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ABSTRACT 

The capability of axons to grow into a periphenù hlstoincompatible environmcnt, tn locale 

and to functionally innervate their target structures, was exa!nined through documentation of 

form and functIon in nonrejected and rejected upper-extremity composite tissue allografts 111 

adult baboons; Papio h. anubis. Immunosuppression wuh cyclosponne (radloimmunoassay 

levels in serum ranging from 1000 to 1200 ng/ml, 12 h after intramuscular 11lJectlOn), 

supplemented with low doses of methylpredmsolone (4.4 mg/day) was sufflcicnt to achievc 

long-term survival of seven neurovascular free fJaps and two hand transplants. 

ElectrophyslOlogical recordings of more than 600 single axons, combined with light 

lllicroscopy of the target tissues, revealed that muscle and most classes of skin sensory 

mechanoreceptors within the allografted tissues became reinnervated. Axons WhlCh served 

allografted tissues that had undergone repeated episodes of rejection showed a slgnificant 

decrease in conduction velocity, and sm aller receptive fields of irregular distribution. Processes 

of allograft rejection, more th an any other factor, led to altered axonal response characteristics. 
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RÉSUMÉ 

La capacité des axones à se régénérer dans Ull environnement histoincompatible, à 

localiser et à réinnerver de façon fonctionelle leurs structures cibles a été examinée ou point de 

vue anatomiquc et fonctlOonrl chez des babouins adultes (PapÎa h. anubis) ayant subi des 

allogreffes composites des extrémités supérieures rejetés ou non-rejetés L'administration de 

cyclosponnc utilisée comme agent immunosuppresseur (dont les niveaux sénquf's mesurés 12 

h après admllustration varIent de tOOO à 1200 ng/ml), supplémentée de faibles doses de 

methylprednisolone (4.4 mg/jour) fut adéquate dans l'obtention de la survie à long-tenne de 

sept lambeaux ncurovasculalres et de deux transplants de main. 

L'étude électrophYSlOlogique d'environ 600 fibres nerveuses, combinée à l'examen 

microscopique du tissus grc ffé , a revélé que les muscles et que la plupart des types de 

méchanorecepteurs sensoriels cutanés dans les tissus allogreffés furent réinnervés. De plus, les 

axone:; regénérés dans le tlssus ayant SUbI des épisodes répétés de rejet démontrent une baisse 

significative de leur vélocité de conduction, et des champs récepteurs de taille réduite et de 

distribution irrégulière. Le processus du rejet des tissus allogreffés est à la source, plus que 

tout autre facteur, des modifications observées dans les caractéristiques physiologiques des 

axones. 
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PREFACE 

Statement of Originality 

This thesis describes the experiments which led to the first reported long-tenu survival 

and innervation of allografted upper-extremlty composite tissues in an adult primate. In the 

context of a multidlsciphnary appro&ch, thls thesis deals specifically wnh the ... urvlval, 

morphology and functional capabilities of the allografted sensnry mechanorcccptors. Thi~ 

thesis illustrates that host axons can 1I1nervate foreign sensnry mechanoreccptors 111 li 

histoincompatible tissue envlronment. More importantly, it provldes new electrophyslOloglCal 

evidence to support the vicw that wah the selecllve removal of specIflc rnechanoreccpl1ve 

structures through the processes of tissue rejectIon, sensory axons can still prc~cnt rea~onaLlc 

thresholds of activation and submodality response charactenstics. Anatomical and histologlcal 

documentation is provided to depict the tissue disruption which took place as a result of the 

rejection of allografted sk1l1, and the structural integrity of the sensory mechanoreceptors which 

survived. The documentation and descriptive analysis of each of these aspects wlthin the the~is 

constitutes original contributions to knowledge. Short prelimlllary reports covering ccrtalll 

aspects of this study have been presented elsewhere [Daniel et al., 1986; Egerszegi et al., 

1984; Samulack et al., 1985, 1986, 1988, 1989; Skanes et al., 1986]. 

