another using parabiosis (201). He noted that only

one third of such transplant pairs survived long enough to

be successful, but that the percentage could be increased
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using previous mutual donor-recipient neonatal

transplantation of salivary or splenic tissue. Tweed also

noted prolonged survival of allografted guinea pig hind

limbs when previous donor-specific splenic allografts had

been accepted (237). Lapchinsky, reportedlyachieved

immunologie tolerance in a dog by complete exchange

transfusion from the donor when the recipient was 6 days old

(159). Nine months later the limb was transplanted with

survival noted at just under 2 months.

Attempts were also made to induce tolerance in adult

recipients. Poole et al successfully prolonged rat limb

allograft survival in recipients using a previous anti­

serum-enhanced kidney allograft (178). It was noted that

the longer the time elapsed between kidney and limb

transplantation, the longer the limb survived. Curiously,

all the rats in this experimental group died between 21 and

207 days after limb transplantation with no explanation

given as to the cause of death. In the same study, the

authors tried to induce non-reactivity in normal recipients

with the use of allo-antibodies directed against antigens

present on the donor lymphoid cells. All limb allografts in

this group were rejected by 16 days.

Several other authors undertook adult animal limb

transplantation using various combinations of immuno­

suppressive drugs without the benefits of CyA. Goldwyn et

al used 6-mercaptopurine in mongrel dogs (96). Treated dogs
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showed a slightly prolonged hind limb allograft survival of

11 to 28 days compared to 6 days in untreated controls.

Oespite the minimal improvement, it was at the expense of

fatal side effects (hemorrhagic pneumonitis, leukopenia,

hepatocellular necrosis or suppuration). A similar result

was described by Ooi who attempted transplanting rat limbs

with several drug regimes (76). Although treatment with

azathioprine and prednisolone permitted some increase in

allograft survival (4 out of 7 transplants survived longer

than the average control of 12.5 days), all rats succumbed

to side effects of immunosuppression before rejection could

occur. None of the other treatment groups studied (6­

mercaptopurine and prednisolone, azathioprine alone,

prednisolone alone, and 6-mercaptopurine alone) attained

significantly prolonged survival and 11 of these 14 rats

with technically successful transplants also died of

complications prior to rejection.

The only study to have reported some prolonged

recipient and allografted limb survival prior to th~advent

of CyA was by Lance et al (136). Using various potent

combinations of anti-lymphocyte serum, azathioprine,

hydrocortisone acetate, thymectomy, splenectomy, exchange

transfusion, and splenic cell suspension, transplantation of

canine hind limbs was undertaken between unrelated

registered beagles. Although significant prolongation of

allograft survival was shown in dogs receiving continuous
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immunosuppression (antilymphocyte serum or hydrocortisone

acetate and azathioprine), aIl died or had to be terminated

due to serious complications including pancytopenia, wound

infection, systemic sepsis or self mutilation. Greater

success occurred in three animaIs receiving a short course

of massive immunosuppressive drug therapy, with or without

splenectomy and/or thymectomy, and followed by induction of

immune tolerance using donor splenic cells or exchange

transfusion. Although these dogs had a somewhat unstable

course, long-term survival was achieved with one rejecting

on day 200 and the other two surviving beyond 60 and 300

days respectively.

In 1964, Gilbert and Panchana transplanted a human

hand with part of the forearm from a cadaver to an injured

sailor in Ecuador (160). Postoperatively, Wilson and

Goldwyn from Boston were requested to help with the immuno­

suppression. Prednisone and 6-mercaptopurine were used, the

latter replaced by azathioprine a few days after

transplantation. Postoperative irradiation (150r) was

administered. Beyond the initial report, no further

information was published on the outcome of this clinical

experiment •

. The discovery of CYA quickly rekindled research in

limb transplantation. In 1982, Black et al published the

first data on adu1t rat 1imb transplants using CyA

immunosuppression (11). In this pre1iminary study, four



(
28

Lewis recipients underwent transplantation of a hind limb

from hybrid Brown Norway (BNxLew F1) rats. Cyclosporin A

was administered at a dosage of 25 mg/kg/day s.e •• Mean

survival of the allografts was an impressive 101±13 days in

the treatment group compared to 18±5 days in the control

group. One year later, the final results from this

experiment became available (115). Of the five ~roups

studied, the firs~ two control groups underwent

transplantation without treatment (group 1) or with the

administration of the solvent (20% Tween 80 in anhydroùs

ethanol) a10ne (group 2). A donor specifie blood

transfusion (1 mL Brown Norway whole blood) was given 1 week

prior to transplantation in groups 3 and 4 with additional

passive enhancement (1 mL Lewis anti-Brown Norway allo­

ascitic fluid) on the day 'of transplantation as well as 2

and 3 days later in group 4. Group 5 received 20 days of

CyA at 25mg/kg/day s.e. post-transplantation. Rejection was

defined as a 10'F fall in temperature of the allografted

limb along with the earliest visual changes.

Although donor specifie blood transfusion can prolong

rat kidney allograft survival across even stronger histo­

compatibility barriers (115), it did not succeed in doing so

for the transplanted limbs (group 3), even when auqmented

with immunologie enhancement (group 4). In contrast, CyA

produced a dramatically increased survival (group 5) as

compared to controls (group 1) or solvent treated animals
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(group 2). The Mean allograft s~rvival times in CyA treated

rats were approximately 10.5 times greater than either group

1 or 2. There was no significant difference between these

latter two groups. The longest successful CyA treated

a~imal had not rejected its allograft at the time of

publication 225 days after transplantation despite having

stopped the immunosuppressant 205 days previously.

Fritz et al also undertook adult rat limb

transplantation with success (92,93). ACI strain hindlimbs

were heterotopically transplanted to the back of Lewis rats

representing lia very strong antigenic mismatch". Four

groups of five animals each were studied. Rejection was

determined clinicdlly by swelling, erythema, and skin

changes, histologically by cellular infiltrate, skin

atrophy, and vasculitis, and immunologically by the presence

of cytotoxic and hemaglutination antibodies. All controls

(group 1) being administered the plain solvent (Miglyol 812)

showed evidence of clinical rejection within 14 to 20 days.

Amongst the CyA treated animals receiving 10 mg/kg/day s.c.

for a duration of 7 days (group 2), 21 days (group 3), or

continuously (group 4), the results were significantly

better. Only in the short-term group (group 2) did 2 out

of 5 animals show clinical signs of rejection similar to

those of the controls (group 1) 4 tg 5 weeks after

discontinuation of therapy. No treated animaIs developed

strong histologic signs of rejection, and nine of these (3
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from group 2, 1 from group 3, 5 from group 4) had no

microscopie evidence of rejection at all. In contrast, all

of the control rats (group 1) developed strong histologie

evidence of rejection. Similarly, antibody'testing revealed

a strongly positive response in all untreated animals (group

1), as opposed to none in the continuous treatment group

(group 4).

Kim et al also published a similar study in which adult

rat limbs were transplanted orthotopically across defined

histocompatibility barriers with varying regimes of

treatment (129). Of six groups, the first (group 1)

underwent limb replantation and the second (group 2)

transplantation, both without immunosuppression. The next

two groups received 10 mg/kg/day i.m. cyA, one for a period

of 2 weeks (group 3) and the other for 2 months (group 4).

The remaining two groups received 10 mg/kg/day of continuous

intraperitoneal azathioprine (group 5) and prednisolone

(group 6) respectively. The replanted limbs (group 1) showed

some edema during the first week and denervation atrophy,

but otherwise had a normal long-term appearance. In the

control group (group 2), clinical signs of rejection

appeared on the average at 6 days. The short-term CyA rats

(group 3) showed some edema during the first 7 to 10 days

followed by normal appearance until on the average 32.9 days

following transplantation (18.9±3.0 days beyond the end of

treatment). In the long-term CyA group (group 4),
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appearance of the limbs was similar to the replants until a

mean of 67.7 days (7.7±1.9 days past the end of CyA

administration), when signs of rejection appeared. This

result was in contrast with the azathioprine (group 5) and

prednisolone (group 6) groups in which rejection appeared on

the average at 7.2 and 7.8 days respectively during

continuous therapy. These studies have therefore become the

standard to which all subsequent studies are compared.

Overview of Microsurqery

The surgical use of the microscope began in 1921 for

drainage of a middle ear infection (56). The otorhino­

laryngologists soon adopted the new instrument for a variety

of operations in the middle ear (56, 57). In 1953, Carl

Zeiss introduced the modern operating microscope with

coaxial illumination and variable magnification (56).

Before long the ophthalmologists discovered its advantages

for repair and reconstruction in the confines of the eye

(56, 57). However, it was not until 1960 when Jacobson and

Suarez reported the use of the microscope for the reliable

anastomoses of vessels less than 2 mm in diameter (124, 125)

that plastic and reconstructive surgeons took particular

note of this increasingly popular tool (57). Vessels of

decreasing size could thereafter be repaired with increasing

patency rates paving the way for replantation surgery and

free tissue transfers (227).
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Reconstructive microsurgery quickly became an

expanding specialty. The introduction of microsurgical

technique (43, 62), improved instrumentation, and most

importantly, the continued development of the operating

microscope provided the necessary framework for this new

discipline. Instruments, clamps, and suture material

quickly evolved to meet the requirements of this demanding

type of surgery (43, 60, 61, 94).

Soon repo~~s of both experimental amputation and

replantation in laboratory animals (19, 20, 21) and

successful salvage of accidentally amputated human

extremities (120, 150) at progressively more distal levels

with increasingly small vessel diameters (43,57, 63, 82,

94, 227) including digits (133) began to appear in the

literature. From these reports, the possibility that large

segments of tissue with their own blood supply could be

transferred from one area of the body to another in one

stage deserved consideration. While experimental work with

free vascularized tissue transfers continued in the

laboratory (20, 64, 97, 135, 174, 224), the critical step of

sacrificing tissue from a healthy area of the body to

reconstruct a deformity, entirely dependent on

microsurgically repaired vessels, was achieved in humans

(64, 83, 84, 85, 94, 202, 227). Intestine (43, 202), the

toe (44), omentum (156), skin (59, 108, 173), and bone (226)

were all successfully transferred as free flaps (or free



33

vascularized grafts). The door was open for all forms of

free tissue transfer limited only by the surgeon's

imagination and the painstaking determination of blood

supply (55, 154).

with the early work of Smith, who saw the potential

for the operating microscope in peripheral nerve surgery

(210), previously dismal results could begin to improve with

the birth of microsurgical nerve repair (65). The

. possibility of restoring sensation and even muscle function

multiplied the scope of reconstructive microsurgery (109,

224). Nerve repairs became more sophisticated (98, 249) and

the indications for the use of nerve grafts were clarified

(161, 162). Even vascularized nerve segments, after having

been developed in the laboratory animal, have been tried

clinically (225). These were designed to improve the

outcome in cases of wide nerve gaps where either a large

caliber graft is required or to span a severely scarred bed.

Soon after publication of the first clinical free toe

to hand transfer (44), reports multiplied as the foot became

a source for the replacement of amputated digits without

adding to the morbidity of the other fingers (83, 144).

This method proved to be particularly useful for thumb

replacement in severely traumatized hands with vascular

damage preventing pollicization (144). While providing a

new "thumb", this technique has allowed mastery of

manipulation and sensory cortical integration to occur
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without difficulty since the tendons and nerves to the toe

are anastomosed to the stumps of those to the missing thumb

(152).

Neurovascular free flaps were soon developed to

resurface insensate areas of the body of particular

functional importance such as the hand (66, 67, 68, 166).

Muscle flaps, transferred with microsurgical repair of their

vascular pedicle as well as their motor nerve, next provided

animation in facial paralysis (109) and finger motion in

forearm injuries (123, 153).

Since the 1960s, microsurgery has grown into the

refined surgical technique it is today. Few surgical

specialties have not, in some way, been affected by its

development. Reconstructive microsurgery has provided an

armamentarium of free tissue transfers in a multitude of

types, shapes, and sizes, some providing coverage (e.g.,

skin) or bulk (e.g., omentum), others achieving movement

(e.g., innervated muscle) or sensation (e.g., nerve), and

still others permitting return of structural integrity

(e.g., bone) or anatomie functional continuity (e.g.,

intestine).

It is now possible to expand the reconstructive

horizons further and push the common frontier between

transplantation and reconstructive surgery one step ahead.

The time has come to develop models in which it will be

possible to study the survival of transplanted flaps and



functional biomechanical units as an integral part of the

interface between an individual and the environment.
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OBJECTIVES AND RESEARCH PLAN

Cyclosporin A has been shown to significantly prolong

survival of whole limb transplants in the adult rat (10, 11,

92, 93, 115, 129). Neverthe1ess, the question remains as to

whether transplantation between inbred strains of rats poses

a sufficient immunologie challenge for allograft survival

since rats have been shown to express passive enhancement

with relative ease (1), despite some strain variation, in

contrast to the primate or dog (88). Examples include

prolonged cardiac transplant survival following a short

course of medication (165, 244, 246, 247), even to greater

than 100 days after receiving only 15 mg/kg/day i.m. of CyA

for 7 days (122) and kidney grafts lasting indefinitely

after 1 week of daily doses or 5 doses of alternate day oral

cyA therapy (119, 165, 208, 244). In the rabbit and some

other animal models, although the time periods are generally

less impressive, prolonged survival has also been noted (24,

77, 78, 101, 165).

One theory for the explanation of this phenomenon in

the rat kidney, which if correct may apply to other organs

and tissues, and perhaps even to some other animaIs, is that

proposed by Fabre (88). It suggests that the rat may lack

la antigens (now known as Class II or HLA-D) on the vascular

endothelial cells in the kidney in contrast to the situation

in humans. Cells with this antigen,' as noted previously,

1:
l'J
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are particularly important in stimulating the afferent limb

of the immune response by antigen presentation (88, 218).

While present only on intersti~ial dendritic cells in the

rat kidney, these la (Class II) antigen positive mobile

cells may soon be replaced by ones of recipient origin.

This phenomenon may explain the short-term need for

immunosuppression in the rat. The human vascular

endothelium, on the other hand, may not ever be able to rid

itself of these antigens since they are found on the

immobile endothelial cells themselves. Interestingly,

rejection often appears to involve a significant vascular

component, whether manifested by direct endothelial cell

injury (such as in acute renal rejection, primarily a T­

lymphocyte mediated occurrence) or actual luminal occlusion

(such as in hyperacute renal rejection, an antibody

dependant process in previously sensitized patients) (l,

251).

It therefore is questionable whether findings in the

rat can be extended to humans or non-human primates (88).

The rat limb transplantation studies have nevertheless

become the cornerstone for further research. They have also

provided an impetus to answer the critical question: can

limbs or portions thereof be transplanted successfully

between entirely unrelated individuals of a primate species?

Additionally, tissue transplants for reconstructive

purposes, as noted earlier, differ markedly from previous
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clinical transplants in that their reinnervation is

essential. Unlike renal and heart transplants that maintain

function independently of direct neural regulation, digits

and hands must be innervated in order to be useful.

Experimental data are therefore required evaluating

reinnervation of such transplanted tissues in the presence

of CyA before clinical application can ever be considered.

In order to provide such data, new experimental models

with long-term survival must be designed. Therefore, the

aim of this project was to design primate transplant models

and to successfully achieve sufficiently long survival for

functional motor and sensory reinnervation to have occurred

in the transplanted tissue by recipient nerves under CyA

immunosuppression.

The experiments were divided into three stages: stage

I: Design of a neurovascular free flap (hereafter NVFFl and

a hand transplant (hereafter HTl model in the primate.

stage II: Gain experience with Cy A immunosuppression.

stage IIII Undertake transplantation of the TNVFF and HT

models in the primate.
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MATERIALS AND METHODS

Despite detailed protocols resulting from extensive

search of the literature and consultation with various

specialists, constant improvements were implemented

throughout the course of this transplantation project.

Unless stated otherwise, the information provided in this

section is the most updated procedure felt to achieve the

best results. Most of the modifications were obtained

through trial and error in the course of the study.

Experimental Animal

The baboon (Genus papio) was chosen as the experimental

animal on the basis of several important features including

the following: 1) similarity in anatomy of the hand to that

of humans, 2) similarity of function of the transplanted

tissues to that in humans, 3) possibility of incorporating

into each model a tactile glabrous skin component, 4)

comparability of sensory receptors, motor end plates and

nerve pathways to those of humans, 5)' adequate size of

neurovascular structures in the adult for dependable

microsurgical anastomosis and future neurophysiologie nerve

recordings, 6) availability of previously established

techniques, protocols, and standards for assessing return of

neural function after peripheral nerve repair in this

species (79, 229), 7) diameter of forearm bones permitting
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solid internal fixation, 8) documented successful use of CyA

during transplantation research in several primate species,

9) species closer to humans on the phylogenic scale, and 10)

availability of a reliable supplier.

The animals were provided by a recognized primate

dealer. 2 They were all wild young adult Papio hamadryas

anubis originally from Kenya. Females were chosen for their

smaller adult size and reportedly less aggressive behavior.

General Animal Care

upon arrival to the supplier, they vere suijected to a
'\

routine animal husbandry protocol (APPEND~~ 1). Each baboon

was delivered to one of two primate care facilities utilized

for this study! with an accompanying ~eterinary Health

certificate (APPENDIX 1).

Long-term animals were isolated from those in which all

experimentation was completed within 2 weeks. Individuals

were housed separately in squeeze-back primate cages

according to the guidelines set by the Canadian Council on

Animal Care (32). All animals were weighed on arrival and

were within the 9-13.9 kg category requested from the

supplier.

2eh.rles Rlv.r R••••reh Primat•• eorp., P.O. Box 416, Port W••hlngton, New York, 11050, U.S.A.

3Montr••1 Neurologle.l Institut., Anlmel Foclilty Rooa 830, 3801 Unlv.r.lty St., Montr••l, Ouebee,
eonodo, H3A 2B4; Melntyr. Modle.1 Sciences Bldg., Animai Centre, 3655 Drummond St., Montre.I, Oueboc,
eonodo, H3G 1.6
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Alimentation consisted of water ad libitum and a

standard monkey chow diet supplemented with multiple

vitamins, Ensure4 liquid hyperalimentation and ferrous

sulphate as required. Fruit and vegetables were given in

reward following unpleasant manipulations. Yogurt served as

the primary means for the administration of certain oral

medications.

Tissue Typinq

Since very few laboratories are involved in tissue

typing Papio hamadryas anûbis, it took considerable time to

locate someone with whom to collaborate. s Six of the

animals were tissue typed (#16,#17,#18,#19,#20,#21) using a

similar technique (228) to that for human typing (171, 209).

Tests showed that donor-recipient pairs #16-20, #18-19, and

#18-21 had 2 chromosomal differences. Pair #16-17 shared one

allele, but had a high probability of being different via

further criteria. The rejection episodes seen in the

remaining recipients (those not tissue typed), suggest that

genetic dissimilarity existed in all donor-reclpient pairs.

'Ross laboretories, Division of Abbott Llbor.tortes, Ltd., 6300 C6te·de·LI~s8e Rd., Montr'~~#
Quebec, Caneda, H4T lZl .

. SR. Mark Sharp, Ph.D., Assistant Sclantlst, Southwest Foundatlon Biomedical Research, Dept. of
Genetlcs, 7620 N.W. Loop 410, San Antonio, Texaa, 78283, U.S.A.
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ImmunQsuppressiQn

In these experiments, CyA was rQutinely administered

by intramuscular injectiQns (73) beqinninq at arQund 22 tQ

23 mq/kq twice daily (100 mq dissQlved in 810 mq MiqlYQl 812

and 40 mq absQlute ethanQl, heated tQ 50·C and filtered fQr

sterilizatiQn, yieldinq a sQlutiQn cQntaininq 100 mq CyA/mL

as per SandQz (Switzerland», 4 days priQr tQ surqery, and

cQntinued fQr the lenqth Qf each study. DQsaqes were

adjusted tQ maintain 12 hQur serum trQuqh levels arQund 800­

1000 nq/mL, as mQnitQred by rQQm temperature

radiQimmunoassay (hereafter RIA), but below the level fQund

tQ be nephrQtQxic.

FrQm experience with the earlier transplants,

supplemental sterQids, as used by SQme clinical centers (13,

25, 29, 102, 127, 165, 215, 216, 217, 230), were fQund tQ be

necessary and were administered intramuscularly. A CQurse

Qf methylprednisQ1Qne was started at 125 mq/day for a

duratiQn Qf 3 days, fQllQwed by a taperinq reqime frQm 25.6

mq/day divided intQ 2 dQses, and decreasinq by 4 tQ 4.4 mq

every 2 Qr mQre days tQ a maintenance dQse Qf 4.4 mq Qnce

daily.
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Perioperative Care

1. Infection control

All animals received penlong-sR6 (Q.l1 mL/kg/day

i.m.) beginning the day prior to surgery for a duration of

14 days and as required. This regime delivers 11,000 units

each of procaine penicillin (34) and benzyl penicillin/kg/

day as well as 27.5 mg of streptomycin/kg/day. This drug

was chosen because it had to be administered only once daily

and because of its activity against B-hemolytic

streptococcus which can be ~ serious pathogen in skin and

soft tissue wounds. In addition, netilmicin sulfate (50 mg

i.m. twice daily) was routinely instituted following

infection of our first transplant with Enterobacter cloacae.