Assistance by Others 

Any effort of this magnitude is by its very nature and necessity a team effort. The succe~s 

of these studies was very much attributable to the dedication of many individu ah. Most notably 

were the surgical contributions of Patricia Egerszegi and Susan Skanes who succes'\ively, 111 

their year of experimental -esearch during their residency traming, perfomled the Imcro~urgcry 

required for the tissue transplants. The pnmary motivator for the deSign and exccutlon of the 

surgicaI procedures used in the allograft models was RoBin Daniel. A~~l'ltantl\ 1I1volvcd 111 the 

surgical transplantation procedures in ;~ddition to myself, were Paul Ballard, Craig Howard, 



Carolyn Kerrigan, William Rennie and Ronald Zelt. Ali medical decisions with respect to 

immunosuppressive and other medical protocols were made jointly between rnyself and either 

Pauicia Egerszegi or Susan Skanes, under the supervislOn of Rollin Daniel. The technical 

aspects of the radioimmunoassay used to detemline serum cyclosporine concentrations were 

performed prirnanly by Susan Skanes and SusIe Spurdens. Support staff to care for the 

ammals and to adm1l1lStcr rnedlcations includcd Cory Dykes, Janette Green, Doris 

Gulbrandsen, Robert Jones, Joseph Kalash, Malia McAuliffe, LIsa Skanes, Saliesh Thaker, 

and Ronald Zelt. 

In addItion to my direct involvement as co-investigator throughout the long-term 

maintenance of the animaIs and their allografts, 1 rernained responslble as prirnary invesugator 

for aIl aspects of the neurophysiological and histological analysis of these tissues. 

Consultation, direction and assIstance was offered by my doctoral supervisor, Robert Dykes. 

Additional aSsIstance dllnng the lengthy electrophysiological recording sessions was donated 

by Nick Calarnatas, Janette Green, Noor Jehan Kabani, HeidI Kmitwagen, Serge Leclerc and 

Stephen Schertzer. DebbIe Hinton and Brian Tllcker were involved in the histological 

processing of the tissues. Valu able consultation was sought from Bryce Munger with regard to 

the interpretation of the histological findings. Angel Alonso, Robert Dykes, Janette Green and 

Robert Waters offered many helpful suggestions and preof-read earlier versions of this report. 

1 was directly Involved in aU aspects of the data collection for this thesis, unless otherwise 

indicated. Ali of the data analysis and thesis preparation, with the exclusion of the fabrication 

of the final photographie pldtes, was performed by myself. 



INTRODUCTION 

1. Historical Perspective 

Prior te the turn of the 20th century, anatomists like Meissner, Merkel, Pacini, Vater and 

others, either with the unaided eye, or with the use of hand held lenses, had already descnbed 

many of the basic morphological charactenstics of sensory nerve end1l1g'\, Alded wJth the 

development Jf microscopy and the use of sil ver staining techniques, Ramôn y Cajal 1192X 1 

published two volumes of scientlflC observatiom that ~till stand today as an authontailve drOIt, 

He described the basic structure of nerves and proccsse~ of nervc growth, wlth a dctailed 

description of sprouting, the growth cone, and axon elongation "cross the ~itc of nerve repalr. 

As well, he discussed thcories of trophlc 1I1fluences and guidance mechani~ms that arc still 

relevant today. 

The question of function 111 rcgenerating nervcs has evolvcd more recently Not untll 

many nerve injuries were available during the First and Second World Wars, wa~ .. y~tematic 

effort made to improve microvascular anastomoses and the repalr of penpheral nerves. These 

studies have been reviewed eloquently by several author,<, IDaniel ano TerZIs, 1977; Dellon, 

1988; Woodhall and Becbe, 1956]. With the developmen t of the vacuum tube amphfier and the 

oscilloscope, the electrophysiological study of nerve functlOn had become the foeus of baSIC 

research programs in which axon response properties were correlated with anatomlcal data 111 

the same preparation. 