It was also given for a duration of 14 days beginning the

day prior to surgery and as needed. Prior to surgery, the

hair on the operated limbs of the animals was clipped.

sterile surgical technique was employed during all

operations and dressing changes. If there was any evidence

of infection, cultures were taken and treatment with the

appropriate antibiotic instituted.

2. Anesthesia and analqesia

All animals were kept fasting a minimum of 9 hours

prior to surgery. Tranquillization was achieved with

intramuscular ketamine hydrochloride (5.25 mg/kg) and

6Roa1r S.T.B., 805 CI.telneu Ave., Ste-HYlclnthe, Quebec, C8Il8da, J2s 654 .
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xylazine (0.45 mg/kg) (248). Anesthesia was induced and

maintained with intravenous sodium pentobarbital (16.25 to

65 mg per dose). Dosage and frequency were determined by

the amount necessary to suppress reflexes and minimize

muscle tone.

Levorphan tartr~te was chosen as the postoperative
•

analgesic for its effectiveness at a low dosage and its

prolonged duration of action (36). It was administered at a

dose of 1 mg i.m. twice daily for 5 to 7 days under official

authorization. 7 To control nausea and vomitting,

(

dimenhydrinate was administered at a dosage of 15 mg i.m.

twice daily for at least 5 days post-operatively and as

needed.

3. ventilatory manaq8lllent
~--'\"

AlI animaIs where intubated with an oral cuffed
/'.../

endotraclféàl tube of appropriate size (5.0 to 6.0 mm

internaI 'diameter). Spontaneous ventilation via a Magill

type circuit was allowed with inspired gas (100% oxygen)

flow adjusted on the anesthetic machines to provide minute

ventilation (223). Adequacy of ventilation was assessed by

monitoring expired carbon dioxide concentration (normal peak

7Bureeu of Dengerous Druvs, Heelth Protection Brench, Dept. of Netlonel Heelth &Welfere, Ottewo,
Ontario, Conode, KIA 1B9

~odlcol Section, British Oxyven Englnoerlng, Ltd., London N.1S, Englend.
(Sorlol • 304952/451 end /452)



45

4%) with a Beckman Medical Gas Ana1yzer LB-2 Mode1 240. 9

Hand ventilation was used as required and a Bird Mark 14

positive phase venti1atorlO was avai1ab1e if required.

4. Hemodynamic monitorinq

For the purpose of estab1ishing a re1iab1e intravenous

1ine, a venous cutdown was made in either the cepha1ic or

femora1 vein. Intravenous f1uids consisted of 5% dextrose

in 0.45% saline administered at an average rate of 6.9

mL/kg/hour, we11 above the usua1 dai1y f1uid intake (33),

a1though higher rates might have been more appropriate (35).

The rate was adjusted according to each anima1 ' s weight,

estimated total fasting time, 1ength of procedure, b100d

10ss and urinary output. The latter was measured via a

Fo1ey catheter when possible (usua1 dai1y output in a young

adu1t ranging between 150 and 400 mL) (33), otherwise the

b1adder was emptied using manua1 pressure on a regu1ar basis

to verify adequate urinary production since urethra1

catheterization proved to be impossible on severa1 anima1s.

The heart rate was monitored by screen e1ectro­

cardiogramll (85 (223) and 115 beats per minute (33) are

considered to be hemodynamica11y stable rates).

9Electronlc Instrumenta Olv., Beckman Instrumenta, lne., 3900 River Rd., Schiller park, Illinois,
60176, U.S.A. (Cet08ory' 149530, Seriel '2015-807)

10Blrd Corp., Pelm Springs, Cellfornle, U.S.A.

l1Honeyweil RM 300, Honeywell Ampletrol, lne., 9501 Christophe Colombe, Montreel, Qu,bec, Canada,
H2M 2E3
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5. Temperature regu1ation

Normal rectal temperature in the baboon should be

between 36.0 and 39.S·C (33, 223). Since barbiturate

anesthesia can cause hypothermia, rectal temperature was

monitored and maintained close to the normal range with a

Gaymar Solid-State T/Pump Heat Therapy Pump, Model TP200

circulating hot water pad system12 (or electric pad for the

donor) and adequate draping.

6. ADticoagu1ation

Prior to sectioning of the donor flap pedicle and

beginning the microvascular anastomoses, each animal

received a single dose of sodium heparin (70 lU/kg i.v.).

Postoperatively, acetylsalicylic acid was used for its

effect on platelet aggregation as a prophylactic measure to

suppress the thrombotic cycle at the level of the vascular

anastomoses (42). In addition, this drug, used by some

transplant centers (128) and known to reduce the

inflammatory response thus assisting in controlling the

effects of the immune response (197), was given for a

duration of at least 6 days at a dosage of 80 mg p.o. once

or twice daily.

12Gayoer, 1 Bank St., Orchard Park, New York, 14127, U.S,A.
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7. Dressinq and sp1intinq

Followinq surqery, chlorhexidine acetate qauze was

applied to all incisions followed by sterile bulky dry

dressinqs. The operated site was protected by a modified

version of the riqid, custom-made, thermoplastic upper limb

splint described by Rose et al (192). Dressinqs were

chanqed usinq sterile technique and the splint cleaned at

every transplant verification (usually once ortwice

weekly). The splint was reinforced as required and worn at

all times until the first neurophysioloqic studies proved

that sensory recovery had occurred.

Postoperative Care

1. Cyc1osporin A Radioimmunoassay

In order to monitor serum trouqh levels and to

expedite dosage adjustments, the CyA RIA13 was set up for

use in our laboratory after consultation with an external

hospital clinical laboratory14 where the assay was in use.

since cyA has some toxic side effects at very high

serum levels, aIl animaIs receiving CyA had levels measured

three times a week for the first month, twice a week for the

next mpnth, and, according to the stability of the animals

and their previous results, thereafter (on the average)

13SandOZ, Ltd., CH'4002, Boolo, Swltzorland

14Blochemlotry Dept., H6pltol Notro'D_, 1560 Sherbrooke St. E., Montrool, Queboc, Conade,
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weekly. When dosage adjustments were necessary, serum

levels were monitored more frequently until they stabilized.

Dosage was adjusted to maintain serum trough levels around

800-1000 ng/mL and within the 800-1500 ng/mL range found

necessary for these transplants. Animals were weighed
•regularly.

2. Biochemistry

CyA has been found to have a number of side effects

when used clinically. The most common serious side effect

of high dose CyA is nephrotoxicity (8, 24, 26, 28, 29, 30,

37, 87, 102, 106, 110, 121, 127, 131, 165, 175, 177, 190,

194, 195, 204, 214, 215, 216, 217, 230, 231, 232, 233).

Some authors have also reported hepatotoxicity, particularly

when high dose CyA is combined with another

immunosuppressant (24, 26, 28, 29, 37, 73, 87, 89, 102, 106,

110, 165, 177, 194, 204, 214, 216, 230, 231, 232, 233).

These have been found to be related to high serum trough

levels and reversible upon lowering or stopping the CyA

therapy. Serum blood urea nitrogen and creatinine levels as

well as liver function tests were therefore drawn on the

same schedule as for CyA levels.
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3. Hemlltoloqy

Although the potential for myelotoxicity does exist

(90), it seems to be less frequent than with standard

immunosuppression (14, 15, 16, 37, 73, 111, 114, 127, 139,

170, 194, 230, 231) weekly complete blood cell count during

the first month, and twice monthly thereafter was used to

monitor the white blood cell count in view of chronic

steroid therapy. Since CYA is primarily transported in

plasma by the lipoprotein fraction, a lipoprotein

electrophoresis was done on the first long-term transplant

recipients (9, 37, 127, 140). Unfortunately, the pattern

obtained was difficult to interpret in terms of its

relevance to the bioavailability of the drug and so

electrophoresis on the remaining animals was not undertaken.

4. Transplant technical assessment

As with all free flaps, the immediate postoperative

viability of the transplant depends entirely upon extrinsic

surgical factors. These include: flap design, atraumatic

isolation, level of vessel repair, mlcroanastomoses of the

vessels, dressings, anticoagulants, antibiotics, and sterile

technique. Problems stemming from these factors manifest

themselves in failureof the flap within the first few days

after surgery. The first assessment therefore was usually

at 3 days postoperatively when surgical success was

determined. Because the transplants were completely covered
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for protection, it was impossible to verify viability on an

ongoing basis. since salvage of a transplant failing on a

vascular basis was not possible, the only way to avoid

failure was prevention with meticulous technique.

5. RejeatioD protoao1

Published data suggest that CyA should, if

administered at the appropriate dosage, prevent rejection as

evidenced by experimental skin graft transplants (17, 50,

99, 100, 141, 142, 165, 235, 246) and limb transplants (la,

11, 92, 93, 115, 129). Rejection occurs within 2 weeks in

an initially successful f~ee flap transplant when the

recipient is not immunosuppressed (198) and by 6 to 16 days

(depending on the model and end point considered to be

rejection) in limb transplants (i.e., transplant controls)

(76, 96, 178). Thus, following initial verification, the

status of the transplant was checked twice a week. When

there was any co:,cern about the flap or hand, more frequent

checks were initiated.

Signs signalling possible rejection include edema,

erythema, induration, mottling, vesiculation, ulceration,

vascular compromise, necrosis, and eschar formation (76, 93,

96, 143, 198). With the appearance of any of these signs in

some of the earlier allografts, a 2 mm punch biopsy was sent

~or immediate assessment by our consultant pathologist
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specialized in transplantation15 and was repeated after

successful treatment of the crisis. If histologie evidence

of rejection was present, with edema, cellular infiltrate,

vasculitis, dermal hemorrhage, small vessel thrombosis, skin

atrophy or necrosis (76, 93, 96), the plan was to institute

therapy designed to save the transplant. It soon became

evident that the delay between biopsy and the feedback from

conventional pathology analysis was unacceptably long. In

addition, it became apparent that the distinction between a

primarily rejective process and a dominantly infective one

was extremely difficult to make on the basis of such

histological material.

with experience, clinical assessment proved to be a

reliable, accurate and prompt method of determining early

signs of rejection, as shown by several successful reversa1s

of allograft deterioration. At the earliest signs of

rejection, the plan was to implement systematic treatment.

This consisted of increasing the CyA to a dosage at which 12

hour serum trough levels remained consistantly above 1000

ng/mL (to around 1500 ng/mL) and boosting the

methylpredniso1one back to the beginning of the dosage

regime. A similar steroid dosage schedule is used in renal

l5Juergen Knoack, M.D., Pathalogy Dept., RayaI victoria Haspltal, 687 Plne Ave. W., Montre.l, auebec,
C.n~da, H3A lAl, and Assaclate Prafessar of Medicine, Mcalll University. 845 Sherbraoke St. W., Mantre.l,
auebec, Canada, H3A 2T5
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allograft patients and was recommended by our

transplantation consultant. 16

In addition, acetylsalicylic acid was usually

restarted at a higher dose of 75-100 mg twice daily p.o. to

obtain its anti-inflammatory (197) and anti-platelet

activity. Some renal transplant centers utilize an anti-

platelet drug both following transplantation and during

rejection episodes. The rationale for this, as clarified by

Kauffman, is based on the findings of several authors that

platelets adhere to the vascular endothelium (128) and that

both thrombosis and obliterating vascular lesions are found

in rejecting allografts (l, 251). Skin allografts have also

been found to undergo vascular damage during rejection with

subsequent ischemia (155).

16Ronald D. Guttmann, M.D., Dlrectar, Yranaplent Service et the Royel Vlctarle Haspltel, 687 Plne Ave.
W., Montreel, Quebec, Cenede, HlA lAl, end Professor of Medicine, McGIl1 University, 845 Sherbrooke St. W.,
Montr.el, Quebec, Cenede, HlA 2YS
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EXPERIMENTS

stage Il ADatomy and Design of Transplant Models

Experiment '1: ADatomy of the baboon forearm and hand

The anatomy of the baboon hand resembles that of the

human (6, 212, 213) with a few differences. The following

description is the result of our own anatomical dissections

of three upper limbs in two animals (#1,#2) (Table 1) and

based on a review of the literature (116, 221).

1) General appearance The hand of a young adult

papio hamadryas anubis is significantly smallertÙan that of

the human, measuring approximately 10-12 cm in length by 5

cm in width. The proportion of the digits to the palm is

markedly different from that in the human, with a ratio of

almost 1:2 in the case of the third digit in contrast to

less than 1:1.5 for the same digit in humans. The thumb is

short, measuring between one half and two thirds of the

middle digit. As in humans, dorsal skin is loose and thin

while volar skin is thick and fixed. Hairy skin is present

over the entire dorsum of the hand and on the dorsum of the

proximal and middle phalanges. Glabrous skin is present

over the entire palm and volar aspects of all digits. The

volar interdigital pads overlying the metacarpophalangeal

joints are well developed as is the pulp on the finger tips.

2) yasc~lar anatomy Arterial supply (Figure 1) to

~.~
the forearm and hand is via the radial and ulnar arteries,
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Figure 1: Arterial supply to the forearm and hand of Papio

hamadryas anubis (left upper limb volar view).
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with the former being dominant in contrast to that found in

most humans (172). The radial artery travels in the forearm

deep to the volar border of the brachioradialis muscle near

the radial nerve. It supplies the adjacent muscles and, at

the junction of the middle and distal thirds of the forearm,

provides a large subcutaneous branch which anastomoses

distally with the volar carpal branches. At the wrist, a

common stem is given off for the volar and dorsal carpal

branches before the artery continues as the superficial

volar branch. This artery runs deep to the abductor

pollicis brevis muscle, superficial to the flexor

retinaculum and flexor pollicis brevis muscle, supplying

local skin and muscle. It joins the ulnar artery's

superficial volar branch to form the single volar arch in
\ . .

the mid-palm, deep to the volar aponeurosis, at a level

equivalent to the superficial volar arch in humans. No deep

volar arch is present.

The ulnar artery accompanies the ulnar nerve to the

wrist, between the flexor carpi ulnaris muscle

superficially, and the flexor digitorum profundus muscle

deep. In the forearm, in addition to vessels supplying

tissues in the elbow region, the common interosseous artery

is given off. This branch soon divides into volar and

dorsal interosseous arteries which nourish the surrounding

musculature. The volar interosseous vessel also produces

the small diam~ter median artery which accompanies the
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median nerve. Before crossing the wrist joint, from the

ulnar artery arise the dorsal and volar carpal branches via

a common origin. As it enters the hand, the ulnar artery

next divides into superficial and deep branches. In its

course distally, the superficial branch runs deep to the

volaris brevis muscle and the volar aponeurosis to join the

volar arch. The deep branch, in the meantime, ramifies on

the contrahentes muscles in both proximal and distal

directions.

The volar arch gives off recurrent'wrist branches and

common palmar digital arteries to each web space, as weil as

a proper palmar digital artery to the ulnar aspect of the

fifth digit. In turn the arteries to the web spaces divide,

as they approach the metacarpophalangeal joints, into proper

palmar digital arteries, one to each side of every digit.

Venous drainage is provided by an interconnecting

complex of veins originating mainly in the dorsum of the

digits and coursing proximally toward the radial aspect of

the wrist. There they join smaller veins draining volar

structuresto form a·single cephalic vein (the basilic vein

is absent in the baboon). In addition, small pairs of venae

comitantes accompany the larger deep arteries.

3) Neural supply The nerve supply!to the forearm

and hand is similar to that in humans (Figures 2 & 3) with a

few exceptions. While running between the flexor digitorum

superficialis and profundus muscles in the férearm, the



Figure 2: Nerve supply to the forearm and hand of Papio

hamadryas anubis (left upper limb volar view).
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Figure 3: Nerve supply to the forearm and hand of Papio

hamadryas anubis (left upper limb dorsal view).
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median nerve provides motor innervation to the pronator

teres muscle and all of the long flexors except for the

flexor carpi ulnaris muscle. As the nerve approaches the

wrist, the superficial sensory volar branch is given off and

the median nerve passes through the carpal tunnel deep to

the volaris longus muscle in a position slightly radial and

superficial to the digital flexor tendons. Upon exiting the

carpal tunnel it provides the recurrent motor branch to the

thenar muscles (except to the deep head of the flexor

pollicis brevis and adductor pollicis muscles, as in

humans), and the median nerve divides into three common

palmar digital nerves to the first three web spaces, as well

as a radial proper palmar digital nerve to the thumb. The

nerves to the first two web spaces also supply a motor

branch to each of the radial two lumbrical muscles. The

former in turn divide into proper palmar digital nerves in

the distal third of the palm supplying sensation to adjacent

sides and corresponding distal dorsum of the first four

digits as does the radial proper palmar digital nerve to the

thumb.

The ulnar nerve travels in the forearm between the

flexor carpi ulnaris and flexor digitorum profundus muscles

accompanied for most of its more distal course by the ulnar

artery. After a sensory branch passes dorsally, the nerve

travels with the artery into the proximal palm where a deep

motor branch innervates the hypothenar, ulnar two lumbrical,
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interossei. muscles,. as well as the contrahentes manus group,

adductor pollicis, and deep head of the flexor pollicis

brevis muscles. The superficial branch divides into an

ulnar proper palmar digital branch and a common palmar

digital nerve in the middle third of the palm. The latter

divides in the distal palm into two proper palmar digital

nerves supplying sensation to adjacent sides and

corresponding distal dorsum of the fourth and fifth digits

as does the ulnar proper ~almar digital nerve to the fifth

digit. The sensory branch of the ulnar nerve supplies the

ulnar side of the dorsum of the hand and part of the dorsum

of the ulnar one and a half digits.

The deep branch of the radial nerve, after piercing

the supinator muscle which it supplies, ramifies to

innervate the extensor compartment of the forearm. The

superficial branch of the radial nerve accompanies the

radial artery deepto the volar border of the

brachioradialis muscle. upon approaching the wrist it takes

a radio-dorsal direction subcutaneously to supply the radial

aspect of the dorsal hand and portions of the dorsum of the

first through radial half of the fourth digits.

4) Musculoskeletal system Although there are some

differences in morphology, shape, proportion and size (the

ulna and radius in the distal forearm, 3-4 cm proximal to

the wrist measure approximately 0.7 and 1.0 cm in diameter,

respectively), all bones present in the baboon forearm and
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hand are equivalent to those in humans with only two

exceptions. First, there is an additional carpal bone in

the baboon named os centrale which fuses to the scaphoid

before birth in humans and is therefore indistinguishable.

This bone in the baboon articulates with the scaphoid in the

proximal carpal row and the capitate, trapezium, and

trapezoid in the distal row. The second difference is the

number of sesamoid bones. In the baboon there are a total

of nine (two at each metacarpophalangeal joint of digits two

through five and only one in the thumb) whereas in humans

there are usually no more than five (one at the inter-

phalangealjoint of the thumb and the metacarpophalangeal

joints of digits two and five, and two at the

metacarpophalangeal joint of the thumb).

Some differences in the neuromuscular system of the

forearm and hand are also present. The only neural

modification is in motor innervation of the flexor digitorum

profundus muscle which is entirely median innervated in the

baboon as opposed to both median andulnar innervated in

humans. Although some muscular origins and insertions,

differ slightly, the most significantchanges in the baboon

are the missing and additional muscles present. The only

two muscles seen in humans but absent in the baboon are the

flexor pollicis longus muscle which is replaced by a slip of
'.\

flexor digitorum profundus muscle to the thuml\, and the
il

extensor pollicis brevis muscle. There are a,:!number of
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muscles in the baboon not identifiable in humans. The

extensor digiti medius muscle arises from the distal aspect

of the dorsal ulna in common with the extensor digiti

indicis muscle (also known as the extensor indicis proprius

muscle), terminates on the dorsum of the third proximal

phalanx, and is innervated by the radial nerve. The

extensor digiti anularis muscle, on the other hand,

originates on the lateral epicondyle of the humerus in

common with the extensor digiti minimi muscle, inserts on

the ulnar side of the dorsal proximal phalanx of the fourth

digit and is also innervated by the radial nerve. In the

hand proper, three contrahentes manus muscles originate from

the contrahentes tendon which extends from the bases of the

second and third metacarpals to the head of the third

metacarpal. The first inserts on the ulnar side of the

second proximal phalanx, the second on the radial side of

the fourth proximal phalanx, and the third on the radial

side of the fifth proximal phalanx. All three derive their

innervation from the deep branch of the ulnar nerve.

Although humans possess seven interossei muscles, the baboon

can have anywhere from seven to 11. Because of their

location, there is sorne disagreement in nomenclature,

depending on the author, as to their distribution between

the dorsal and volar surfaces of the hand. Some claim that

there ~~e four dorsal and anywhere from three to seven volar
-'

interossei (221) while others believe these numbers to be
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reversed (116). The remaining characteristics of the

musculoskeletal system are similar in the two species.

5) surnmary After undertaking dissections of the

baboon forearm and hand while extensively reviewing the

anatomy in the literature, the similarities and differences

between the baboon and human were clarified. It was

possible to formulate a plan and design a neurovascular free

flap and hand transplant model while becoming familiar with

the particularities of the baboon distal upper limb.

Experiment '2: Design of a neurovascular islan4 flap

1) Background The purpose of this experiment was to

design a neurovascular island flap (hereafter NVIF) in the

baboon. A modification of the digital island flap described

by Littler (145) was chosen in view of the following

characteristics: 1) glabrous and hairy skin, 2) pure

sensory innervation (proper palmar digital nerves), 3)

consistent vascular supply (proper palmar digital artery /

dorsal vein), and 4) adequate pedicle length and anastomotic

size at the mid-metacarpal level.

The digital island flap was originally developed for

the reconstruction of digits in which soft tissue or nerve

damage limited adequate sensory function. By transferring

skin and subcutaneous tissue on a neurovascular pedicle, it

became possible to restore sensation to a vital region

(pinch surface of the thUmb or index) at the expense of that
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of a less important area (ulnar aspect of the long or ring

finger). The modifications made for the purposes of this

project included degloving (removing the entire skin / soft

tissue coverage with its neurovascular supply and leaving

behind the osteo-tendinous structures) of the entire digit

with incorporation of the radial most interdigital pad and

the skin overlying the dorsum of the metacarpophalangeal

joint, plus the preservation of a dorsal digital vein to
,.

insure adequata venous drainage.

2) Design After thorough review of both human and

c

baboon hand anatomy and dissection in the'baboon, a NVIF was

designed on the right second digit of a 1single animal (#1)

(Table 1) using the following technique: Under general

anesthesia, the baboon was placed in the supine position

with the upper limb abducted. The proposed skin incisions

were made to encompass the entire soft tissue coverage of

the second digit from proximal to the metacarpophalangeal

joint in a distal direction, excluding the nai! structures

(Figure 4). A curvilinear line was traced along the thenar

crease in the palm to join the proximal point of the V­

shaped incision planned in the skin crease surrounding the

radial interdigital pad. Another V-shaped marking was made

on the dorsum of the hand, enclosing the skin over the

second metacarpophalangeal joint and connecting with the

ends of the volar V in the first and second web spaces. To

complete the design, a line was drawn along the radial mid-



Figure 4: Design for the NVIF (animal #1).
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lateral axis of the second digit to the distal

interphalangeal joint where a circumferential incision

demarcated the distal end of the flap.

The incisions were planned to facilitate access to the

common palmar digital artery supplying the second web space,

both proper palmar digital nerves to the index in the palm,

and the dorsal vein draining the flap as it courses

proximally towards the cephalic vein. The flap itself was

believed to represent an axial pattern blood supply as

suggested by its anatomy, with the possibility of

incorporating its sensory nerve supply.

The dissection was begun in the palm under tourniquet

control. The proper palmar digital artery to the ulnar side

of the second digit was isolated, after ligating and

dividing the branch to the radial side of the third digit,

to its origin from the radial component of the single volar

arch, via the common palmar digitalartery to the second web

space. This digital artery was chosen over the one

supplying the radial side of the digit for two reasons: the

artery supplying the radial side proved to be consistently

smaller during all dissections, and the longitudinal

incision required to raise the flap from the underlying

tendino-skeletal framework, while avoiding damage to the

neurovascular supply, would have been more difficult to

handle in the confines of the second web space. Arterial

si2:e approaches a diameter'of 0.8 mm atc-the mid-metacarpal
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level. The proper palmar digital nerves were separated from

adjacent fascicles by neurolysis under magnification to the

level of the midpalm. A large dorsal digital vein was

isolated from the edge of the dorsal flap in a proximal

direction where its diameter approaches 1 mm.

The incisions were completed and the flap raised from

distal to proximal at the level of the flexor sheath and

extensor tendons based exclusively on its neurovascular

pedicles. The tourniquet was released and hemostasis

secured with the bipolar cautery and hemoclips. After acute

evaluation of the'circulation, the flap was returned to its

bed and sutured usirfg 4-0 polyglycolic acid simple

interrupted and simple continuous sutures.

3) Results This procedure confirmed adequate short

term blood supply in the NVIF. When the flap was raised,

based exclusively on its neurovascular pedicles, the

presence of normal color, amount, and briskness of bleeding

from its deep surface and a stab wound to its distal

epidermal surface proved the presence, of satisfactory

circulation.

4) Summary This experiment was the first step toward

the design of an NVFF. It helped to clarify the anatomy,

including the distribution of the neurovascular supply to

the soft tissues of the 'second digit, and provide evidence

that a viable neurovascular flap design was achieved. As

this flap evolved through the subsequent phases of the
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study, minor improvements were made in the design, but the

essential pattern stayed the same.

Experiment '3: Conversion of the neurovascular is1and f1ap

to a neurovascu1ar fre. f1ap

11 Design In this experiment, the NVIF previously

described was converted to a NVFF and replanted in-situ to

evaluate its viability. The incisions were planned as

described in Experiment #2 with two modifications. First,

to av.oid creating a large area of skin and soft tissue with

questionable blood supply at the fingertip, ~he distal-most

incision was altered. Instead of taking a course

circumferentially at the level of the distal interphalangeal

joint, the incision was moved to the circumference of the

nail, and 3 mm proximal to the eponychium. It was felt that

the ungual tissues themselves would survive due to their

close proximity to the dorsal periosteum of" the distal

phalanx as found in humans (255). The second change was the

addition of a longitudinal incision on the dorsum of the

hand from near the tip of the V-shaped flap, proximally.

This allowed easier access to the draining vein, permitting

th~ anastomosis of a more proxi~al vessel of larger caliber

"(approximately 1.2mm versus 1.Omm and less more distally).

The iollowing technique was therefore used on the

right second digit in a single animal (#2) (Table 1): Under

general anesthesia, the baboon was placed in the supine
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position with the upper limb abducted. The proposed skin

incisions were delineated as in Experiment #2 including the

two alterations described above. Dissection was begun in

the palm under tourniquet control (Figure 5). The proper

palmardigital artery to the ulnar side of the second digit

was isolated to its origin from the radial component of the

volar arch in the proximal third of the palm, where its

diameter is around 1 mm, sectioning and ligating all

necessary branches (the proper palmar digital artery to the

radial side of the third digit, the ulnar side of the volar

arch and the common palmar digital artery to the first web

space). The proper palmar digital nerves were identified,

isolated, labelled, and sectioned in the midpalm. The

dorsal vein was located and dissected as far proximally as

possible through the longitudinal incision on the dorsum of

the hand. The flap was raised superficially to the extensor

apparatus and flexor tendon sheath from distal to proximal

while protecting the neurovascular structures. Heparin was

administered intravenously. The artery was clamped with an

Acland 2V Vessel Approximator17 in the proximal palm and

sectioned distally while the vein was similarly transected

at the wrist. The flap was completely removed from its bed

for approximately 15 minutes (Figure 6) while the tourniquet

was let down and hemostasis undertaken. The flap was then

returned to the donor site and anchored with a few sutures.

175 &T Chlrurglsche Nadeln. 7893 Jestetten. Faderel Republfc of aermany



Figure 5: Dissection in the palm at surgery in preparation

for the NVFF (animal #2). The second digit is to

the L, the thumb to the top, and the wrist to the

R. Two pieces of pale background material are

placed beneath the proper palmar digital nerves

to the second digit (L). A piece of pale

background material is placed beneath the radial

component of the volar arch (center R).
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Figure 6: NVFF removed from its bed at surgery (animal #2).

A piece of pale background material is placed

beneath the two proper palmar ditital nerves and

another beneath the dorsal vein. A portion of

calibrated ruler is placed beneath the radial

component of the volar arch (proximal end of the

arterial supply to the NVFF).
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The vascular anastomoses were undertaken with a Zeiss OpMi 1

operating microscope18 and standard microsurgical technique

(62). Nine to 12 simple interrupted stitches of 10-0 nylon

on a 75 ~m needle were necessary. One percent lidocaine

without epinephrine was used to irrigate each microvascular

anastomosis in order to prevent early vasospasm after

release of each set of clamps (62). Once the flap was

revascularized, the appropriate nerve bundles were aligned

and the ends cut back as necessary. Three to five 10-0

nylon simple interrupted epineurial stitches on a 75 ~m

needle completed the repair (65). Hemostasis was secured

with the bipolar cautery and hemoclips prior to suturing the

flap into its bed with 4-0 polyglycolic acid simple

interrupted and simple continuous stitches. A dressing and

thermoplastic splint were applied.

2) Intraoperatiye results Intraoperatively, the

success of the microanastomoses was sh~wn by the patency

test (62). In addition, normal color, briskness, and

quantity of bleeding were present from the undersurface of

the flap before,hemostasis and from a stab wound to the

distal epidermis.

3) Postoperative results Postoperatively, long-term

viability of the flap was confirmed at 3 and 6 days by

evidence of normal color, skin integrity, and temperature,

with only a miId to moderate degree of edema. This was due

18Carl Zel •• Canada, 45 Valleybrook Dr., Don Mill., ontario, Canada, M3B ZS6
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in part to the constant dependency of the flap. Bleeding

from a distal stab wound to the volar surface was

consistently normal in briskness, amount, and color (Figure

7) •

4) summary Since vascular failure usually occurs

within the first few postoperative days, survival of this

flap at 6 days indicated technical success and the

achievement of a viable neurovascular free flap design.

Although this model would be further refined during the

transplantation experiment, it incorporated aIl the elements

necessary for those wishing to study sensory reinnervation

of transplanted tissue.

Experiment '4: Design of a distal forearm level

neurovascular pedicled hand model

1) Background The purpose.ùf this study was to design

a pedicled version (without transection of arterial supply,

venous drainage or neural distribution) of a hand transplant

model in the baboon. A modification of the commonly used

hand replant technique (63, 86, 238) was used for the

following features: 1) presence of both skin and muscle, 2)

sensory and motor nerve supply, 3) consistent vascular

supply (radial artery/cephalic vein), 4) adequate pedicle

length and anastomotic size at the distal forearm level, and

5) a significant antigenic load comprised of multiple

tissues with varied antigenicity.



Figure 7: NVFF ble~ding from a distal stab wound 6 days

post-operatively (animal #2).
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The modifications instituted in the baboon for the

purpose of this project included basing the hand on a single

artery and vein. Although two arteries were available

(radial and ulnar), it was hoped that using only the

dominant radial would provide sufficient ci~culation via the

single arterial arch. In addition, it was hoped that the

cephalic vein alone would provide sufficient drainage. If

successful, this vascular system would be advantageous in:

1) decreasing operative time (an important factor since the

NVFF replant took around 15 hours including surgery and
,J,~

- immediate perioperative care, with the expectation that a

hand transplant (hereafter RT), with only one available

'surgical team, would be expected to last 17-24 hours), and

2) avoiding engorgement of the hand since only a single

large caliber vein was present (cephalic), the venae

comitantes being of smàll caliber (less than 1 mm at the

distal forearm).

21 Design After thorough review of both human and

baboon hand anatomy and dissection in the baboon, acute

viability of a right hand, based on a neurovascular pedicle

at the distal forearm level was undertaken in a single

animal (#1) (Table 1). The following technique was used:

Under general Anesthesia, the baboon was placed in the

supine position with the upper limb abducted. A
•

circumferential skin mark was made on the forearm

approximately 4 cm proximal ta the styloid process.
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Additional longitudinal incisions on the volar and radial

sides of the forearm were made as required during the

surgery to provide additional exposure. Dissection was

begun on the volar surface under tourniquet control. Skin

flaps were raised in proximal and distal directions

sectioning and coagulating all small vessels encountered.

The radial and ulnar arteries as well as the median and

ulnar nerves were isolated and dissected over a distance of

approximately 2 cm. The ulnar artery and the venae

comitantes of both the ulnar and radial arteries were

"ligated usinq 4-0 .polyqlycolic acid and 6-0 nylon sutures

respectively and hemoclips, then sectioned. The radial

artery, measurinq approximately 1.2 mm in diameter was

preserved alonq with the ulnar and median nerves. The

flexor tendons were individually identified and sectioned 4

cm proximal to the wrist joint. The hand was turned over

and dorsal dissection undertaken.. The skin flaps were

raised and all small vessels sacrificed except for the

cephalic vein, measurinq between 1.5 and 2.5 mm in diameter,

which was freed from surroundinq structures over a 2 cm

distance. The superficial branch of the radial nervewas

isolated, dissected, and preserved. The extensor tendons

were individually identified and transected 4 cm proximal to

the wrist. The interosseous membrane, proximal portion of

the pronator qu~dratus muscle, posterior and anterior

interosseous arteries and nerves were all sectioned 4 cm
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from the wrist. The periosteum of the radius and ulna was

incised at the same level and elevated from the underlying

bone for a total distance of l cm. The forearm bones were

then osteotomized with an electrlc saw excising 0.5 cm.

normal in.

Bleed~ng from a stab woundthe pedicled hand.
~

surface of the second digit wasto the volar

Fixation of the radius and ulna was undertaken using

small 6-hole Synthes dynamic compression plates, and 2.7 mm

screws. 19 The tendons were each repaired using a modified

Kessler-Mason-Allen stitch for those with a larger surface

area (211) and several figure of eight 4-0 polyester

stitches for each of the rest. The skin was closed using 4­

o polyglycolic acid simple interrupted and simple continuous

stitches. A dressing and cast were applied.

3) Intraoperatiye Results After sectioning all but

the neurovascular structures, good blood circulation was

confirmed in

color, amount, and briskness and remained so when·

reevaluated at the end of the procedure.

4) Postoperative results Postoperative viability of

the hand was confirmed 2 days later by evidence of normal

color, skin integrity, and temperature with only a mild to

moderate degree of edema. This was felt in part to be

secondary to constant dependency of the hand. Within 48

hours, once the animal had awoken fully from the anesthetic,

c 19 Synth•• (Clneda), Ltd., 6790A Plelfle Clrel., MI ••I••lugl. cntlrlo, Clneda, L5T 1N8 (Cltllogu.
#244.06 and Cltllogue .202 ••rl••)
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she had gnawed through the cast and partly reopened the

forearm incision.

5) sumrnary Although some modifications in the

operative procedure would still be necessary to successfully

transplant a hand, a viable model for this purpose was

designed. Acute circulation proved to be adequate based on

a single artery and sole vein. Incorporation of an adequate

nerve supply was possible by including the median, ulnar and

superficial branch of the radial nerves. Solid internal

fixation of the forearm bones was achieved using dynamic

compression plates and screws.

It became evident from this experiment that

conventional casting would not guarantee sufficient

protection to the operated limb. Reviewing the literature

provided alternatives for the subsequent studies (74, 192).

stage II: Imrnunosuppression

After a review of the literature and discussions with

Dr. Ronald D. Guttmann, it became clear that transplantation

of limbs or parts thereof in a higher species would require

powerful immunosuppression. Cyclosporin A was the drug of

choice for use in investigating the transplantation of

tissues previously rejected using other drugs or methods.

Because the new medication was in high demand, but still

experimental, the only source of supply was through

sponsorship by Sandoz (Switzerland). After application,
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approval of the project was granted and a supply of pure CyA

powder provided throughout the length of the study by Sandoz

(Switzerland) and its local branch, Sandoz (canada).2D

In order to use the CyA effectively, levels had to be

monitored for several key reasons: 1) to help maintain'

therapeutic levels, 2) to determine the therapeutic range

necessary for successful transplantation of the two models

designed, 3) to attempt to define the lower end of the toxic

range in the baboon (209), 4) to allow eventual study of the

relationship between dosage, method of preparation, method

of administration, and levels in the baboon (209), and 5) to

assist in delineating parameters for the rejection protocol.

In order to min~mize time delays and because of limited

access to CyA level testing, it was decided to set up the

assay in our research laboratory. The RIA method of

analysis for CyA was the simplest and most widely used, and

therefore an RIA kit for CyA determination was purchased

from Sandoz (Canada). It was set up for trial use according

to instructions provided in the kit.

Experiment '5: Cyclosporin A in the rabbit

The purpose of this experiment was to provide a means

for trying out the CYA RIA kit. The rabbit was chosen for

several reasons: 1) gavage feeding permitting oral dosing

of the drug as'recommended by Sandoz (Canada), 2) relatively

2OSancloz Canada, Inc., 385 Bouchard Blvd., Dorval, Quabec, Canada, H9S lA9
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low body weight avoiding the necessity for large amounts of

the drug, and 3) adéquate animal size for easy repeated

blood sampling without danger to the animal.

1) Administration The CyA for this experiment was

prepared according to the recommendations of Sandoz

(Switzerland) in olive oil at a concentration of 25 mg/mL

stirred for 2 hours while heated to 80·C. cyclosporin A was

administered orallyto a single rabbit (Table 1) using

gavage feeding at a dosage of 18/mg/kg/day (weIl within the

dosage range of 5-50 mg/kg/day found effective in most

laboratory animaIs (2, 232) divided twice a day for a total

of five times (Figure 8).

2) Radioimmunoassay The assay was set up according to

the kit instructions from Sandoz (Switzerland). Levels were

drawn prior to the third and fourth doses, and 12 hours

after the fifth dose of CyA. The results are indicated in

Table 2. In the case of sample #1, testing was done in

duplicate in order to determine whether the results varied

according to the type (species) of serum used for the

procedure. In one run of the assay, the tracer for the

rabbit serum was made with rabbit serum and the result read

off a standard curve prepared with rabbit serum, whereas in

the other run both the tracer and standard curve for the

same rabbit sample were prepared with human serum. Thus,

two results could be obtained for this sample and it would



Figure 8: Timing of CyA administration and serum levels in

the rabbit.
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be possible to assess the influence of the type of serum

used on the result of the assay.

3) Summary The results although consistently low were

measurable and permitted the first uses of the assay kit.

In addition, they alerted us to the finding that a single

sample did not give identical results with the full rabbit

procedure and the full human procedure. Therefore, in

Experiment #6, any samples sent out to a clinical laboratory

for external verification would have to be run internally

with both procedures. This would allow equivalent results

to be compared in order to determine the accuracy of our

assaying technique. After discussion with several

. specialists of· the RIA technique, it was decided that the

CyA serum level result to be used for the purpose of

monitoring levels and adjusting dosage should be the one

done with the full species specific procedure. In other

words, the results from assays done on baboons would be with

baboon tracer on a baboon derived stan1ard curve. This

decision was supported by the fact that human samples are

always run with a full human procedure and the finding that

running the same sample with another species' procedure does

not provide the same result.

Experiment '6: Cyclosporin A in the baboon

In this experiment a single newly designed NVFF was

transplanted in order to perfect all aspects pertaining to
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the surgery, care, and immunosuppression of the baboon.

Some of the elements requiring evaluation included: the mode

of administration of the CyA, the dosages of CyA required to

achieve adequate serum levels, details of running the RIA,

perioperative animal care, operative technique, splinting,

postoperative animal care, plus infection and rejection

protocols.

This experiment was therefore divided into two parts.

In the first part, oral and intramuscular administration of

CyA in the baboon was attempted with adjustments of serum

levels. In the second part, a transplanted neurovascular

free flap (hereafter TNVFF) was undertaken.

1) Part I: Cyclosporin A

A) Administration Since oral administration of CYA

was recommended by Sandoz (Canada), a single baboon (#3)

(Table 1) was used to develop techniques for this purpose.

cyclosporin A was prepared as in Experiment #5. In order to

administer 9 mg/kg twice a day, the same dosage as given to

the rabbit in Experiment #5, a large volume of the mixture

was required (4.1 mL at each intake for an animal weighing

11.3 kg). The large volume as well as the mixture's

insolubility in aqueous media created problems in feeding

the CyA to the baboon. Various foodstuffs were tried but

proved unsuccessful, primarily on the basis of volume and

the inability to insure intake of the full dose.
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Intramuscular administration was therefore initiated.

Cyclosporin A was prepared accordinq to the recommendations

of Sandoz (Switzerland) for intramuscular injections in

animals. In a mixture of 40 mq absolute ethanol and 810 mg

o

Miqlyol 812 heated to SO·C, 100 mq of CyA were dissolved.

This mixture was then filtered for sterilization and yielded

a product containinq 100 mq CyA/mL. This was administered

at a dosaqe of approximately 9 mq/kq twice a day

intramuscularly.

upon discoverinq that Miqlyol 812 was edible ànd
l

completely absorbed from the qastrointestinal tract (80),

Sandoz (Canada) approved tryinq to administer the

intramuscular preparation orally, requirinq much smaller

volumes (since it was 4 times as concentrated as the olive

oil formula). This was bequn on day 21, but, despite the

smaller volumes, the eatinq habits of the baboon did not

provide dependable intake and we resolved to reinstitute

intramuscular administration in the remaininq experiments.