In parallel with this progress, development in the field of immunology and the 

introduction of tissue transplant techniques gave hope that foreign tissues could he used to 

functionally replace a defective tissue or a tissue deficit. It was not until the dl~covery of the 

immunosuppressive properties of Cyclosponn A in 1972 and tts sub~e4uent use in 

experimental transplants, that chemically induced immunosuppression ha~ been speciflc 

enough to prevent the rejection of allografted skin in adult animaIs. 



( These latter developments served to underline the extent of our ignorance with respect to 

the capacity of ho\t nons to grow into and function in a foreign tissue environment, and to 

revitalize interest in processes of innervation and target tissue recognition. The present report 

documen ts the flrst comprehensive study involving parallel observations on the 

electrophysiology and anatomy ofaxon growth, survival and function in a histoincompatible 

extremity tissue environment of a primate species. It was only with the CUITent understanding 

of the anatomical and electrophysiological characteristics of mechanoreceptor function, the 

development of successfullmmunosuppressive protocols, and the mastering of microsurgica1 

technique. that these experiments were possible. 



II. Mechanorcceptors and thcir Rcsponse Characteristics 

Tissue structures that transducc mechanical energy from the envlronm('nt Into axonal 

responses have been studied in many speclcs. MClst relevant to the tople of thls report are tbo~c 

mechanoreceptlve structures which have been studied in the skm and undcrlying tl~sues of 

mammals; partleuhu'ly rat, cat and pnmate. Investigators have succeeded 111 as~oClatll1g ccrtam 

patterns of actIOn potenuals ln primmy afferent fibcrs with mOIl)hologlcally dl~tll1ct culantollS 

or subeutaneous st11lClllres. Although Ilot allidenufiable axonal re~ponsc~ have bcen corrclatcd 

with a morphologically distmct mechanorcceptor [I-1Olch et al., 1 ~77 J, and whlle therc !s sull 

sorne discussion as to exactly how many structures therc are, or how 10 best Identify and 

c1assify them, it IS now generally believed that relatively few classes of mechanoreceptors exist 

[Dykes, 1977, 1983; Mountcastle, 1980; Vallbo and Johansson, 19841. In tllll) regard, the 

literature reviewed in this report is not comprehensive, but rather it IS intended to provldc the 

reader with the necessary background concernmg the tissue structures and rc~ponse 

characteristics identifIed in tins study. 

Sinee the studies of Adrian and Zotterman [1926a, b] describing the nerve Impubes 

produced by naturally stimulating sensory nerve endings in skin and musc!~, the rcsponses of 

primary affercnt nerve fiben. have been divided into two categories based upon thcir dl ... chargc 

patterns to contlnuous unvarying mechanical stimulation: rapldly adaptmg (RA) and ~lowly 

adapting (SA). Fibers characterized as RA deteet tran~lent mechamcal ~tlmuh, dischargmg a 

few action potentlals (AP) upon the apph~ation (and III sorne C(ll)es the rcmoval) of a Stlmulu,>, 

but not dunng steady application. Afferent~ charactenzcd as SA respond to the on ... et of a 

stimulus with a hlgh~frequency dlscharge dctcml111ed by the rate of ~tlmlllus applIcation as weil 

as its final magmtudc, and th":y continue to discharge for the duratlon of the stlmulu~ 

[Mountcastle, 1980]. 



Munger [1971a, bJ divided sensory mechanoreceptors into five groups 0.1 the basis of 

anatomical characteri~tics: rorpuscular endings, epithelial cell-neurite complexes, fibers serving 

hair, dennal neural networks, and ~ense organs 111 muscle. 

Corpuscular receptors consist of one or a cluster of sensory nerve fibers closely 

associated wah ~pecialized !amellar cells more or less segregated from the general connective 

tissue compartment by capsular c:lements fMunger, 1977]. For the pllIlJoses of this report, the 

~I/eissner and the PaClman corpusc1es are the two morphologically distinct reccptor stmctures 

found in this &roup. In primate glabrous skin, the Meissner corpuscle is located at the top of 

the dermal prLplllae, close to the skin surface [Cauna and Ross, 1960; Hashimoto, 1973]. 