B) Radioimmunoassay Serum trouqh levels were measured

usinq the full baboon procedure on the averaqe of three

times per week and dosaqe adjustments were made to try to

keep the levels within the therapeutic ranqe, recommended by

Sandoz (Canada), and felt to be appropriate at the time, of

50 to 200 nq/mL (127, 233) (Table 3). Some samples were run

with the full human procedure as well in order to permit a
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Day Oooc'

Pull Baboon Proc:<dure Full Human Proc:<dure

Our Labontory ExlemaI Labontory'

(mg/kg) (ng/mL) (ng/mL) (ng/mL)

3 8.91.111.·· 150 30 28

repcat 180 repeal 40

7 9.71.m. 200 190 354

repoot 220

9 9.41.... 1'10

repcat 20S 210 190

11 8.91.... 100

repcal 135

14 9.11.m. 2SO 190 495

repcat 4'10

16 MI.m. 240 280 290

repcat 25S

18 9.7i.m. 390"·

21 11.4 p.o. 130

23 14.3 p.o. 2'10

••

•••

prepared ln MlaJyol 812 and reOoctlns the -se givcn 12 br previo.. to the trou'" Ample taken and the
dUl1Ition or treatmenL
prior 10 Ihls ..mplc, the ..hlll! bad reœlvcd 2 1.... _ or CyA prepared ln MIBlyol 812 and porllons or 2 p.o•
admlnlllrations of CyA prepared in olive oIL
some lcehnical dilllculli.. made thls l'CIUll queationablc.

c 'Slochemlatry Dept •• H6pltal Notr.·D.... 1560 Sh.rbrook. St. E., Montr.al, Quebec, Canada. H2L 4Ml
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comparison of our methods of assay to an external contro121

(Table 3).

Ali samples sent to the external clinical laboratory21

were identified only by number. Two samples were sent in

duplicate to assess their degree of variability. If the

samples from day 7 and day 14 are excluded, there was less

than a 10% difference between the results from the two

laboratories. The external laboratory had a similar degree

of variation between its results for a single sample. It

was unclear why the samples from day 7 and day 14 yielded

such a discrepancy in results between the two laboratories,

but it was evident that some further experience with the

assay was still required before consistency could be

expected. Nevertheless, it was possible to maintain values

within the intended therapeutic range, although attempts at

boosting the serum trough level to 400 ng/mL with oral

dosing proved difficult.

C) 8ummary This part of the experiment helped provide

some experience withCyA, as weil as its administration and

RIA. A new method for the oral administration of the drug

was tried, but did not prove to be dependable.

Intramuscular administration was shown foO be useful,

and although not ideal, did provide accurate administration.

21Blochemfstry Dept., Kepltsl Notre-Dame, 1560 Sherbrooke St. E., Montreal, auabec, Canada,
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Familiarity with the RIA was acquired, and although more

practice was necessary, results were encouraging.

2) Part IIi pilot transplantation of the neurovascular

free flap

A) Technique In this part of the experiment the NVFF

previously described was transplanted from an animal with a

larger hand (#2) to one with a smaller hand (#3) (Table 1).

The incisions were planned as described in Experiment #3 on

the left second digits of both donor and recipient (81).

Additionally, the volar and dorsal longitudinal incisions

were extended proximally to the wrist facilitating

dissec~ion and allowing anastomosis of vessels of even

larger caliber (artery 1-1.2 mm and vein 1.3-1.8 mm in

diameter).

The following technique was therefore usedi Under

general anesthesia, the baboons were placed in the supine

position with the upper limbs abducted. The proposed skin

incisions were delineated, as in Experiment #3, including

the addition described above. Dissection wa:begun in the

recipient's palm and volar wrist under tourniquet control.

The radial artery at the wrist was identified and gently
•

freed from surrounding tissue. The proper palmar digital

nerves were identified, isolated, labelled, and sectioned in

the distal palm. The cephalic vein was located at the.
dorsal wrist and gently freed from surrounding tissues.

Ligation and sectioning of the arterial supply to the index

ii
"
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finger in the distal palm and venous drainage at the distal

dorsum of the hand were undertaken. The tourniquet was

released, hemostasis undertaken and the operative area

wrapped in moist compresses.

The donor flap was next prepared. Dissection was

begun in the donor's palm and volar wrist under tourniquet

control. The proper palmar digital artery to the ulnar side

of the second digit was isolated proximally via the radial

component of the volar arch to the radial artery at the

wrist. AlI unnecessary side branches (the proper palmar

digital artery to the radial side of the third digit, the

ulnar side of the volar arch and the common palmar digital

artery to the first web space) were ligated and sectioned.

The proper palmar digital nerves were identified, isolated,

labelled and sectioned in the proximal palm. The dorsal

vein was located and dissected proximally to the wrist. The

flap was raised superficially to the extensor apparatus and

flexor tendon sheath from distal to proximal while

protecting the neurovascular structures. The tourniquet was

let down, hemostasis undertaken and the flap allowed to be

revascularized for 10 to 15 minutes, while intravenous

heparin was administered. The artery and vein were clamped

with an Acland 2V Vessel Approximator in the distal forearm,

sectioned and ligated just proximal to the clamps. The flap

was completely removed from its bed (Figure 9) and

transferred to the other baboon (Figure 10).
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Figure 9: TNVFF (animal #2).
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Figure 10: TNVFF (animal #2) next to recipient hand

(animal #3) at transplantation. Components

of the TNVFF pedicle layed out in identical

fashion to those in, Figure 9 (Permission

granted by Little, Brown, Co. Ann. Plast.

surg. Vol. 13(5): 423-30, 1984).
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The recipient's flap was excised superficially to the

extensor appa~atus and flexor tendon sheath from distal to

proximal, and the donor flap anchored with a few sutures to

its new site. Vessel diameter and length were assessed

allowing the recipient radial artery and cephalic vein to be

ligated and sectioned at the appropriate level for favorable

microsurgical repair. Revascularization was undertaken as

previously described (Experiment #3) after administration of

intravenous heparin. The ends of the appropriate nerve

bundles were next cut back as necessary to achieve the best

size match possible as far distal in'the palm as feasible.

Their microsurgical repair and the rest of the procedure was

undertaken as described previously (Experiment #3).

B) Intraoperative results Intraoperatively the

success of the microanastomoses was shown by the patency

test (62). In addition, normal color, briskness and

quantity of bleeding were present from the undersurface of

the flap before hemostasis and from a stab wound to the

distal epidermis.

C) postoperative results Verification of the TNVFF

on postop Day 6 (day 9 of CYA administration) showed

moderate swelling, mild erythema over the dorsum of the

metacarpophalangeal joint (Figure 11), an area of necrosis

or dehiscence of the radial distal flap, otherwise normal

cOlor, temperature, and bleeding response to a distal volar

stab wound. Cyclosporin A serum trough ~evels were at the

J.



Figure 11: Dorsal TNVFF 6 days post-transplantation (animal

#3). Moderate swelling and mild erythema present

in·the proximal TNVFF.
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upper end of the intended range. By postop Day 13 (Day 16

of CyA administration) the swelling had increased,

in~lammation was evident, and some desquamation was present

despite CyA serum trough levels above the 200 ng/mL

targeted. An infection was confirmed when Enterobacter

cloacae was cultured from the flap. A biopsy taken was

reported 3 weeks later and did not help identify the cause

of the problem (infection versus rejection). Nevertheless,

the flap continued to remain viable with a normal bleeding

response to a stab wound. Despite increasing CyA dosage,

switching to oral administration and treatment with an

aminoglycoside, netilmycin, by postop Day 20 (Day 23 of CyA

administration) no improvement was noted and despite a

normal bleeding response to a distal volar stab wound

(Figure 12), the experiment was terminated. Pathology

revealed a necrotic flap at the suture line with findings

possibly indicative of rejection.

D) summary This first TNVFF was undertaken with the

goal of perfecting all aspects of the transplantation

project peri- and postoperative care protocols. These

included CyA dosage, administration, and RIA (no steroids

were considered in this first transplant), operative

technique, infection and rejection treatment and prevention,

monitoring of toxicity, analgesia, splinting, and general

animal care.



Figure 12: Dorsal TNVFF 20 days post-transplantation (animal

#3). Increasing swelling, inflammation, and

desquamation present in the TNVFF due to

rejection and infection.
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This transplant alerted us to sevezal important

problems: 1) we had been aiminq at maintaï.ninq serum trouqh

cyA levels below 200 nq/mL (127, 233) as sugqested by Sandoz

(Canada), since there was increasinq opinion th~t this level

was both sufficient and safe. for renal transplant patients,

2) we had tried to administer CyA orally, as per the

recommendations of Sandoz (Canada), 3) the donor animal had

been estrous at the time of transplan~ationwith several

ulcers present in the peri-anal area, and 4) no prophylaxis
è

had been qiven for coliforms or other bact~ria found

abundântly in the qastrointestinal tract anJ\li~le to
l',1

contaminate the wound. Immediate implementai~ion of the
Il

followinq modifications in the perioperative:!care plan were
'",\

therefore made: 1) since skin appeared to bei more

immunoqenic than some other orqans or tissues (17, 146,

196), underqoinq rejection more easily (17, 40, 136, 146,

196, 246) and to require hiqher CyA levels for survival (2,

246), particularly in unmatched donor-recipient pairs, serum

trough levels aimed for would be in the 800 to 1000 nq/mL

ranqe with boosts to over 1000 nq/mL and hiqher (to around

1500 nq/mL) in response to any evidence of rejection, as

lonq as no siqns of toxicity were seen, 2) CyA would be

administered intramuscularly to insure adequate intake, 3)

surqery on any estrous animal would be delayed until such

time as the perineal swellinq had passed and lesions healed,.

and 4) all animals, both donors and recipients, would
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receive prophylactic netilmycin (50 mg i.m. twice daily),

beginning the day prior to surgery, for a period of 14 days

in addition to the Penlong-SR•

stage III: Transplantation

Experiment '7: Transplantation of th. neurovasoular free

flap

using experience gained in Experiment #6, seven

TNVFF's were undertaken (Table 4). The technique was

similar to that described in Experiment #6 (58, 81) with a

few modifications (Figure 13). First, upon transplanting

the donor flap to the recipient bed, closure of the radial

longitudinal digital incision was completed prior to

revascularization to avoid the edema and to facilitate

closure. The dorsal longitudinal incision in the recipient

hand was eliminated so that a suture line would not lie over

the length of the donor vein. To allow access to the

cephalic vein at the wrist in the recipient, the volar

longitudinal incision was curved dorsally upon reaching the

wrist. The dorsal skin between the second digit and. .
cephalic vein was then undermined to tunnel the flap's vein

proximally to the wrist for microanastomosis. In several

flaps, not only werethe two digital nerves repaired, but if

branches to the volar interdigital pad or proximal dorsal

skin were identified in both donor and recipient, these too
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Figure 13: Design for the TNVFF (animais after #3).
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were microanastomosed. Beginning with the second

transplant, the fingertip, including the nail of the

recipient, was amputated to allow complete primary closure

of the area using the donor flap, thus avoiding any poorly

vascularized tissue (a problem in baboon #5).

Animal care, although generally undertaken as

described in the Materials and Methods section, did undergo

some fine tuning before reaching its final form as we

progressed along the learning curve and we occasionally

encountered difficulties with individual animals (e.g.,

missing a day of acetylsalicylic acid administration because

of animal refusal), forcing us to deviate from our intended

course. A few specifie points of importance should

nevertheless be mentioned.

Cyclosporin A: Although the first animal in the group

(#5) received only three preoperative oral doses of cyA at

an average dose of 15.6 mg/kg, by the time the last baboon

(#19) TNVFF was undertaken this had been modified to seven

preoperative intramuscular doses of 26.6 mg/kg CyA each. In

between, most animals received seven preoperative

intramuscular administrations of CyA at an average dose of

22.6 mg. This increase in preoperative CyA treatment was

undertaken in response to two factors. First, in the first

transplant (#5), it quickly became evident that these

transplants presented such a strong immunogenic stimulus

that the recipient would respond vigorously if significant
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immunosuppression was not established early. Second, as we

gradually became familiar w!th the pharmacologie

characteristics of the CyA in its hydrophobie vehicle, we

noted that several days of administration were required

before serum levels would begin rising towards the

therapeutic range.

It should also be mentioned that another vehicle for

CyA administration was tried in three (#11,#15,#19) of the

seven animals for up to 6 weeks. Cyclosporin A dissolved in

cremaphor-EL22 was administered subcutaneously, requiring

lower dosages than the intramuscu1ar preparation (209).

Unfortunately, this product caused seriou~ skin ulceration

in some animals with its extended use (#11,#19) forcing us

to return to the original intramuscular preparation.

In one baboon (#19) oral dosing was once again

attempted with the Miglyol 812 preparation. The same

problems recurred as with previous attempts, the animal

discarding significant portions of each dose. The

medication's hydrophobie nature and its disagreeable.flavor

made its incorporation into palatable foods almost

impossible to administer. Adequate levels could therefore

not be maintained.

Steroids: Steroids were only administered in response

to histologie evidence of rejection in the first transplant

22sandoz, Ltd., CH-4002, Ba.le, Swltzerland



(#5). The report from

available 3 days later

103

the biopsy made on Day 12 was•
and indicated the presence of chronic

o

and acute inflammation. In reaction to the histologie

suggestion of rejection, the previously established protocol
. .

was implemented on Day 15, 3 full days after clinical

suspicion (the latter based on the presence of excessive

swelling, erythema, Maceration and epidermal sloughing). A

biopsy taken on Day 23 and reported 5 days later indicated

that the inflammation had improved but was still present in

the upper dermis while the presence of necrotic cells had

decreased. Yet, by Day 27, the day before the histology

result became available, clinical evidence of improvement

was already visible (swelling gone, flap dry).

In the remaining TNVFFs it was decided that the

rejection protocol would be implemented once clinical signs

of rejection were evident rather than awaiting the results

from the biopsy specimens. In animal #11 steroids were

therefore started on Day 3. Despite early concerns of

infection which were not borne out, it soon became clear

that in the remaining transplants, steroids would have to

become a standard part of the immunosuppression protocol, as

it is in some clinical protocols (13, 25, 29, 102, 127, 165,

215, 216, 217, 230), the first dose being given at surgery.

Nevertheless', it took further experience to recognize the

slightest changes suggestive of rejection and to appreciate

the importance of immediate action.
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1) Intraoperative resu1ts Intraoperative1y, the

success of the microanastomoses was proven in all

transplanted f1aps by '.le patency test (62). In addition,

normal color, briskness, and quantity of bleedinq were

present in all cases from the undersurface of each flap

before hemostasis and from a stab wound to the distal

epidermis at the end of surqery.

2) postoperative results

A) Technical assessment Postoperative evaluation of

each TNVFF's viability was undertaken twice in the first

week, beqinninq on Day 3 (except for the first transplant,

#5, in which initial postoperative verification was on Day

6). All flaps showed evidence of qood circulation based on

assessment of color, turqor, temperature, and bleedinq

response to an epidermal stab wound.· No flap was lost due

to technical failure of the microanastomoses.

B) survival times Survival times for the TNVFF

ranqed from 122 (when the dressinq was last chanqed or

possibly 123 days when the animal died) to 413 days

postoperatively (Table 4). Averaqe survival time was 196

days. It should be clarified that none of the TNVFFs ever

reached the point of flap loss from rejection because all

(except #17,#19) underwent neurophysioloqic recordinq by our

colleaques to evaluate reinnervation (58, 81, 199) before

severe rejection could affect results. In animal #17

euthanasia was felt to be humane to prevent s~fferinq when
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signs of lymphoma became evident. In baboon #19, death

occurred after trying to reinstitute oral CyA administration

when hemoglobin concentration plummeted to 15 g/L.

Therefore, it can be proposed that longer surviva1 times

might be possible, although likely at the expense of

significant side effects.

C) Rejection Only 2/7 TNVFFs (#17,#20) showed no

o

evidence of rejection (Figures 14 and 15), and another (#21)

underwent a very mild easily reversed episode (Figures 16

and 17) (Table 4). All other allografts showed significant

clinical evidence of rejection at some time after

transplantation. Mild signs included: edema, erythema and

sloughing of a thick, firm, epidermal layer revealing

healthy, intact epidermis (Figure 18). Moderate signa, in

addition to the above, included weeping from small areas of

breakdown to raw, red dermis (Figure 19), and in chronic

cases, persistent flaking was present (Figure 20). With

severe rejection, large areas of epidermal slough were

present, leaving behind plaques of angry, red, moist dermis

(Figure 21), occasionally covered with a layer of whitish­

green infected exudate. In all cases of rejection,

pigmentation was at least temporarily affected and localized

hair loss correlated roughly with severity.

It was our ~ubjective impression that, once rejection

had occurred in a TNVFF, stability was more difficult to

achieve and subsequent rejection episodes were difficult to



Figure 14: TNVFF 141 days post-transplantation (animal #17).

No evidence of rejection.
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Figure 15: TNVFF 190 days post-transplantation (animal #20).

No evidence of rejection.
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Figure 16: TNVFF 32 days post-transplantation (animal #21).

Very mild rejection with edema and thickening of

the epidermal layer.
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Figure 17: TNVFF 193 days post-transplantation (animal #21).

The hand is oriented differently from Figure 16,

but is the right hand of the same animal 161 days

later. No evidence of rej~ction.
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Figure 18: TNVFF 33 days post-transplantation (animal #11).

Mild rejection with edema and sloughing of a

thick, firm, epidermal layer revealing healthy,

intact epidermis.
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Figure 19: TNVFF 124 days post-transplantation (animal #11).

Moderaté rejection including weeping froDl small

areas of breakdown to raw, red dermis.
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Figure 20: TNVFF 277 days post-transplantation (animal #11).

Moderate chronic rejection with persistent'

flaking.
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Figure 21: TNVFF 62 days post-transplantation (animal #15).

Severe rejection with large areas of epidermal

slough leaving plaques of angry, red, moist

dermis.
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avoid. Although this observation is difficult to prove with

the data from this study, it may be related to sensitization

taking place during the first rejection episode. Subsequent

episodes may therefore act more like second set rejection

reactions, since the immune system would be primed and ready

to respond along multiple fronts.

Despite the many rejection episodes, the rejection

protocol was proven to be effective in at least controlling

(Figures 19 and 22) and even reversing the process (Figures

16 and 17). As experience was gained, the protocol was put

into effect in response to increasingly milder signs of

trouble with significant improvement in results.

3) sUmmary Since the most successful transplants all

occurred in the latter part of the learning curve,

experience probably contributed to a more stable course. It

is therefore possible that further studies might have

allowed continued improvement.

Three additional factors, which likely affected the

overall success of this experiment, deserve mention. First,

the daily care of the animals was transferred during the

course of the project. Despite trying to transmit all the

accumulated experience, it was impossible to avoid the

establishment of a new learning curve with its associated

consequences. Second, the subcutaneous use of the

Cremaphor-EL CyA seemed consistently related to the

occurrence of a rejection crisis after several weeks of its



Figure 22: TNVFF 181 days post-transplantation (animal #11).

Moderate rejection controlled using the rejection

protocol.
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use. HQDg of the three most successful transplants (i.e.,

with little or no rejection episodes) had received this

compound. Third, during the course of this experiment,

there was a period during which the CyA RIA was difficult to

interpret and modifications were being tried to improve

accuracy. One of these modifications, warming the sample to

body temperature during measurement, made results appear

approximately 200 ng/mL higher than usual (75, 140).

Without concomitant modification of the acceptable

therapeutic range, levels were inadvertently allowed to slip

below the lower limit of the accepted window.

Despite these problems, several key points for success

in this model were established. Cyclosporin A in the baboon

appears to be most dependably administered in a Miglyol 812

vehicle by twice daily intramuscular injections (73). This

CyA mixture must be started several days preoperatively (4

days seems to be appropriate) to allow its levels to rise

sufficiently for uneventful transplantation. steroids are

required in addition to the CyA, as used by some clinical

centers (13, 25, 29, 1~2, 127, 165, 215, 216, 217, 230), for

sufficien~ immunosuppression to be established in this

model. Cyclosporin A levels required appear to fall within

the 800-1500 ng/mL range by RIA (the author .would aim for

1000 ng/mL) when the sample is at room temperature.

Immediate response to even the slightest signs of rejection

with the rejection protocol permit the smoothest rejection
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free course. Once a rejection episode occurs, subsequent

episodes are difficult to prevent. The rejection protocol

is effective in controlling and even reversing rejection

episodes.

All TNVFFs survived to or beyond the 4 months it

normally takes for reinnervation of the distal tip of the

fifth digit following transection of the ulnar nerve at the

wrist (229). This model has therefore fulfilled the aims

set out in the beginning, although further refinements could

be useful.

Experiment '8: Rand transplantation

U~ing experience gained in Experiments #4, #6 and the

early part of Experiment #7, four hand transplants

(hereafter HT) were undertaken (Table 5). The technique was

similar to that described in Experiment #4 with a few

modifications (Figure 23) (58, 81). First, dissection was

completed in the recipient before undertaking the donor.

Once the flexor and extensoitendons were identified, they

were tagged, marked with a suture 2 cm proximal to the wrist

and sectioned at the joint in the recipient and as far

proximal as possible in the donor (Figure 24). As the

median, ulnar and radial nerves were identified and tagged,

they were sectioned approximately 2 cm proximal to the wrist

in the first animal and at a level to retain maximal length

with the donor segment in the second. Transection of the
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Figure 23: Schematic representation of surgical

technique forHTs (Permission granted by

Mosby-Year Book, Inc., J. Hand Surg. 11A(1):

1-8,1986).
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Figure 24: Donor HT (animal #8) to animal #9 at trans­

plantation prior to amputation. Neurovascular

elements and tendons are identified, tagged, and

the tendons marked with a suture 2 cm proximal to

the wrist. In the donor, all these structures

are sectioned as far proximally as possible while

the radius and ulna are transected 4 cm proximal

to the wrist.
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radius and ulna 4 cm proximal to the wrist preceded ligation

of the vascular pedicle in the donor whereas it followed the

same in the recipient, only at the 6 cm mark. The radial

artery and cephalic vein, once dissected,' were hemoclipped

and sectioned in the recipient. After allowing a 15 minute

period of revascularization of the donor hand and the

administration of heparin to both animals, the vessels in

the donor were ligated with small hemoclips and Bectioned.

Vascular transection in each animal was at the same level as

for the nerves, respectively (Figure 25).

Next, transplantation was undertaken beginning with

bony internal fixation and repair of the deep tendons using

the same technique as in Experiment #4. Tension for all

tendon repairs (Figures 26 and 27) was adjusted by lining up

the 2 cm marks on appropriate donor and recipient tendon

pairs prior to tenorrhaphy. Following excision of

redundancy, the microvascular anastomoses were undertaken

using 10 to 12 simple interrupted stitches in a similar

fashion to that used in Experiment #3. Once the hand was

revascularized, the appropriate nerve endings were repaired

using three to six simple interrupted stitches in a manner

resembling that in Experiment #3. The remainder of the

operation was as described in Experiment #4.

A further modification of technique was necessary for

the "switch" transplant (where each animal was both donor

and recipient of a left hand) between ar.imals #12 and #13
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Figure 25: Conor HT (animal #6) to animal #7 at trans­

plantation. At the top is the amputated

recipient hand (animal #7). In the middle is

the recipient forearm (animal #7) with the

neurovascular elements and tendons

identified, tagged and the tendons marked

with a suture 2 cm proximal to the wrist. In

the recipient the tendons are sectioned at

the joint and the neurovascular structures 2

cm proximalto the wrist. At the bottom is

the amputated, prepared donor hand (animal

#6). Permission granted by Little, Brown,

Co., Ann. Plast. Surg. 13(5): 423-30, 1984.
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Figure 26: HT at completion of transplantation (animal #12).

Accurate tension adjustment at tenorrhaphy

provides a tenodesis effect with finger flexion

during wrist extension.
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Figure 27: HT at completion of transplantation (animal #12).

Accurate tension adjustment at tenorraphy

provides a tenodesis effect with finger extension

during wrist flexion.
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(Figures 28, 29 and 30). Skin, tendons and neurovascular

structures were aIl sectioned 4 cm proximal to the wrist in

both animaIs. The radius and ulna were sectioned at 2 and 5

cm proximal to the wrist in both baboons, discarding the

intervening 3 cm of bone to allow adequate repair of aIl

structures while avoiding excessive tension. During the

actual transplantation, two teams worked simultanp.ously to

prevent unacceptably long ischemia times for each HT.

Animal care, as in Experiment #7, presented occasional

problems and underwent significant modifications and

improvements eventually contributing to the format found in

the Materials and Methods section. Since these transplants

were aIl undertaken in the early stages of our experience,

similar points to those ~ade in Experiment #7 should be

highlighted.

Cyclosporin A: AlthougL the first animal in this group

(#7) received only two preoperative daily intramuscular

doses of CyA at 23.7 mg/kg each, the last two received seven

doses (23.1 mg/kg/dose) administered twice daily. Although

the dosage was increased by the time we undertook the last

TNVFF (#21), we realized early on the importance of adequate

preoperative CyA priming using the intramuscular

preparation, particularly in view of the greater immunogenic

load of the HTs.

As in Experiment #7, the Cremaphor-EL cyA preparation

was administered for up to 6 weeks in each of the HT's



Figure 28: "Switch" HT (animals #12 and #13) at trans­

plantation. At the top is the amputed hand of

animal #13. In the middle is the recipient

forearm of animal #13. At the bottom is the

donor hand ~rom animal #12.
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Figure 29: 15witch" HT at completion of transplantation

(animal #13).
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Figure 30: "Switch" HT at completion of transplantation

(animal #12).
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except for the one which underwent hyperacute rejection

(#9). A1though there was no record of skin ulceration at

the injection sites, it is possible that these, if sma1l,

may have been missed for two reasons. First, baboons have

very thick long fur easily obscuring lesions. Second,

preoccupation with the difficulties in controlling rejection

may have overridden attention to this detail so early on in

our experience.

Steroids: We had experienced rejection problems in

the first TNVFF (#5) and thus steroids were administered in

the first two HTs (#7,#9) in response to obvious clinical

signs of rejection rather than awaiting histologie

confirmation. In the first HT (#7), although the CyA was

increased on the day of the first dressing change (Day 5),

the decision to implement the steroid rejection protocol was

delayed to the following day for fear of infection. A skin

biopsy was nevertheless taken at the next dressing change

(Day 7), when visible improvement was already present, and

repeated 13 days later (Day 20), when mild changes renewed

concern. The results once again took several days to be

reported, severely compromising their usefulness. In the

-first, there was evidence of some changes around blood

vessels in viable skin, interpreted as moderate cellular

rejection. In the second biopsy, the picture was similar,

only improved, with evidence of fewer cells. In the second

HT (#9), we did our first dressing change earlier (Day 4)
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because of concerns at the time of surgery. At the end of

the surgical procedure, we had noticed greater edema in the

HT than seen previous1y and the beginning of a purplish

discoloration along the transplant side of the incision line

(Figure 31). Therefore, at the first postop verification,

we became bo1der by initiating steroid therapy immediate1y

in response to worsening changes. A biopsy taken 7 days

1ater was reported after a de1ay of a further week, as

viable peeling skin without evidence of infiltration, a

surprising result in view of the unrelenting clinically

evident hyperacute rejection which took place in this animal

despite massive doses of steroids (Figure 32).

In the remaining two HTs (#12,#13), which were

chronologically done after the second TNVFF, (Tables 4 and

5) it became evident that steroids would have to become an

integral component of the immunosuppression protocol, as

used by some clinical transplant centers (13, 25, 29, 102,

127, 165, 215, 216, 217, 230). This was felt to be

particularly true in this model where the antigenic load was

of greater magnitude than in the TNVFF. Thus, steroids were

started thereafter at the time of surgery.

11 Intraoperative results Intraoperatively the

success of the microanastomoses was proven in aIl

transplanted hands by the patency test (62). In addition,

normal color, briskness, and quantity of bleeding were

present in aIl cases from the proximal tissues of the



Figure 31: HT at completion of transplantation (animal #9).

Beginning of hyperacute rejection visible with

greater edema than usual and the appearance of

discoloration present along the transplant side

of the incision line.
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Figure 32: HT 26 days post-transplantation (animal #9).

Hyperacute rejection with necrosis and

mummification of the fingers, and purulent

material draining from the more proximal

portions.
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transplant before hemostasis and from a stab wound to the

volar epidermis of the hand at the end of surgery.

2) postoperative results

A) Technical assessment Postoperative evalua~ion of

each HT's viability was undertaken twice in the first week.

In the case of the first transplant (#7), the first dressing

change was arbitrarily done on Day 5. In the second (#9),

it was done one~day earlier because of concern with changes

noted at the~'time of surgery. After the experience with

hyperacute rejection in this animal, it was decided that all

subsequent transplants would be checked on Day 3. This

allowed two days for the animals to recover sufficiently

from the long anesthetic to start eating before subjecting

them to the side effects of tranquillization (drowsiness and

anorexia) which could last the rest of t~e day.

All HTs showed evidence of good circulation based on

assessment of color, turgor, temperature, and bleeding

response to an epidermal stab wound. No transplant was lost

due to technical failure of the microanastomoses.'

B) Survival tillles Survival times for the HTsranged

from 26 to 311 days postoperatively (Table 5). Average

survival time was 148.5 days. The two shortest survivals

(#9,#12) were both being actively rejected at the time of

euthanasia, although all or portions of each HT were still

alive. In baboon #9, although hyperacute rejection had

mummified all the fingers (Figure 32), the more proximal
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portions, despite draining purulent material, still showed

the presence of blood circulation. In KT #12, all portions

were still viable at the last dressing change despite

weeping, infected surfaces (Figure 33). Only two

transplants (#7,#13) survived long enough in a relatively

stable state with persistent mild to moderate rejection to

warrant assessment of reinnervation by our colleagues using

neurophysiologie recording techniques (58, 81, 199) •.

Undertaking theae highly immunogenic transplants later

on in this project, when greater experience had been gained,

might have provided longersurvival times. Although the

number of KTs is low, it seemsthat their successful

transplantation may be significantly more difficult to

achieve than that of TNVFFs because of rejection.

C) aejectioD None of the four KT passed the first few

days without clinical signs of rejection (Table 5). Signs

of mild, moderate, and severe rejection were the same as for

the TNVFF with one addition. In the early moderate" cases of

rejection, seen in two animaIs (#12,#13), bullae ap~eared

(Figure 34) which went on to become localized areas of

breakdown. In the one case of hyperacute rejection, as

mentioned above, changes began at the conclusion of surgery.

The hand was more edemat~us than usual and a purplish,

erythematous discoloration was present along the proximal

edge of the transplant (Figure 31). Its unrelenting course

included increased swelling and a brownish erythematous



Figure 33: HT 69 days post-transplantation (animal #12).

Severe rejection with weeping, infected surfaces.
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Figure 34: HT 6 days post-transplantation (animal #12).

Early moderate rejection with appearance of

bullae.

)
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discoloration with multiple small vesicles in the proximal

portion of the HT, followed by the appearance of a few

bullae. Sudden massive desquamation of the palm and fingers

occured next, quickly ending with necrosis and mummification

of the fingers (Figure 32). This series of changes happened

despite restarting high dose steroids on Day 11 after having

first initiated it on Day 4. What seemed at the time to be

adequate doses of CyA (starting with 22.1 mg/kg/dose twice

daily), in retrospect proved to be insufficient and it is

clear that our worries about toxicity dominated our

readjustments at a time when we were not yet familiar with

the pharmacokinetics of the drug. We never attained a level

greater than 840 ng/mL·and even dropped as low as 390 ng/mL

subsequently. Despite these factors, and suggested by the

very early onset of rejection, it is possible that this

transplant would not have been salvageable even if it had

been undertaken after greater experience with more

aggressive immunosuppression.

Nevertheless, in most of the HTs the rejection

protocol did prove to be useful in controlling and even

temporarily reversing the rejection process. Although this

model appears to possess a much greater immunogenicity,

resulting in greater difficulty in preventing rejection,

refined use of CyA and steroids have not been tested

thoroughly enough in this experiment to determine whether or

not results could be further improved.
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3) Summary Sinee 2/4 transplants (#7,#13) (Figures 35

and 36)survived for a prolonged period of time despite

several rejection episodes and lack of experience, further

sophistication with this model or the additi~n of more

potent ilUlUunosuppression may still translate into greater

suceess.

As in experiment #7, having to transfer the daily eare

of the animals, using the Cremaphor-EL vehicle for

subcutaneous CyA administration and eneountering

difficulties with the eyA RIA, may have all had some effects

on the results. It is nevertheless the impression of the

author that this model is intrinsically more difficult to

use because of the magnitude of the ilUlUunologic load.

During the course of this experiment, several

significant points became evident and were put to use in the

"latter part of Experiment #7. These included the importance

ofc~he preoperative administration of eyA in order to
"

';;'"

achieve adequate blood levels at the time of trans­

plantation. For HTs perhaps one week of twice daily

injections at a dosage of 23 mg/kg/dose would be appropriate

or perhaps a longer period with a lower dose would be more

successful. The need for steroids as an essential part of

the ilUlUunosuppressive regime, as used by some clinical

centers (13, 25, 29, 102, 127, 165, 215, 216, 217, 230), was

clearly established. Perhaps they too should be started

preoperatively and tapered more slowly. Although



Figure 35: HT 308 days post-transplantation (animal #7).

Mild to moderate rejection with build up of a

thick, firm, epidermal layer.

)
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Figure 36: HT 145 days post-transplantation (animal #13).

Moderate chronic rejection with persistent

flaking.

)
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appropriate CyA serum trough levels seem to fall within the

same range as for the TNVFFs, the author woald prefer

keeping them in the 1000-1500 ng/mL range (aiming for just

over 1,000 ng/mL) using the room temperature assay

technique. Prevention of all rejection episodes should be

the goal and immediate aggressive response to even the

slightest changes should be the rule.

Two HTs (#7,#13) survived to beyond the 4 months it

no~ally takes for reinnervation of the distal tip of the

fifth digit following transection of the ulnar nerve at the

wrist (229). The model was therefore successful in

fulfilling the goals of the project despite the difficulties

encountered.

.--~~.
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DISCUSSION

The aim of this project was to design two models in

the primate for reconstructive surgery utilizing

vascularized free tissue transplants with nerve repair. In

so doing the answers to two questions were sought. First,

can limbs or portions thereof be transplanted successfully

between entirely unrelated individuals of a primate species?

Second, can the newly designed primate transplant models

successfully achieve sufficiently long survival for

functional motor and sensory reinnervation to have occurred?

Additionally, is reinnervation of the transplanted tissue by

recipient nerves under CyA immunosuppression possible? In

order to evaluate this study in light of these parameters

each point is best addressed separately.

From a purely design point of view, the two models

were entirely successful. No transplant or replant was lost

due to a technical or anatomic problem. During the course

of the experiments, modifications helped refine surgical

details. The resultant final models were relatively simple,

very dependable and easily reproducible.

The choice of animal species for this study, although

associated with some inconveniences, did allow us to achieve

our goals. Anatomic differences from humans, for the

purposes of these experiments, did not complicate design.

Neurovascular and musculoskeletal structure size present in
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the fema1e Papio hamadryas anubis was appropriate for the

needs of the project.

One ~ossible modificatiori would be the use of male

baboons. This may avoid potential hematologous infection of

the transplant from lesions on ~le buttocks when females are

estrous. Most importantly, the possibility of pre­

sensitization of a recipient by the MHC through pregnancy

would be eliminated (which may have been a factor in baboon

#9's r~jection of the hand transplant since previous

pregnancy is known to be a cau~ative factor in hyperacute

rejection (130». The effects on animal care (e.g., sizes

of cages and quarters, difficulty in handling) and size of

anatomie structures would have to be evaluated.

Although not all the animals underwent histo­

compatibility testing, the prevalence of rejection suggests

that the transplants were undertaken between non-identica1

pairs. Of the six animals that were tested in order to

choose four donor-racipient pairs (#16-#17, #16-#20, #18­

#19, and #18-#21), i.e., two animals donated two TNVFF each

to the remaining four, three pairs were identified as

unquestionably different and the remaining pair had a high

probability of being different. These pairs were purposely

picked on the basis of incompatibility to avoid the

potential criticism that transplant success resulted from

accidental histocompatibility matchinq.



144

~he experiments did prove that limbs or portions

thereof ean be transplanted sueeessfully between unrelated

individuals of a primate speeies. One term however, does

need to be qualified, that being sueeess. If measured

purely in terms of transplant survival times, the results

were impressive eonsidering the average survival of 179 days

(ranging from 26 to 413 days). These numbers are all the

more signifieant sinee the end point for eaeh transplant was

never eonsidered to be loss of the whole allograft from

rejeetion. In most cases, termination of the experiment was

determined using eleetrophysiologie evaluation by our

neurophysiologie eolleagues or euthanasia for illness.

Thus, despite the presence of ehronie rejeetion in many

cases, the transplants eould probably have survived for

indeterminate additional periods of time.

The survival times are diffieult to compare to those

in the rat limb transplant experiments (la, 11, 92, 93, 115,

129). Only one group administered CyA to some rats

eontinuously (minimum 44 days, maximum 113 days) (92, 93).

There is little information on the outeomes of this group,

although the authors did,imply that the eardiae puneture

used to sample blood for the antibody titers signifieantly

affeeted survival times. The only other information

available on these animals is that five out of seven animals

showed no elinieal, immunologie or histologie evidenee of
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rejection and that the remaining two had respectively mild

and moderate histologie changes.

In another article, a singl~ rat is described with a

transplanted limb surviving for a seemingly indefinite

period of time (no visible signs of rejectionat

publi~ation) to Day 225 despite ending CyA administration on

Day 20 (115). This example supports the concern expressed

under Objectives and Research Plan about the significance of

transplantation experiments between inbred strains ~f rats

and their extrapolation to higher species. such easily

induced tolerance may also explain the apparent lack ofany

clinical signs of rejeetion during relatively low dose CyA

treatment and even beyond. In contrast, in this primate

study, the survival times were not without ongoing

significant battles against rejection and side effects.

This brings up the less positive side of the "successful

transplantation" issue. Long enough survival times in most

animals for reinnervation to have taken place (assuming it

oceurs and progresses at a speed similar to that of nerve

regeneration following injury in the absence of

immunosuppressants) was achieved. But, at what expense?

Despite CyA dosages with resultant serum trough levels

of at least four times that recommended for clinical organ

transplantation (28, 37, 127, 230, 233) by Sandoz (Canada)
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and Dr. Shumway's 1aboratory,D'and the additional use of

steroids, rejection had been a constant concern and threat.

All the HTs and 4/7 of the TNVFFs had undergone significant

episodes of rejection. Of course, these numbers must be

taken in light of several factors. First, no attempt at

histocompatibility matcbinq was made deliberately. Although

the effects of matching in this type of transplantation is

unknown, it would be worthwhile to undertake similar

transplants between animals of known unrelated lineage (such

as those of experimental baboon colonies) that~ been

matched for histocompatibility, as is done in human kidney

transplantation. Second, the HTs, which are probably more

difficult to handle because.of a greater antigenic load and

the variety of tissues present, were undertaken very early

in our learning curve. The results for these May have been

better had they been attempted later in the series when our

knowledge and experience were greater. Third, in a more

general sense, it is possible that repeating the whole study

with our present level of experience would achieve a more

stable postoperative rejection-free course with the same

immunosuppressive regime, or better yet, using newer more

sophisticated methods (104, 127, 177, 191) or newer drugs.

Although all these factors probably played a part in

limiting our results, two issues should not be overlooked.

DDr. Norman E. Sh_.y'. L.bor.tory lverbal c........lc.tlonl. St.nford Unlv.r.lty Medlc.l Center.
Stanford, C.llfornl., U.S.A. 943D5
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When setting out to deve10p these models, it was not even

clear if ~ degree of survival would be possible. Clearly

this point has unquestionably been resolved. It is possible

that additional immunosuppressive techniques might not only

be useful in such transplants, but also necessary. It is

also conceivable that the "right" immunosuppressant has yet

to be developed in order to facilitate this type of

transplantation.

The need to search, for other better methods of

immunosuppression for the transplantation of primate limb

composite tissues is further underlined by the excessively

high incidence of side effects in this project. Although

beyond the scope of this thesis to undertake a detailed

analysis of all the side effects and attempt to explain

their possible etiology, their mention is necessary in the

overall assessment of the models. They included: anorexia,

anemia, gingival hyperplasia, hepatotoxicity, hirsutism,

lymphoma, nephrotoxicity, subcutaneous and intramuscular

abscess formation, and tremors.

Some side effects were noted in every animal at one

time or another such as anorexia (52, 87, 194, 214, 232) and

weight loss (52, 165, 194, 232). Although these symptoms

seemed related to CyA administration, it was impossible to

isolate this as the cause since rejection and almost any

other illness could share this sign.
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Other problems such as anemia (37, 87, 194), although

seen in several animals to some degree, became catastrophic

in few. Only one animal (#19) passed away from an

unrelenting drop in hemoglobin to 15 g/L.

Gingival hyperplasia was more than a nuisance (24, 26,

28, 29, 37, 52, 87, 102, 165, 194, 216, 230, 232). Nearly

half of all animals (all but one with transplants surviving

over 150 days) developed this problem. Although judicious

tooth brushing was instituted at each dressing change as

soon as signs of inflammation appeared (not earlier for fear

of causing irritation and stimulating the process), this

method proved to be ineffectual. Two animals developed such

florid hyperplasia that gingivectomy had to be undertaken

while others would probably have benefitted from this

procedure.

Hepatotoxicity (24, 26, 28, 29, 37, 73, 87, 89, 102,

106, 110, 165, 194, 204, 214, 216, 230, 231, 232, 233) was

difficult to identify since elevated liver enzymes were

noted in most of the animals pre-transplantation and seemed

to fluctuate afterwards in ways difficult to interpret.

Hirsutism (24, 26, 28, 29, 37, 87, 102, 165, 175, 194,

214, 230, 232, 233), although noticeable in some of the

animals, was impossible to quantify in these primates with

normally thick fur coats.

Of particular concern was the finding of a histo­

logically proven lymphoma (24, 26, 28, 29, 37, 165, 175,
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177, 191, 194, 216, 230, 232, 233) in one animal (#17)

diagnosed clinically by the appearance of enlarged lymph

nodes in the lower limbs and an enlarged spleen.