Throu~h the correlation of elcctïophysiological studies of the response patterns of sensory 

afferents and the identification of corpuscles in morphological studies on the same tissues, it is 

thought that the Melssner corpuscle represents an RA mechanoreceptive unit [Lmoblom, 1965; 

Merzemch and Harrington, 1969; Talbot et al., 1968]. 

The other RA mechanoreceptive stmcture in primate gtabrous skin (also in hairy skin) is 

the Pacinian corpuscle It is located deep in the dennis near tbe subcutaneous structures and 

has a large lamellatcd onion-like shape. The early electrophysiological characterization of these 

corpuscles was dOlle in cat mesentery, and showcd that although the AP is set up at the first 

node of Ranvier [Diamond et al., 1956], the generator potentIal and hence the basic 

adaptational properties arc characteristic of the axon's unmyelmated tem1inal segment within 

the core of the corpuscle rLoewcnstclI1 and Mendclson, 1965]. Although the tem1inal segment 

IS capable of mcchanoscnsory transduction, the rate of rapld adaptation and the 

mechanoreceptors scn<;itlvlty to decomprcssion 111 addttion to compressIOn arc related to the 

interactIon between the nervc tenmnal and the lamellated capsule [Loewenstein and Mendelson, 

1965]. The corpuscularlamellac ofthls receptor have been modcled as a high-pass mechanical 

filter, aIlowmg only the rapid mechamcal transients to travel to the core of the structure 

ILoewenstem and Skalak, 1966J. The extreme scnsitivity of the mechanoreceptlve unit to low 

amplitude (> 1 Ilm), high frequency (250-400 Hz) vibration, causes it to have an exceptionally 



large receptive field (RF) [Munger and Ide. 1987}. The PaciOlan corpusc1e IS the only 

mechanoreceptive structure ln skin which is capable of following hlgh frequency vibration 

[Gray and Matthews, 1951; Hunt, 1961]. 

Together, the Meissner and Pacinian corpuscles arc believed to provlde neural signal ... 

sufficlent to account for the human subjectIve capacity 10 detect Vibrations and thus conslltute 

the phYSlOloglcal ba~is for the dual sensory modahty of flutter-Vlbratlon in glabrous ~klll. The 

psychophysical studles of Talbot et al. [1968 J were instrumcntalln these regard" Through the 

iontophoretic applicatIOn 01 cocaine to the superficiallayer~ of cpldcrr\11s, Jt wa~ shown that the 

sensory afferents terminating 111 superflcial glabrous Skll1 (at the location of the MClssner 

corpusc1es) were In"olved in the medlation of the sense of flutter (a hght-weight meçhanical 

stimulus of 5-40 Hz), whlle afferents termtnating in the deep tissues (at the location of Pacilllan 

corpusc1es) were involved ln mcdiating the seme of vibratlon (60-300 Hz). 

Although epithehal cell-neurite complexes form highly organized receptor structures, (hey 

lack an enveloping capsule and so cannot properly be classlfied as encapsulated receptors A 

similar structure to tl-}e Merkel cell-neurite cornplex identified in the hairy skin of the cat by 

Iggo and Muir [19691 also resides in the glabrous skm of the cat [Janig, 19711 and 111 raccool1 

glabrous skin rMunger ct al., 1971J. Through the correlation of electrophY"'lOlogic re~ponse 

properties anJ the proximlty of morphologie structures, the Merkel cell-neunte complex has 

been characterized as an SA mechanoreceptor. In pnmate glabrous skin, Merkel cells arc found 

in the epidrrmis at the dermal-epldermal mterface on the tlp of the papillac formcd by the 

intermediate epidermal ridge [Cauna, 19541. The Merkel ccli, whlch I~ Ihought 10 he of 

epithelial origll1 rEngh~h et al., 19801 and to dlffercntlate ln the penphery at a ume Whlch 1 ... 

very early in ctevclopmcnt (Breathnach, 1971; Breathnach and Robm.." 1970; Engl!~h et al , 

1980], is charactenzed by an megular shaped nucleus and numerou<; electron-opaque ..,ecretory 

granules in the cytoplasm which are polarized towards the site of contact by the axon 1 Munger, 

1977]. Il IS thought that they may guide appIOpnate axons to thclr location In the cxtremlty 

tissues through trophic influences [Munger, 1971 bj. Mcrkcl cell-ncunte complexe~ have aho 



been identified in primate hairy skin, pnmarily associated with sinus hairs, but have not yet 

becn idenufied in assocIation with monkey guard or vell us hairs which cover most of the body 

surface [Munger and Halata, 1983]. 