Nephrotoxicity was not as common as expected (B, 24,

26, 2B, 29, 30, 37, B7, 102, 106, 110, 121, 127, 131, 165,

175, 177, 190, 194, 195, 204, 214, 215, 216, 217, 230, 231,

232, 233). only one animal'developed irreversible renal

failure (#5) and only one other (#11) showed a transient

slight increase in creatinine to above 142 ~mol/L,

considered to be the upper limit of ,the normal range for

baboons (223).

Although three (#11,#19,#21) animais developed

spontaneous subcutaneous abscesses which generally grew

staphylococcus aureus, a much greater problem was the

development of sterile intramuscular abscesses in ail

subjects (3). These developed in response to repeated

injections of CyA dissolved in its lipid vehicle and led to

intramuscular fibrosis, seen histologically (52) and noted

also in Dr. N.E. Shumway's laboratory. It is believed that

this phenomenon played a significant part in preventing

long-term stable rejection-free transplant status in those

animais that did not develop life threatening side effects.

Although difficult to prove, since too many variables

fluctuated,during the course of the study (methods of

administration of CyA, levels of CyA aimed for, difficulties

with the RIA, and modifications ~n the technique of the
'-.:. ~~.:--_-:.:-~-::=--=-=-~--"
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RIA), it is the author's impression that, with time,

contro1ling CyA serum levels became increasingly more

difficult, resulting in swings in trough levels. This could

be explained by the development of ever increasing zones of

fibrosis in the limited muscle mass present, from which

absorption of the drug would be erratic. In turn this would

result in further increases in dosage (and volume) thus

compounding the problem.

Although transient tremors were noted in some animals,

they were not reliably recorded in the charts since they

were often discounted as being chills related to fever. It

is therefore not possible to comment on neuroesthesias,

known to occur in human CyA treated patients (24, 26, 28,

29, 37, 87, 102, 165, 175, 190,214, 230, 232, 233).

This brings the author to r6flect on a few points with

respect to the use of animals in laboratory research in

general and more specifically, in projects such as this one

in which there are poteritial side effects and some degree of

unpleasant manipulation. Very attentive care, around the

clock when necessary, by a few dedicated caretakers not only

reduces animal stress but insures consistency of care.

Careful observation and handling probably contributed to the

success of this study since we did not encoun~~r any of the

aberrant patterns of behavior (e.g., psychosi3,

automutilation) observed by some scientists working with
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this species including Dr. Robert Dykes,24 head of the

neurophysioloqy team that studied the transplants and has

previously worked with this species (79, 229). Recipients

were all carefully chosen favoring agressive or indignant

behavior. Animals demonstrating cowardly responses,

uncontrollable nervousness or inappropriate conduct were

assigned as donors. It was felt that a demeanor suggestive

of a strong character would best be suited to the

experimental conditions. In addition, attention was given

to details of animal comfort. This included ensuring that

all·unpleasant manipulations were rewarded, that adequate

analgesia was always available and that the animal quarters

were kept as interesting (e.g., television, radio, toys),

pleasant, and clean as possible. The animals were handled

gently but firmly to avoid injury, noting any changes in

their physical signs and comportment. These details may

seem trivial, but probably played an important role in the

outcome.

It is therefore not surprising that these two models

had the severe drawback of being very expensive. Not only

were they costly monetarily (i.e., animals, cages, quarters,

care, surgical equipment, dressings, medications, etc.), but

they were time-consuming, labor-intensive, and emotionally

24Robert W. Dykes, Ph.D., Mlerosur;Iesl Resssreh Lobs., Raysl Vietoris Hospltsl, 687 Plne Ave. Y.,
Montreal, Quebec, Canada, H3A tAt //

.'
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taxinq because of the multitude of details to balance and

the conscious focus on animal welfare.

These two models, despite their inherent difficulties,

were developed to provide the means to answer the question:

Can functional motor and sensory reinnervation of foreiqn

tissue by recipient nerves in the primate occur in the

presence of immunosuppression (specifically CyA and

steroids)? Althouqh the detailed answer to this question is

beyond the scope of this thesis, our neurophysioloqist

colleaques have used these models and found the answer to be

YES (58, 81, 199).

Two HT and 5 TNVFF have been analysed by them. In

simple terms, not only was sensory reinnervation shown to

occur in a manner similar to that seen followinq nerve

injury, but ~ntrinsic muscle contraction was possible in

response to motor stimulation and even joint proprioceptor

afferents were identified. Not surprisinqly, the quality of

reinnervation was qreatly dependent on the extent of

rejection havinq taken place.

Thus, not only have these models successfully achieved

the qoals set out on paper in the beqinninq, but they have

already been put to use by colleaques in answerinq the most

basic question in reconstruction by transplantation, that of

reinnervation.
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CONCLUSION

A further step has been taken on the road towards

clinical reconstruction by transplantation. Two composite

tissue models, one for the study of sensory reinnervation

with a smaller variety of antigenic tissues, the other for

the study of mixed motor and sensory reinnervation comprised

of a larger, more varied antigenic load, have been developed

in the primate. Although long term survival (beyond 4

months) was achieved in nine of 11 animals, it has not been

without considerable effort in controlling and preventing

rejection and battling significant side effects. There is

no question that immunosuppression requires further

perfection before these models can be reproduced with little

or no effort. Now that these models have been analysed by

our neurophysiological colleagues and shown to undergo

reinnervation, further laboratory work in perfecting these

models takes on greater pertinence. This next step of

course, is intimately related to developments in the field

of immunosuppression, confirming once again the

interrelationship of transplantation and reconstructive

surgery•
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APPENDIX l

The Veterinary Health certificate accompanying each
animal certified that the animal in question was "free from
visible symptoms of infections, contagious or communicable
disease" and stated the date of the 1ast negative tubercu1in
test. Acute animaIs were .retested for tuberculosis once.
Despite a negative result, they were treated and disposed of
as if contagious. Long-term individuals were quarantined for
a period of four weeks. During this time period, they were
subjected to a series of three tuberculin tests at two week
intervals, to confirm negative status.

ROUTINE PRIMATE PROCEDURES·

AIl imported Rhesus and Cynomologus monkeys," upon
arrival, are given the following routine procedures:

T.B. Test:
An intra-dermalpalpebral injection of Koch' s old

tuberculin is given in the upper eyelid. The dose is 1/10 ml
per monkey. Observations are made at 24 hours, 48 hours and
72 hours to pick up the reactors. Tuberculintesting is
carried out every two weeks until three consecutive negative
tests are obtained. Thereafter, T.B. testing is done at four
weeks interval.

Immune Serum Gamma Globulin:
One ml. of immune serum gomma globulin (Human) is

administered intramuscularly in one leg.

Long Acting Penicillin:
. One ml of 300,000 units of long acting penicillin is

injected intramuscularly in the other leg.

,.
"

Deworming:
Two ml

Thiabendazole
Cambendazole),
given orally.

of
and
both

Equizole A
Piperazine)

products of

(preparation containing
or Camvet (containing

Merck Sharp and Dohme, is

*Extract from URoutfne Primate Procedureall , Charles River Research Primates Corporation, P.O. Box
416, Port Washington, Naw York, 11050, U.S.A.

··Accordlng ta Michael A. Nolan, Presidant of Charles River Research PrImates CorporatIon, thls
protocol Is also used for baboons.
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Electrolytes:
A pinch of electrolyte powder is added to each monkey's

water bowl daily, for three days, to restore ionic balance
which might have been upset due to stress and strain of
transportation.

During the period of quarantine, diseases and minor
ailments are treated according to the condition. However, a
few therapies on frequently encountered conditions are given
below:

a) Off Feed: (Not eating) This is generally due to
respiratory problems or a result of stress and strain of
transportation. One ml of 300,000 units penicillin
intramuscularly daily, for three days, helps in most of the
cases. If the animal is prostrate, one ml of corticosteroids,
such as Prednisolone or cortisone; along with appropriate
antibiotics, should be given. The diet is supplemented 'with
sustagen - a preparation containing proteins, carbohydrates,
fat, minerals and vitamins. Juvenile monkeys are often put on
this feed supplement.

b) Respiratory Problems: (Including Pneumonia) Never one
single drug has been found effective. According to
symptomology, the following broad spectrum antibiotics are
used: 1) Penicillin

2) Achromycin
3) Ampicillin
4) Cephalothin
5) Chloramphenicol.

Prolonged treatment with antibiotics is avoided for obvious
fear of monillial problems. Corticosteroids may also be given
along with antibiotics.

c) Enteric Problems: Furoxone suspension containing
Furazolidone in doses of 5-10 cc (according to the weight of
the monkey), orally, has been found efficacious in taking care
of most of the enteric problems. Obstinate cases, like
respiratory problems, should be evaluated on symptoms
manifested and antibiotics, chemotherapy should be used out of
the undermentioned items:

1) Entromycin
2) Garamycin
3) Achromycin
4) SeptrajBactrim
5) Kanamycin
6) Metronidazole (specifie for cases of Amoebiasis)
7) Diodohydroxyquin (specifie for cases of

Amoebiasis).
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d) Intestinal Parasites:
1) Equizone A/Camvet are efficacious in cases of

ascaris, strongyloides, hookworms and other
nematodes.

2) Phthalofyne (Whipicide) is a qood product for
whip worms - Trichuris trichuris.

3) Pyrvinium Pamoate (Povan) is a qood product for
pinworms.

4) Niclosamide (Yomesam) or Bunamidine
Hydrochloride (Scolaban) may be used in cases
affected by tapeworms.

e) Eye Infections: Terramycin/Chloromycetin ophthalmic
ointment should be used.

f) Tranguilization/Restraint: Ketamine Hydrochloride or
Phencyclidine Hydrochloride (Sernylan) are effective druqs for
restraint. We prefer Sernylan since it brinqs about a longer
period of tranquility/anesthesia by usinq small dosaqe. These
druqs are very useful for immobilizinq monkeys to carry out
diaqnostic examination, minor surqical procedures and
restraint of larqe animais.

A copy of each of the undermentioned product information
is enclosed for future reference to work out dosaqe and study
indications:
Immune Serum Gamma Gl.obulin: Lonq Actinq Penicillin: Equizole
A: Camvet: Electrolyte: Sustaqen: Prednisolone/Cortisone;
Achromycin: Ampicill in: Cephalothin Chloramphenicol: Furoxone:
Entromycin: Septra/Bactrim: Garamycin: Kanamycin:
Metronizadole: Diodohydroxyquin: Whipicide: Povan: Yomesam;
Scolaban: Ketamine and Sernylan•
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Experimental Models in Primates
for Reconstructive Surgery
Utilizing Tissue Transplants

E. Patricia Egerszegi, M.D.,
Donald D. Samulack, B.Sc.,
and Rollin K. Daniel, M.D.

Two experimenlal models far dssue Iransplantadon be·
tween unre1ated individuals of a primate specie.s have been
deslgned la sludy sumval and reinaeTVadon. The firsl is a
neurovascular Flee flop consisüng of the cnure soft tissue
coveloge 0/ the index linger. The scamd is an enûre hand
lranSplanl through the dislal forearm. Ongoing studies
show thal cyclosporin A al high doses. in combinadon with
Q tapering regimen of s!eroids to a low maintenance JeveJ.
permits prolonged sumval of bath lransplanl models. Care·
fui biochemical. hemalological. and cyclosporin A serum
rrough level moniloring permits use of this drug al very high
dosages in primales. Condnu/ng expeJllnents should yield
detai/cd neurophysiologic:tll data on the reinnervaûon of
these transplants oVe! the next 6 to 18 months.
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The primary goal 01 reconSlructive surgery i. reSlUm·
tion of function and quality ollile to patients with
congenital or acquircd defonnities. Numerous opem·
tive procedures have been devcloped utilizing skin
grafts and skin naps, as weU as gmfts 01 bnne, muscle.
and ncrvc. Howcvcr, problcms remain for those J'il'

ticnts in whom thcre is insufRcient or inadequatc ùu­
ner tissue to reconstruct the missing structure. For
instance, young adults who suller nonreplantable up·
per extremity amputation. Irequendy discard fune·
tional prostheses. Children who sustain severe laeial
bums can be covcred with skin smlts. but the result·
ing dclonniry severely aflects their quality ollife. As
these problems cannot be correeted with the patient's
own tissue, the only solution is transplantation of
comparable tissue !rom donars.

Reeently a new drug. eyclosporin A (CyAI, has pero
milled dramatic breakthroughs for immunosuppres·
sion 10Uowing tissue transplantation. The ùrug has
been lound ellective c1inicaUy in kidney 14, 51. hean
1181, lung 1191. liver 141. pancreas 1201. anù bone mar·
row 1131 transplantation. ExperimentaUy, it has al·
lowed transplantation 01 other organs and tissues. in·
c1uding nerve 127, 281. muscle 111. 251, bone 1231. anù
skin 13, 10, 16, 261. The superiority 01 CyA over other
immunosuppressive regimens makes the successlul
transplantation 01 tissues for reconstructive purposes
a rcalistic goal. However, these transplants ùiller
signiflcantly !rom previous elinical transplants in that
sensory reinnervation is essential. Unlike renal anù
heart transplants, which maintain thcir aetivity inùe·
pendendy of dircet neural regulation, digits anù hanùs
muSl obtain lunetional reinnervation to be uscful. Wc
have therefore urtdertaken the dcsign of two experi·
mental modcls in the primate to SlUùy the survival
and reinnervation of transplanteù tissues.

Review of Literature
Throughout its evolutiort, recouSlruetive surgery has
had a close association with the transplantation 01
tissue. ln 1863, Bert 118al Sludicd skin allografts and
xenografts as weil as autografts and reporteùly noticed
different degrees of sueeess lor cach. These empirical
observations became the basis for trartsplantation
medieine and the flrst of an increasing number of
Sludies. ln the 1950s, Converse was instrumental in
initiating the flrst international meeting on transplan·
tation and, with his eollaborators, in ùoeumenting
nonnal human skin allograft behavior 15al. Their
work also clarifled sorne basic principles of immunol·
ogy, which eventually led to advanccs in understanù·
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ing the importance of histocompatibiliry (19J. The
successful transplantation of a kidncy bctween identi·
caltwins in 1954 by Murray ct al (171, a plastic sur·
geon at the Peter Bent Brigham Hospital, demon·
strated the fcasibiliry of transplantation; its wider
application awaited only the development of a fonn of
immune modulation that would reliably prevent re·
jection.

ln the 19605, major steps were taken with the in·
troduction of 6·mercaptopurine and then azathio·
prine. Prednisone was socn added to the latter to
achieve the additive effeet of two drugs with different
modes of action. ln 1969, 2 new strains of fungi were
discovered in the Microbiology Depanment of Sandoz
(Basci, Switzerland) Ltd. that produced a metabolite
showing evidence of potent immunosuppressant po·
tential with very low toxiciry. Following the fust pub­
lications documenting this drug's elfectiveness in
transplantation, cyclo.porin A, as it became known,
has been utilized incrcasingly as an cxpcrimental im·
munosuppressant for the transplantation of numerous
organs and tissues. Most signiflcantly, CyA has per·
mitted successfullong·tenn skin allogralt survival in
various animal models (3, ID, 16, 261.

Skin, as the major barrier between individual and
environment, has bcen found not only to be more
immunogenic than the kidney, for cxample (211, but
also to undergo rejection more rcadUy than the other
tissues present in a limb (151. This finding may ex·
plain the grcater CyA requirement for skin allograft
survival as compared with that for certain solid or·
gans (l, 261. Skin flaps have never been srudied utiliz·
ing CyA immunosuppression and srudied very little
using other modes of immune modulation i22l. Three
groups have addressed the question indirectly by
transplanting entire rat limbs, with their skin cover,
using CyA (2, 7, 8, 12, 141.

ln 1982, Black ct .1 (21 published the first data on
survival of adult rat limb transplants with CyA im·
munosuppression, followed a ycar later by their final
results (121. Five groups of rats were srudied. The first
2 served as controls, undergolng transplantation with·
out treatment or reeeiving the solvent alone. ln the
next 2 groups, a donor·specific blood transfusion was
administercd 1 week prior to transplantation, with
the addition of passive enhancement on days 0, 2, and
3 in the fourth group. The last group was treated with
25 mg of CyA per kilogram of body weight per day
subcutaneously for 20 days. Despite bcing known to
prolong kidncl' allograft survival across even stronger
histocompatib,Ii~' barriers, the d~nor'specific blood
transfusion nid hot significantly prolong limb allo·

graft survival even if combined with passive enhance·
ment. Yet there was a prolongation of gralt survival in
at least one animal with CyA to grcater than 225
days, a dramatie result when compared with either
control group.

Fritz et al 17, 8J also achieved prolonged survival
following heterotopic transplantation of adult rat
limbs across a strong antigenic mismatch. AlI groups,
exccpt controls, received 10 mg of CyA per kilogram
of body weight per day subcutaneously. One group
received the immunosuppressant for 7 days, another
for 21 days, and the last continuously. Controls
underwent clinically evident rejection within 14 to 20
days, whereas only 2 out of 5 animals in the shon·
tenn treatment group showed similar signs 4 to 5
weeks alter discontinuation of therapy. None of the
treated animais showed any strong histological evi·
dence of rejection, and a total of 9 treated rats had no
evidenee of rejeetion at all. This finding was in con·
trast to that for untreated rats, ail of whom had strong
histological evidenee of rejection. The results !rom
antibody testing eorrelated with the histological
findings. AIl the untreated animais had a strongly
positive antibody response, in contrast to none of the
continuously treated animais.

Kim et al (141 recently published a similar study in
which adult rat limbs were transplanted orthotopi·
cally across defined histocompatibiliry barriers with
varying regimens of treatment. Of 6 groups, the first
underwent limb replantation and thc second trans·
plantation, both without immunosuppression. The
next 2 groups received ID mg per kilogram of body
weight per day of intramuscular CyA, one for a pcriod
of 2 weeks and the other for 2 months. The remain·
ing two groups received 10 mg per kilogram of
body weight per day of intraperitoneal azathioprine
and prednisolone, respeetively. The replanted limbs
showed some edema during the first week and dener·
vation atrophy, but otherwise had a nonnallong·tenn
appcarance. ln the control group, clinical signs of re·
jeetion appcared on the average at 6 days. The shon·
tenn CyA group showed some edema during the fust
7 to 10 days, followed by notrnal appcarance until 16
to 22 days beyond the end of treatment. ln the long·
tenn CyA group, appcaranee of the limbs was similar
to the rcplants until 6 to 10 days bcyond the end of
treatment, when signs of rejeetion appeared. This re·
suit was in contrast to the azathioprine and pred·
nisolone groups, in which rejection appcared on the
average at 7.2 and 7.8 days, respectively, during con·
tinuous therapy.

ln surnmary, CyA was shown to prolong sig'
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niIlcandy the survival of whole limb transplants in
the adult rat. Nevertheless, the question remains as ta
whether transplantation between inbred strains of
rots poses sufficient challenge for allograft survival
and whether findings in this lower species can be ex·
tended to human patients. The rat limb transplanta·
tion studies, nevertheless, have provided an impetus
to answer these critical questions: III Can trans·
planted tissue undergo functional motor and sensory
reinnervation with CyA immunosuppression, and 121
can limb transplantation be successful in entirely un·
related individuals of a primate species!

Our laboratory has begun an investigation into the
degree of reinnervation and functional recovery possi·
ble following transplantation with CyA in a primate
species. The baboon, specifically Papio anubis, was
chosen as the experimental animal for the following
rcasons: III The hand is anatomically similar to that
of man, (2) the skin contains simi1ar sensory receptors
and nerve pathways to those of man, 131 the neurovas·
cular bundles are of sufficient size ta allow microsur·
gical repair and neurophysiological recordings, 141 the
baboon hand has been used previously in our labora­
tory for assessing neural function, thus allowing utili·
zotion of established techniques and protocols 124), (5)
CyA has been used successfully in several primate
species in organ transplantation, and 161 there exists a
reliable source for these animais.

Two models have been designed as the ultimate
challenge in allograft survival: a neurovascular &ee
flap consisting of the entire soft tissue coverage of the
index finger and an entire hand transplant througb the
distal forearm. These designs provide the opportuniry
ta evaluate not only skin, soft tissue, muscle, and
bone survival butalso, most importantly, nerve regen·
eration and ultimate function. The goal is to assess
whether sensory and motor nerves are able to reach
the appropriate receptors in foreign tissue and estab·
lish functional contact.

Materials and Methods
Perioperative Management
Each animal received prophylactic procaine and ben·
zyl penicillin 111,000 lU per kilogram of body weigbt
per day of cachl, streptomycin (27.5 mg per kilogram
of body weigbt per day), and netilmicin ISO mg twice
daily), ail intrarnuscularly. Sterile surgicaltechnique
was employed. Following tranquilization with keta·
mine and xylazine, anesthesia was maintained with
intravenous sodium pentobarbital. Utinary output
and heart rate were monitored to maintain hemo­
dynamic stabiliry. Ventilation via an endotrachcal

tube was self controlled using 100% oxygen adiuslcd
ta provide minute ventilation. Expircd carbon dioxidc
concentration and rectal temperaturc werc main·
tained within physiological range. Prior ta beginning
the microvascular anastomoses, each animal rcccivcd
a single intravenous dose of heparln (70 lU per kilo·
gram of body weigbtl. Following dressings, a rigid
thermoplastie upper limb splint was utilized for pro·
teetion. Postoperatively, acetylsalicylic acid at a dos·
age of 75 ta 100 mg orally was given daily for 10 days.
CyA was adrninistered by intramuscular injections,
beginning with 14 mg per kilogram of body weigbt
twiee daily Idissolved in Miglyol 812 and absolute
ethanol) 3 days prior ta surgery. The drug treatment
was continued for the length of each study with dos­
ages adjusted ta maintain minimum scrum levels
around 800 ng per millilitcr las monitored by radioim·
munoassaYI but below the level found to be neph·
rotoxic.