The Ruffmi endmg, a ~econd type of non-encapslllated SA mechanoreceptive structure, 

was characterized bath electrophysiologicaIly and histologicaIly 10 hairy skin of the cat by 

Chambers et al. [1972J, and descnbed electrophysiologically m primate glabrous skin by 

Vallbo and Johansson [19841. ThiS receptor consists of a group of ncurites branching from a 

myehnated axOI1. No spcC'Iahzed transducer ceIls, other than the nerve terminal, have been seen 

In electron mIcroscopie studies of the Ruffini endmg. It is hypothesized, similar to the case of 

the Pacinian corpuscle, that the neuron itself must function as the mechanoelectric transducer 

[Iggo, 1974]. 

The electrophyslOlogical cnteria needed tn distinguish between the Merkel and Ruffini 

endings depends upon drtails of the discharge charactenstics [Chambers et ai .. 1972; Horch et 

al., 1977]. Although both respond ln an SA fashion, axons serving Merkel ceUs are described 

as having little or no resting activity, an irregular discharge pattern and being relatively 

insensitive to lateral skin stretch. In contrast, Ruffim endings have a resting discharge usually 

between 15-30 APis in a nearly regular dis.::harge pattern. These SA receptors are presumed to 

function in a similar manner in man, and as a result of their adaptational characteristics, are the 

only ones capable of providing the neural signaIs for the sensory experience of pressure, or 

constant touch. 

There are at least three distinct morphologies for nerve fibers serving hair follicles in the 

maJority of pnmate hairy skin [Munger, 1982; M unger and I-lalata, 1983]. Free nerve endings, 

thought to be a~sociated wlth noclceptive function on the basis of physiological parameters, 

have been found to end blindly in the connective tissue capsule in the angle between the hair 

shaft and sebaceous gland [Kruger et al., 1981]. In addition, lanceolate terminaIs Iike those 

first described by Andres [1966] are arranged in a parullel palisade with respect to the axis of 

the hair shaft, like the tilles of a fork. They abut the basullamina ano usually encircle the entire 



external root sheath. A third distinct nerve endmg associated with most primate hair foll1(:le~ IS 

the pilo-Ruffini complex [Diemesderfer et al., 19781. Morphologlcally, the pilo-RufflOi 

complex IS composed of tem1inal nerve fibers WhlCh branch reveatedly and, in aSSOCHltlon with 

a connective tissue matnx, fonns a collar of axons around the halr ~haft. The lanceolate 

tenninals are posslhly associated wlth RA respon~es from ha Ir folhc\es 1 Gottshaldt ft al , 

1973; Iggo, 19741, while the pilo-Ruffim complex was shown by Blemc~derfcr et al. 1197RI 

to represent the morphologlcal correlate to the SA respon~e on the ba~ls of ~lIntlantles 10 

morphology and discharge characteristics to that of the R,lffim endmgs 10 h .. ury skm of the cat 

as described by Chambers et al. [] 9721 and the Ruftim eorpuscIe Idenufied by Halata 119771 10 

eat knee joint capsule. 

The network of neurons whieh course through the dermis and end 10 poorly deflOcd 

manners or slmply as free nerve terminaIs are assumed to be lnvolved m coding for 

en\'ironmental stlmuli that will be interpreted as cold, warmth, neat, paln, Heh, and tickle (for 

review, see Besson and Chaouch [1987], Dykes [1983]. Tuckeu and Wei 119X7a. bl and 

Spray [1986]). As indicated by Dykes [19771. If these a~sumptions arc correct, the apparent 

homogenei~y of free nerve endings must he due to limitations of our lnve!->tlgatlve techmque~. 