Postoperative Care
It was neeessary ta maintain signifleantly higber
serum trougb CyA levels in our allografts as compared
with those for elinical renaltransplants. 5inee CyA is
taxie at higb levels, serum concentration was mcasurcd
3 times a week the flrst month, biweekly for the
next month, and weekly thereafter. If any signs of re·
jeetion appcared, the dosage was inereased ta provide
levels over 1,000 ng per milliliter. The most eommon
scrious side effect of higb CyA levels is nephrotox·
ieity 14, 13, 18,201, and at higb dosage in combination
with other immunosupprcssants, hepatotoxiciry 14, 51.
Therefore, serum levels of urea nitrogen and cre·
atinine as weil as liver enzymes were monitored on
the same sehedule as CyA levels. A weekly blood ccli
eount was made ta ensure thatthe drug was not caus·
ing leukopenia, althougb this complication is less
eommon than with standard immunosuppression 151.

The flrst asscssment of the allograft was made
within the first week, when teehnical suceess was
determined. Rejeetion can oceur within 2 weeks in an
initially suecessful &ee flap transplant in the nonim·
munosuppressed recipient 1221. Thus, following the
initial check, the status of the flap was verifled at
lcasttwice weekly. Signs indicating rejeetion include
edema, crythema, induration, mottling, vcsiculation,
ulceration, vascular compromise, nccrosis, and cschar
formation (6, 8, 9, 22). ln lhe presence of any of these
signs, a punch biopsy specimen was sent for im·
mediate assessment ta our consultant pathologist. If
histological evideocc of rejection was present, therapy
was instituted by increasing the CyA ta a dosage at
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which serum trough levels ran just over 1,000 ng per
milliliter. Coneurrently, a 3·day course of inuamus·
eular methylprednisolone was given 110 ta 15 mg per
kilogram of body weight per day), followed by 30 mg
of prednisone orally per day, tapered by 5 mg every
second day ta a maintenance dose of 5 mg per day or
the equivalcnt as intramuseular methylprednisolone.

Assessmenl of Reinnervation
From previous experimenrs in our laboratory it is clcar
that, following ulnar nerve transection at the wrist, a
period of at lcast four months is neeessary bcfore the
distal tip of the flfth digit beeomes reinnervatcd 1241.
Assessment is donc at four ta eight months, sinee ail
skin regions should have innervation, with ncar corn·
piete receptor maturation in the more proximal arcas.

Ta assess the state of reinnervation, cach animal
was anesthetized and the nerve isolated using mi·
erosurgical technique. After opening the connective
tissue shcaths, a faseiele was eut free and teased until
it eontained, when plaecd on the reeording electrode,
only 1 or 2 axons. The conduction velociry and the
location of the eutaneous reeeptive field were deter·
mined for every isolated axon. When located, the
reeeptive field was carefully mapped under the mi·
croscopc, using an csthcsiomctcr sct ta dclivcr a con­
stant force ncar the upper limit needed ta aeti·
vate meehonoreeeptOts. This procedure ensures that
frcshly reinnervated reeeptive fields arc mapped in a
manner comparable ta the normal ones. After map·
ping, the rcsponses of the meehanoreceptive afferent
fibcrs were categorized with respect ta reeeptor ma·
dality, submodaliry, and threshold of activation, by
the application of precisely eontrolled meehanical
stimuli.

Experiments and Results
Transplan/ed Neurovascular Free Flap
The transplanted neurovascular free flap ITNVFFI in
the babooll is a modification of the clinically useful
digital island flap. The entire skin coverage of the
second digit is employed in the design and has the
following charactcristics: III pure sensory innervation
(digital nervesl, 121 consistent vascular supply Idigital
anery/dors.11 vein), and 131 adequate pedicle lengrh,
allowing anastomosis at wrist leve!. Initial viability
was proven in pilot studies, first as an island flap and
then as a Erce flap replanted in situ.

Transplantation bctwccn baboons was undcrtaken
(Fig 1). Undcr gencral anesthesia, two baboons wcrc

placed in the supine position with the right upper
limb abdueted. The proposed skin incisions were
marked, eneompassing the cntire soft tissue coverage
of the digit from the metacarpophalangcal joint ta the
nail bcd. The dissection was bcgun in the palm of the
rccipient animal afrer application of a pneumatie tour·
niquet. The nerve and vessel sizes, adequate levels of
scctioning and repair, pcdicle Icngths, as weU as skin
cover dimensions wcrc detcrmincd. The proper digital
artcry ta the u1nar side of the second digit was isolatcd
ta irs origin from the radial eomponent of the single
palmar arch, via the common palmar digital artery ta
the second web space. Arrcrial size approached 1.0
mm at wrist leve!. The digital nerves as weil as the
dorsal branches of the radial nerve ta the second digit
were separated from adjacent structures. AIl nerves
were tagged with 10-0 sutures ta indicate radial and
ulnar oricntation, thus pcnnitting a more accuratc
a1ignment for subsequent nerve repairs. A large dorsal
digital vein was Erced from the proximal edge of the
dorsal flap proximally ta the dorsal forcarm, where its
diameter approached 1.3 mm. The digital nerves were
then sectioned and labeled in the midpalm an<l mid·
dorsal hand, respectively. The flap was raised super·
flcially ta the tendons in a distal ta proximal di·
rection. The artery was clamped with an Acland 2V
vessel approximator at the wrist and sectioned dis·
tally, while the vein was similarly transected in the
distal forcarm. Division of the vaseular and neural
pedicles was donc at a levcl ta maintain sufflcient
lengrh in the recipient limb.

The donor flap was then prepared in a similar fash·
ion, maintaining long neurovascular pedicles ta the
flap. The flaps were removed from their respective
bcds and the donor flap transplanted ta the recipient.
The vascular anastomoses were donc with an operat·
ing microscope using standard mierosurgical tech·
nique. Nine ta ten simple interrupted stitches of 10-0
nylon on a 75·micron needle were required. The suc·
cess of the microanastomoses was shawn intraopera·
tively by the patency test. Once the flap was revas·
cularized, the appropriate nerve bundles were aligned
and repaired with 3 ta 5 simple interrupted stitches.
Hemostasis was secured with bipolar cautery and
hemoclips prior ta suturing the flap into irs bed. De·
termination of postoperative status was performed
within the flrst week posmansplant and twice
weekly thereafter.

Wc have achieved survival of as long as 161 days in
a TNVFF thus far with complete healing of the flap ta
its recipient bcd. •
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Fig 1. Transplanted neurovascular 'ree flap. lAI Danar
neurovascular free flop next to recipient hand pr/or la exci·
sion a' reciplent flap. IBI TNVFF immedialely paslOpera·
lively. ICI TNVFF 69 days paslaperal/vely.

A

B

c
F/g 2. Hand transplant (A) TOPI rec/pienthancl; middlc, re·
cip/ent forearm; bonom, clonor hancl. (Il} Tramplamecl
hond. /mmed/otely poslOperotively. (C) Tronsplanteclhand
124 doys posroperalively. Note the !Iair xmwt!l /nt!le pfC1X'
imol end as compared with dw immccliately pCJstoperalivc
phalOgraph.
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Hand Transplant
A hand transplant was undenaken in the baboon
utilizing a surgical method similar ta that used in
clinieal replantation. Using this method pennits as­
sessment of the long-term surviyal of compound tis­
sue with skin, muscle, and bone as weil as yascular
and neural structures. In addition, it pennits eyentual
neurophysiological studies ta eyaluate the retum of
both sensory and motor nerve function.

Prior ta the flrst hand transplant, anatomy of the
baboon foreartn was reviewed and dissections were
perlonned. Transplantation of the hand at the distal
forcann leyel was undenaken (Fig 2) using the follow­
ing operatiye technique: Under general anesthesia,
2 baboons were plaecd in the supine position with the
right upper limb abdueted. The proposed skin incision
was marked cireumferentially on the forC3rtn of the
reeipient 4 cm proximal ta the wrist joint. After infla­
tion of the pneumatic tourniquet, the incisions were
carried ta subeuraneous tissue. Skin flaps were raised
in proximal and distal directions, then ail tendons
were identilled, marked 2 cm &om the wrist, and sec·
tioned at the joint. The median, ulnar, and radial
nerves were identifled, tagged, and seetioned approxi­
mately 2 cm &om the wrist. The radial artery and
eephalie yein were also identifled at the same leyel,
whcre they mcasured 1.0 ta 2.0 mm in diarnetcr. They
Wcre clipped with small hemoclips and sectioned. Dis­
section was then carricd dccp ta the radius and ulna.
The periosteurn was raised ta &cc the bones at the
6-em lovel, whcre thcy Wcre dividcd with an eleetrie
saw. Hemosrasis was seeured with bipoJar cautery and
hemoclips, following release of the tourniquet A simi­
Jar procedure was undcrtaken in the donor, again ten·
dons wcre markcd 2 cm &om the wrlst and dividcd
aJong with the neuroyascular structures ta maintain
maximallength ta the donor segment The bones wcre
scctioncd 4 cm &om the wrlst

Transplantation was undenaken beginning with
bony inlemal fixation using compression plates. Next,
ail deep tendons were repaired utilizing mamess su­
tUres in the extensor comparrment and thc Pu!yenaft
technique for the flexors. Tension was adjusted by lin·
ing up the 2-cm marks on the donor and recipient
tendons prior ta repair. The yaseular anastomoses
were undertaken with an operating microscope and
standard microsurgieal technique. Following excision
of redundancy, 10 ta 12 simple interrupted stitehes of
10-0 nylon on a 75-mieron necdle wcre required.
Once the hand was reYascularized, the appropriate
nerves were aligned and repaired with 3 ta 5 10-0

nylon simple inlerrupted stitches. The remaining ten­
dons, except for the flexor digitorurn superflcialis,
were repaired, followed by hemostasis with the bipo­
lar eautery and hemoclips. The success of the mi·
croanaslomoses was shawn intraoperatiyely by the
pateney test. Any excess skin was trimmed and the
wound elosed with 4-0 polyglycolic acid simple inter·
rupled and eontinuous stitches. Detennination of the
postoperatiye status was pcrfonned within the flrst
week poSltransplant and twice weekly thereafter.

One of our hand transplants is currently in excel·
lent condition at 150 days. Long-tcrrn surviyaJ is be·
coming progressiyely mare deflnite as cxperlenee is
aequired with these transplants. Motor and sensory
nerve function will be assessed within the eoming
months.

Discussion
These studies bring us a step closer ta the day when
tissue transplantation for reeonstructiye purposes
rnay provide solutions for patients with Irreparable
problems. Howeyer, certain speeiflc challenges re·
main as related ta characteristies of immune modula·
tian, the individual patient, and the a1lograft tissue.
Patients in whom reconstruetiye transplantation
would he eonsidered represent a young population
with a long life expeeraney. This is in contrast ta the
usual patient requiring vital organ transplantation.
Consequently, they will requite life-long immuno­
suppression, in its present forrn, for the maintenance
of their allografts. CyA is the fllSt immunosuppres·
sant ta permit sueeess in tissues preYiously found im·
possible ta transplant. Unforrunately, the use of this
drug is associated with seyeral minor and a few major
side cffeets. Whereas it is yalid ta use powerlul im·
munosuppressants with potential toxiciry for life·
saying solid organ transplantation, the aeceptabiliry of
sueh trcatment diffets markedly in those patients for
whom the goal is enhaneement of the qualiry of life.
Howeyer, futUre introduction of CyA deriyatiYes with
acceptable side effects may proYide the opporruniry ta
hegin long awaited reconstruction utilbng tissue
transplants. .~'

Another factor that may affect th.ôutcome of this
type of surgical procedure is the he/dth of the p..ti;;iÎt~
Cenainly, a young, healthy indiiiiduai whose only
medieal problem is-that of a limlJamp,ifution would
he expected ta do,,':iery weU fL'!1owir',g any surgicaJ
procedure. The immune system wilb~ot he depressed,
but rather quiteactiye. This fcarure rnay Or may not
be helpful in the outcome of the transplant, depend.
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ing on the mode of action of future immunosuppres·
sants. If it becomes possible ta select drugs that func·
tian best for patients with normaUy active immune
systems, this ebaracteristic may result in an in·
creased, rather than decreased, success rate. In con·
trast, in patients with renal, hepatic, or cardiac fanure
there is already a degree of immunosuppression prior
ta transplantation, and the previously acquired pa·
tient management skiUs may not be applicable ta a
new form of clinical transplantation.

Also in question is the immunogeniciry of trans·
planted skin as weU as the effect of compound tissue.
Cenainly, skin is expected ta require higher degrees of
immunosuppression for surviva\. The questions re·
main whether this requirement may become a lim·
iting factor in the clinical application of reconstruc·
tive transplantation and whether we may need ta
await the development of a less toxic immunosup·
pressant. The effect of using compound tissue aUo·
grafts, when compared with individual organs, is un·
known.

These questions must be weighcd prior ta any at·
tempts at reconstructive transplantation in man. Al·
though it is tempting ta begin clinical hand trans·
plants, three factors must be carefuUy considcred: (II
functional sensory and motor reinnervation must be
proven, (2) extensive laboratory experience in this
type of reconstructive transplantation program along
with the support of a srrong clinical transplantation
service must be avanable, and (3) the present neccs·
siry ta use a powerful immunosupprcssant with scri·
ous side effects in combination with steroid.. indi·
cates the need for continued research into improving
the modalities avanable for immune modulation.
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Recent advanc:es ln cUnIeul transplantation surgery suggest thut hand transplantation 15 no lonKer
an unreallstlc expectatlon. Howcver, Iwo questions must be answered. Can composite tissue
transplants survive in Il primate speeles? Daes the requircd neural reJnnervation Dccur under
immunosuppresslon? Four hand transplants and scveR neurovascular fret Oap transplants were
doneln baboons Immuno~uppr ..sed wllh Cyelosporln Aand slerolds (methylprednlsolone). Long.
term survival occurred in olne. Elcc:trophyslologlc tests of sensory axons reveslcd reinnervation
or transplanted skln as e,'ldeneed by well·deftned, low throshold roccpllve ftclds ln the donor
tissue. RelnnervaUon of donor muscle was demonstrnted by motor unit recruitment in step·
wise Cashlon aner electrical stimulation of the rcciplent's media" and ulnar ner\'Cs. ArTerent
ftbers servlng the donor's joints ond muscle splndles worc al,o obsefl'ed. (J HAS. SURG
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Despite lhe efficacy of replanlolion sur·
gel)' and free tissue lronsfers, 0 signlftcant group or
palients exisls with devastating injuries lhat dcfy re·
construction. If rea,ible. lissue t...nsplantation would
be lhe ideal solulion for these individuals. The re·
cenl introduction of Cyclosporin A (CyA) has led 10
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high success rates in convenlional lransplantalion of
kidney.'" liver.' bone marrow;' and heart:' furthennore.
it has permiued Ihe transplanlation of highly anli·
genic tissues including the lung.' Experimentally. this
drug has proved 10 be effeclive for lransplantation or
nerve,ta., muscle ,Il. Il bonc. ID and skin."·''''Thc relative
sarely and excellent specifieilY of CyA have rekindled
Ihe hope lhat reconslructive Iransplantalion may be·
come a clinical reality.

Unfol1unalely. major differences exist belween pa·
renchynml orgun lransplanlation and lransplantalion or
lhose ti..ues required for upper extremity recon'truc,
lion. A hand lransplant consisls of mulliplelissues wilh'
vnl)'ing degrees of antigenicity: skin pal1icularly pre·
sents an extrcme challenge ta the immune system. 1).1'

ln uddition. unlike renal and cardiac lransplants that
function independent of direct neural regulation. allo·

THE JOURSAL OF HASD SUROERY
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grafled digits and hands would require reinnervalion 10
be useful. Sincc CyA may block thc re.ponse 10 anli­
gcnic stimulation through molccular Illcchanisms not
as yet c1early defined. il muy affect olher membr~ne

recognition processes including lhose required for lhe
rccipicnt's axons to idcntify donor sensory rceeptoni
and molor end plaies."

This study addressed lhe issues of long-lerm survival
of trnnsplnnted composite tissues in n primute spccics
and ils functionnl rc:inncrvntion undcr CyA immuno­
suppression. T,yo experimemal models in lhe baboon
were designed for lhis purpose. These models are de­
scribed below. Evidence for reinnervalion of the lrans­
planled lissues is also presemed.

Material and methods

Experimental animal. The erileria for seleeling lhe
experimental animal included lhe following: (1) ana­
lomic similarity of the hand to thal of man including
comparable sensory rcceptors and nerve palhways, (2)
neurovascular slructures of sufficienl size 10 permÎl mi­
crosurgical repair and neurophysiologic recording, (3)
a species high in lhe phylogenetic scale, and (4) a re­
liable source oflhese animais. The baboon, specifically
Papia allubis, was chosen. Since lhis species had pre­
viously been used in our laboratory for the study of
reinnervation after peripheral nerVe repair, eSlablished
techniques and prolocols were available." Young, fe­
male, adult baboons weighing between 9 and 14 kg
were used, since lhey are far casier 10 handle lhan lhe
hu'ser, more nggrcssive mules. The animais wcrc tissue
lyped for lhe major hislocompalibilily antigens in a
manner similar to thal used for human typing. Micro­
cytoloxicilY testing~ showed that donor-recipient pairs
16 and 20, 18 and 19, and 18 and 21 had IWO chro­
mosomal differences. Pair 16 and 17 sharcd one allele,
bUI had a high probabililY of being unrelated. The re­
jeetion episodes seen in the remaining reeipients (tho.e
not tissue typed) indieate that genetie dissimilarilies
existed in ail donor-reeipient pairs.

HAND SUROERY

Immunosuppression. Beginning 4 days before sur­
gery and conlinuing for lhe lenglh of each study. CyA
was adminislered by intramuscular injeclions twice
daily (20 mg/kg, dissolved in MiglyolSI2 and absolute
elhanol as per Sandoz). Wc attribute lhe need for lhis
high dosage 10 lhe Miglyol 812 preparation and ilS
intramuscular deposilion. Dosages were adjusled to
mainlain 12-hour serum lrough levels between SOO and
1000 ng/ml as monilored by radioimmunoassay per­
formed at room temperature. Through experience with
lhe inilial lransplanls, supplememal methylpredniso­
lone was found necessary bcginning al lhe time of sur­
gery. The presenl steroid protocol consislS of 125 mg/
day for 3 days, followed by a lapering regimen slarting
ut 25.6 mg/day divided inlo two doses. decreasing b~'

4.0 to 4.4 mg on ahemate days 10 a mainlenance do••
of 4.4 mg once daily.

Perloperatlve management. Sterile surgical lech­
nique was used al ail limes. General aneslhesia was
maintained Wilh intravenous sodium penlobarbilal after
initial lr~nquilizalion with a mixlure of ketamine and
xylazine (5.25 mg and 0.45 mg/kg, respectively). Phys­
iologic paramelers (urinary OutpUl, heart rate, rectal
temperalure, and expired carbon dioxide) were moni­
lored. Electrolytes and fiuids were administered as
needed to maintain homeostasis. Pure oxygen was ad­
ministered via an endotrachealtube, and ventilalion was

_self-controlled. A single dose of heparin was given
intravenously (70 IUlkg) 10 both donor and recipient

-during surgery. After appropriale dressings. a custom­
made lherllloplastic splint was applied 10 protecl the
.operated limb. Each animal received a 2-week course
of prophylaetic inlramuscular antibiotics iniliated 1 day
before surgery (proeaine and benzathine penicillin.
Il,000 lUlkg/day of each and netilmicin, 50 mg Iwice
daily). Levorphanollartrate (1 mg Iwice daily) analgesia
was maimained for 5 days. Oral acelylsalicylic acid (75
to 100 mg/day) was given for approximately 10 days
after surgery.

Postoperative eare. Very high CyA levels were
found 10 be necessary for long-term survival of these
transplanls. Since CyA is nephrotoxic at high levels and
hepatotoxic when combined with other immunosup­
pressants. careful monitoring WBS rcquircd.·.... Serum
levels of CyA, urea niuogen, creatinine, and liver en­
zymes were determined from blood samples dra""n
lhroe times per week for Ihe first month, Iwice weekly
for the next momh, and lhereafter according 10' the
stabililY of the animais. A complele blood cell count
was usually performcd once a week to monilor for' leu­
kopenia. Although this complication is uncommon with
CyA,' il can occur with long.tcrm administralion of
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st~roids, Technical succcss was ùc.:tcrmined at the lin\t
dressing ~h'lngc on the third Pl'stopCnlli\'c dOl)'. Sincc.:
rejection nf :1 l'l'ce liaI" in n nonimmunnsupprcsscd rc·
cipient il' known tO t'ecur \\.·ithin 2 wccks in certain
cxperimcntal model:;.:' the allografts wcre examined uc
Icasllwiec a wcck. Expccled sign. ofrcjcclion Ineluded
edema, erythema. induration. moulins. vcsiculnti~'n.

ulccr:uion. \'3scular compromise. nccft1sis.•md clOchaI'
formationY·;.1 ln the presence of clinicnl signs of re·
jeetion. lhc CyA dosage was adjuSled la mainillin 12­
hour serum Irough Icvelsjusl over 1000 ng/ml. and Ihe
melhylprednisolone was reSlaned al lhe beginning of
the dosage resimen, Punch biopsies were sent for his·
lologie as«s.menl. bUI dil'l'erentialion of rejcellon from
infcelion was eXlrcmel)' diffieull. Wilh experience.
elinical assessment proved la be an aceurUle melhod of
determining carty rejccrion.

Experimenls

:-Ieuro"ascular froc f1ap lransplanl. The neurov"s­
culor free flop (NVFF) permiued Ihe Iransplanlllli"n of
the cntin: skin co\'erJSc of the sccmuJ digit (Fig. 1),
Senso!")' inncrvution was prnvidctl by twu medimHJc·
rived digilal nerves and small brJnchos of the dorsal

radi,,1 ne,,·e. The digilal aneries wcre dissccted baek
10 Ihe radl,,1 componenl of Ihe palmar arch. and Ihe
dnrs'II "eins wcre IfOll:cd bm:k tn the ccphalic \'cin u~cd

tn drain il. Thcsc long vOlsculur pcdiC'lcs pcrmiued vas·
culnr ;anastomoses at wrîst Ic\'cl. while the nen'es werl:
repaircd in Ihe mid·palm and on Ihe dorsum.

Complele hand lransplanl. The campicie hand
.tr:msphtnt \Vus designcd to assess survi\,o,l and function
nf multiple lissues (Fig. 2). The tcchnique used in Ihe
Irnnspl:multion of four hands was similar ro clinical
rcplnnlt.uÎlln or Il distal forcnrm amputation. After iso·
Ilatinn of csscntial structures. the hands of both animais
wcrc :ampUlOl1cd unLllransplantcd to thcir respective rc·
c:ipicnt stumps.':~ The tendons in the rccipic:nr ",crI::
nmrkcd 4 cm rrmn the wrist, whilc tho~c of the donor
'" 2 cm. This wus donc la adjuSl for lhe ~ cm bone
shorlcning present whe" the donor radius and ulnn ar=­
seclioned 4 cm fmm the wrisl and the recipient radius
,md uln" Ul 6 cm. During tendon repair. thesc marks
ure uscd to rccstablish correct tension,

Results

NV...... IransJlI"ut. Ali se\'Cn nf lhe Iransplanted
NVFFs (,min",ls 5. II. 15. 17. 19. ~O. and ~I) were
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. technically successful (Table 1). However. the Iirst
three lr.nsplants developed signs of rejeelion including
edema. vesciculation. uleeralion. and epidertlml
sloughing. In animal No. 5. lhe problem was :Illributed
to insufficient preoper:ltive C)'A l'callllenl (1 duy). in­
adequale C)'A serum Irough levels (400 nlo\/ml). und
delayed administration of sleroids lmethylprcdnisolone
on da)' 14). Surprisinlo\ly, lhe Ilap wus sulvulo\ed. and
onl)' the distal punion undcrwenl SUbsCLluunt cpisuLics
ofepidermal b,eakdown and healilllo\. AI 161 duys.lhe
sensary nurvcs \Vere testeû electrophysiulogicully··'· ~~

co assess the: function of single a~ons. It WOlS clcar dUIt
lh. reinncrvalion of lhe nonscarred regions of lhe Ilap
had oecurred. Low lhreshold. well-delined reeeptivc
fields of bolh slowly and rapidly adapling receplllr
c1asse~ were obser\'cd in both glubrous and haïr)' skin.
The axonal conduclion vclocilies were slowcr than nor­
mal. and the Ihresholds for mechanical slÏlllulalion of
ctie rcccpti\'c IichJs "'crt.: c1cv.ltcLi ~Ibovc thosc round in
normal skin.

An episode of limiled rejeciion of Ihe second (No.
Il) and third (No. 15) NVFFs was auribulcd 10 a gr:td·

ual reduction of the maintenance dose of C)'A. The
second iransplam showed some el'idence of epidermal
inslability over a period of approximately 6 weeks. bUI
rejection was suceessfully reversed. and electroph)'s·
iolOIo\ÎCal testinlo\ was performed at 211 da)'s. The rosult.
denlllnSlrJted lhal reinnervation had occurred \Vith!n the
hairy skin as evid_nced by low threshold. well·defined
reeeplive lieIds of both reeeptor classes. Howe"er. the
henvily scufTed Io\labrous skin on lhe palmar aspect of
the Ilap showed Iiule evidenee of reinnerv.tion. The
lhird NVFF rem.ined unstable afler the initial rejeclion
episode. wilh frequent loss of dr)' lissue from the gia­
brous epidcrmal surface. Electroph)'siologic testing on
day 147 showed a larlo\e. number of functional cutaneous
mechanoreceplors \Vith well·defined receptive fields of
bolh slowly and rapidly adapting ruceptor dasses.

Complete hand transplant. Four hand transplants
(animais 7. 9. 12. and 13) IVere pcrformed. Ali wc~
leehnie:tlly suecussful (Table 1). Two of these survived
long-Ierm. IVith animal No. 7 in excellent condition at
304 days after surgery. The other (animal No. 13) was
Icslcd for ncural function al day 1SS after surgery. and
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Table 1. Summ'l)' of transpl.nt resuhs

Ti.u'II'· Irump/musfur U{JJJt'r ('.\'lrt·mir;.: rrc'c",srrm'Iitm S

TNVFI'

7 HT
9 HT
Il TNVI:I:

I~ HT

1:- HT

I~ TNvrr:

17 TNVFF
19 TNVr-F
~o TNVPI:
~I TNVFF

RC"j,'I'IÙJI'

Nllnl:

H)'r-:rlll:ul~ n:jcl:lillR
AI '11'prm.illl:llcl)' JI/! IllU.

6 wl:l:ks' lIurulillll

AI uppn1ll.inlllll:l)' 1V: lllU.
imovl:Oiibh:

AI 11rpnuim:11l:ly 2 Ill".
.. Wl:Cklo' \lUr.IlÎllll

AI urpru~imull:ly 2 UM.

chrnnic

Nunc
Nunt:
N\ml:
Nunc

S'd"U

Oblul: Cpbl.ll.h:~ uf ~n:akLl,I\\'n and healinJ;
IJru~im:d: \'cl')' J.l,uul1
Scn!olll)' nctW It:~lins-. 161 l.Ia)·~ a(h:r

)Uf1!Cl')'

E~l:clh:nl. :;().$ dil)'~ :ICler sur~cl')'

Tcrmin:llcd. 26 lI;I)'!'> urtef ..ur}:cl')'
VCf)' ~\kkl

Scn!lm)' nCf\'C lcslin~. :! Il lla)'s aCier
:rr.urçcl)'

T..:rminalcll. 71 du)'s urler sur~cl')'

Ci'k~

S":IlM'I')' OlmI mulot n.:t\'c Il:lolinJ:. UUI dOl)'"
Il''cr lours~ry

Un"'ll.hl~

S~n",ur)' n~r\'C 1~~lins. 1.&7 iJa~'~ afl~r

$\urscr)'
~xl:~lh:nl. I:\:! da)',. IIfler ",urll~r)'

1!.\l:ell~nt. $9 Ja)'", IIlkr ",IU~l,'r)'

HXl:cll~nl. IU5 1.101)'''' IIflcr ""Ir~~r)'

Ihl:~II~nl. N7 da)'s afler sur);~r)'

LI'!:",.,I: TS\·FF. 1r.1I\~J'llanlctJ n~urtl\'a~ular l'ret: 11aJ'l: HT. ImntJ Ir.tn~J'llanl,

the hand was haryested for hislologic examination. Both
h.d completel)' he.led incisions and hair grll\vth. The
other IWO hand transplants (animais 9 and 12) under· .
w~nt r~jc:c:tion. with animul No. 9 experiencing hyper..
acute rcjection. At completion or the Iransplul1t pro­
cedure in Ihis animal. a purplish discoloralion was
present .1 the edge of Ihe allog",~fl. Subsequcntll'. de·
lerio,..~tion progressed relenlle«ll' over 26 dal's wilh
n\:lrked ~dcma and \'csciculmion cuusing glubrous cp­
idcrmal sloughing over the entire p:lhn und fin~ers.

Infection compromised the remuining dcrmis. und sud­
den clinieal necrosis of Ihe digits occurred. Rejection
of Ihe h.nd in .nimal No. 12 w.s duc la an inadvenent
i.trogenic redUClion in the Cl'A mainlenance doses fol·
lowed bl' .n infection th.t prevented salv.ge.

The electrophl'siologic lests of the allografled h.nd
of anim.1 No. 13 showed Ih.t bath allogrnfled skin and
muscle wcre rcinncrvah~d. Despite un carly severe re­
jection episode. both slowl)' and rupidll' 'Idapling cu·
t.neous mech.noreceplors were observed to have low
Ihreshold receplive fields in bath hairy and glabrolls
skin. Joinl .nd muscle spindle afferents were also oh·
ser\'cL!. B)' clectrically stimulating separatc fusciclcs of
Ihe median and ulnar nel'\·~S. it W:IS possible 10 dem­
onstrate molor unit recruilmenl of Ihe Ihenar and olher
intrinsic muscles in a characteristic stcp pUliern. inui­
catin8 that eaeh muscle had mulliple mOlor unils sery·
ing il.

As shown in Fig. 3. A (representing • loc'Iion on
Ihe palm of lhe Iransplant in anim.1 No. 13). neur~1

aCliv;ll' ,,,ising from a rapidll' .d.pling mechanorecep­
tor preduced increasing number of .ction potentials la
incrc;lsing intensities of .... ibr.tlory stimulation. The min­
imum stimulus amplitude required 10 produce one ac­
lion potentia! per vibM;on changed as a function of Ihe
frequencl' of Ihe stimulus. This cu,"e. known as Ihe
Illning curvc. IllId a shape compar.blc ",ilh Ihat found
in 1101'111:11 skin. The initial rccordings show that Ihe
nveragc thrcshold ror the cutnncous. rapidly ndnpling
mechanorcccptors wus hi~hcr Ihan normal.

The rcsponses of a slowll' .d.pting mcchanoreceplor
loculed on Ihe palm of the transpl.nl in .nimal No. 13
is shawn in Fig. 3. B. The graph shows .he inere.sing
number of impulses per second Ih'l lVere gener~l.d bl'
increusing inhmsities of skin indcntution. Ahhough the
rcspnnsc is similur ln tlull seen in nnrl11:11 ~kin. the r'Jtc
of ud"pllllion 10 the sle.dl' stimulus .ppe.rs ta accur
more abruplly Ihun normal. und Ihrcsholds again ap·
peured 10 be higher (0.5 gm) Ih.n Ihose found in normal
skin (0.1 gm). Bl' comparing transplanls \Vilh a rejcc­
lin" cpisoue ta Ihose with liule or no rejcction. il was
uppurenl thm munl' of the abnormalilics correlaled with
Ihe degree of rejection. Those axons ..n·ing tissue wilh
mÎnimul rejcctinn hml mnrc nnrmal rc~rnnsc prllpcnics,

Thus. Ihe inilial assmment of Ihese transplants
shows Ihe presence of rcinncrvalion with the reap·
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fig. 3. A. The rapidl)' adapling .rrerenl libers eould be en·
Irl:lincd to vibrollory stimuli oYcr a r.mg.: of fNquen...·i~s.
Thrcsholds vOIricd in a char.actcrislic manner with fNquency
thcrcby produc:ing, luning c:urvcs. Thcsc CUryes wt:re wilhin
nomlal Iimits. but tcm.le:d 10 b.: uboye: norl11ul meun valucli.
B. The slowl)' adapting. alTcrcnl libers l\."5ponckd with lrolins
of impulscs durins sustaine:d dcfarmution uf the: skin. 'rhe:
SI~lJN> !JI' thc stimulus rCSpdnSl.: cur\'l.:S weN wilhin normal
roln~e:s, bUI Ihe: thNSholds wcre sliSlnly c:1,:yule:d.

pcarance or the IWO major classes or culaneous me·
chanoreceptors. In a sample or 115 conduction yelocity
measurements. the reinneryaled axons displayed con·
duction yelocities significantly lower thon normai, bUI
wilhin Ihe popuhition or Ihose serying control NVFFs
in Ihe presence or CyA (Fig. 4). The dota ayailable
c1earl)' demonstrale Ihat reinneryation occurs l'or ull
major structures in Ihe Imnsplant und thut Ihese struc·
lure. proyide Ihe sub.lrate· l'or Ihe appropriate neur.1
responses 10 be sent 10 the central ncrvous system,

DISCUSSION

Interesl in Iimb Iransplantation was iniliated by the
Icgend of Cosmos and Damian," two brolhers who
donaled Iheir medicullalents to heal thesick. Manyred
near the end of the third ccntury. Ihey re.ppeared neurly
three cenluries later'al the Basilicu or Suints Cosmus
and Damian in Rome la perrorm Ihe miracle or Ihe
black leg. According la legend. they replaeed the cun·
cerous Iimb or a deyoted rollower "while he slept"
with Ihal or a recently deceased Ethiopian moor. Until
30 years aga, Iittle hope existed l'or modem mon la
emulale Ihis wondrous deed. ln 1954, the firsl suc·
cessrul renal tmnsplanlation between identical Iwins
was reponed." ln Ihe 1960s. 6·mercaptopurine and aza·
Ihioprine were introduced, and successrul renal tmns·
plants rollowed. Prednisone was saon udded to the aza·
thioprine. leading ta an improyed success rJle Ihrough
Ihe u.e of IWO agenls with dirrering targelS or hnmu·
nosuppression."

10 20 30 40 50 60

CONDUCTION VELOCITY (msl

Fig. 4. Condu.:tion velocitics of the: fi~rs innef\'3tin~ the
trolnsplantl:d hail')' 3nd gl3brous lissucs ""cn: signil1cantly r~·

duc:cd bCl~lW nornlul. but rc:m3ined whh the popul:l1i('ln r~p·

rclil:ming. thase sl.:f\'ing n:pl~ntcd NVFFs in the pre)l:n.:e ur'
CyA.

Experinlental whole Iimb tmn,planls "'ere sub.e·
quently achieyed with melhods impructicable in man,
Schwind~'" used parabiosis bcfore 2 wceks of uge in rat~

10 successrully IranSrer a Iimb l'or a 14·da)· period.
Lapchinsky" achieyed immunologic lolemnce in a dog
through cOnlplete exchange tmnsrusion l'rom lhe donor
when Ihe recipient was 9 da)'s old. Nine momh. later.
a Iimb was transplanted and reponed to ha\'e sur\'i\'ed
at least 2 nlonths. Attempts haye also been made to
induce tolemnce in adult transplant recipients. Poole et
01." round it possible la achieve prolonged rot Iinlb
lIlIogroft survival in recipients having had a pre\'iou.
anli.erum·enhanced kidney allogmft. Il was noted Ihal
the longer the time elapsed belween Ihe kidne)' and the
Iinlb allogr.ft. the longer the 11mb survived.

Seyeml other aUlhors undertook adult animal Iinlb
tr.nsplanlalion with various combinations of immu·.
nàsuppressiye drugs other thon C)'A. Goldw)'n el al.:'
used 6·mercaptopurine and azathioprine in dogs.....1·
though these drugs slightly prolonged surv;\'al. Ihey
did not preyent rejection. ln some cases. the drug reg·
imen caused ralal systemic side errects. Dai" nOled
similar results when he attempled la lmnsplanl rat
limbs. Azathioprine. and prednisolone·trealed raIs. al·
though showing some increase in allogmrt sur\'i\'al.
succulllbed ta the side erfects or Ihe imnlunosuppres·
sonts. None of the other trealment groups studied (6·
ntercaplopurine and prednisolone. azalhioprine. pred·
nisolone, and 6·mercaptopurine) achieyed prolonged
survival. The only study with prolonged sur\'ival berore
the adyent or CyA was that or Lance et al." who trans·
plumed canine hind Iimbs between unrelated regislered
beagles using various pOlenl combinations or antHym·
phocyte serunt. azathioprine. hydrocortisone aceIole .
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thymectomy, spleneclomy, cxchange transfusion, and
splenie cell suspension. Ahhough significant prolon.
gation ofallograft survival occurred,lhe dogs receiving
c:ontinuous immunosupprcssion had severe sidc cffcClS
including pancytopenia, wound infcclion, and systemic
sepsis. Greater success occurred in lhree animais re­
ceiving a shon·term course of massive immunosup­
pressive drug therapy. Wilh or withoul spleneclomy or
thymeclomy, and foUowOO by induclion ofimmune toi·
erance from donor splenic ceUs or exchange lransfu­
sion. Although these dogs ran a somewhat unstable
course, long.tenn survival wns achievcd, one rcjcctcd
on day 200, and the other two survived beyond 60 and
300 days, respectively.

ln 1982, Black et al." published the firsl dala on
survival of adult rat limb transplants with CyA im­
munosuppression. The final results foUowed a year
later." Brown Norway/Lewis limbs were transplanted
to Lewis rats. Animais that received 20 day" of sub­
cutaneous CyA at25 mg/kg/day showed a dramalicaUy
increased transplant survival, with at least one animal
keeping its allografled limb beyond 225 days. Fritz et
al.:J·,. also successfully transplanted adult raI limbs.
The hind limbs of ACI-strain rats were helerotopicaUy
transplanted ta the backs of Lewis raIs represenling "a
very strong antigenic mismatch," The CyA-treated an­
imais, receiving 10 mg/kg/day subcutaneously for 7
days, 21 days, orcontinuously, performed significanUy
beuer than the contrais. No CyA·treated animais de­
veloped strong clinical signs of rejection, and nine had
no histologic evidence of rejection. Antibody testing
revealed a strong positive response in aU untreated an·
imals, but none in the long-term CyA trealment group.

Kim et al." rec~ntly published the results of another
transplantation study of adult rat limbs. Hind limbs in
Buffalo rats were aUografted .0nhotopicaUy ta Lewis
recipients. Six groups were sludied including a replant
control, a nondrug control, and twO aider immunosup.
pressive regimes. As expected, the replants showed
edema immediately after surgery .and subsequent de·
nervation alrophy, but otherwise remained intact. Re­
jection as judged by clinical signs occurred around 6
days in the controls and about 7!1.1 days with lhe tra·
ditional immunosuppressive regimens. In contrast, the
CyA'lreated rats behaved simUarly ta lhe replant group,
with signs ofrejection appearing only afler CyA lherapy
was slopped. The literature is clear on two poinls: (1)
CyA is strikingly beuer than previously avaUable pro­
cedures for immunosuppression in composite tissue
transplants, and (2) no previous studies of functional
reinnervation exist for composite tissues.

T;~':îtI~ ll'nll.rplams for rtpptr ~:r:tr~mir)' rè~onslruclion 7

From these repons the need for transplants in pri­
mates and to determine the capacity for functional rein­
nervation are obvious. Of our Il long-term aUografts,
five (one hand, four NVFFs) have had prolonged sur·
vival in excellent clinical condition. thrce have undcr·
gone reversible rejeclion episodes, one has remained in
a st.le of chronic bul p.rtly controll.blc rejection••nd
two have had unconlroll.ble rejection. Of the six re­
jection episodes, five occurred e.rly in the study and
mighl h.ve been prevented with the knowledge and
prolocols presently in use. Despile Ihe problems en·
countered, we h.ve demonslrated th.l in nine of Il
cases, prolonged surviv.1 of highly .ntigenic .lIografts
was possible in a prim.te.

The initial electrophysiologic tests h.ve proved thal
bath scnsory and motar rcinncrvation will occur across
major prim.te histocomp.tibility barriers in the pres·
ence of high serum levels of CyA. ln both the hand
transplanl and the NVFF, low threshold, weU-defined
receplive fields of bOlh slowly and rapidly adapting
cutaneous mechanoreceplors were identified in glabrous
.nd h.iry skin. In addition 10 observing reinnervation
of skin. muscle spindles and joinl afferents were also
electrophysiologicaUy characterized. Conlraction of the
lhenar and other intrinsic muscles w.s observed afler
ncrve stimulation. Matar unit recruitmcnt was secn in
chara~lerislic weU-defined steps.

Wc Ihank Dr. Jean F. Borel (Sandoz Lld .. Basel, SwilZ­
erl.nd), .nd Dr. Gerard F. Murphy (Sllndoz Inc.. Montreal.
Canada) for their support and lhe generous supply of Cycle­
sporin A. Wc cxtcnd our sinccrc gratitude to Ms. Oenevieve
Holding. Susie Spurdens. lanette Orecn. Malia McAulirfe.
Doris Oulb~ndsen. and Lisa Skanes for Ihc:ir technical as·
sisumcc.
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