In the pre::,cnt report, there was no attempt to study this c1ass of sensory axons ln detall, other 

th an to identify their presence in sorne of the experimentaJ tissues. 

The last group of mechanoreceptors which are relevant ta the present study are the ~en~e 

organs associated WIth muscle and other deep structures. Annulo~plral (group la) and flower 

spray (group II) afferents, as weIl as those of the Golgi tendon organ,> and JOint cap'>ulc'-. are 

well-established ln the literature (for review, !->ee Mendcll and Iknncman [198(1). For the 

purposes of thlS stuày which is primarily concerned WIth cutancolls mechanoreceptor'l, any 

afferent fiber which was suspected of serving one of these type~ of end organ) was grouped 

together and labelled as the composite modahty muscle/jomt/tendon. 

In summary, within primate glabrous skm there IS thaught to be four physlOlogically 

distinct axon response characteristics, each assocmted with a morphologically distinct 
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mechanoreceptive structure: Meissner corpuscles (RA-I), Pacinian corpuscles (RA-II), Merkel 

cell-neurite complexes (SA-I), and Ruffini endings (SA-II) [Vallbo and Johansson, 1984]. 

Thermoreceptors and nociceptors which are thought to be bare nerve endings dlsplaying SA 

response characteristics. In hairy skin of the pnmate foreann, the hair follicle apparatus with its 

lanceolate termmals (RA) and pilo-Ruffini complex (SA) constitutes a very intricate 

mechanoreceptive structure. Pacinian corpuscles, thennoreceptors and nociceptors are also 

identifiable ln hairy skin. The muscle spindles (SA), Golgi tendon organs (SA) and potentially 

other receptor structures located in the capsule and ligaments around the joints. provide 

information regarding mechanical deformation of the deep tissues. 
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III. Tissur. Transplantation 

Extremity tissues can he transferred between two locations on the sar.Ie individual, or 

transplanted from one individual to another. Although these two concepts are usually 

mentioned separately, confusion sometimes arises when they are both labcllcd as tissue 

transplantation. It may be useful, therefore, to define certain term!:l WhlCh are commonly used 

in reconstructive surgery [Gingrass et al., 1979] and transplantation biology IPorter and 

Lance, 1974; Bellanti, 1985], so that there is no misunderstanding as to the mtentlon of thelr 

meaning throughout this report. 

The tenn, extremity tissues, refers to those tissues (skin, muscle, nerve, bone, et cetef{!) 

which are not normally considered as internaI organs, or organs of the spe~ial senses, but 

which make up the tissues of the arms and/or legs of an animal. Skin grafts can be referred to 

as split-thickness, full-thickness, flaps or free flaps, depending upon the depth at whlch the 

tissues were excised and the means of their reattacbment. Split-thicklless grafts include the 

epidermis and only part of the superfidal dermis (depending upon the depth of removal), whde 

a full-thickness skin graft includes a11 of the dermal structures and lea,'es behind only the 

subcutaneous tissues. The site from where tht- tissues were removed, or wltere they are to he 

placed, is refeHed to as the tissue bed. Flaps and free l1aps do not necessarily contum only 

cutaneous tissues, but may also contain a composite of other extremlty tissues The flap may 

he peninsular and have one edge attached, or it may be an l~;land flap havmg an intact pedlde (a 

vascular or neurovascular attachment which has not been severed). A flap may he replanted to 

its original bed, or transferred to an adjacent tissue bed. It may a1so be removed entlrely a'\ a 

free flap with a defined pedicle, and be transplanted to an alternate ti~~ue bed whlC'h i~ far 

removed. 

The term, transpl'~'1.ted, implies a procedure WhlCh includes anastomosl~ of the v~s~eb of 

the transferred composite tissue to those of the recipient tissue bed. ImplantatIOn, in contra~r, 

does not imply immeüiate revascularization of the graft. Therefore, a skin graft h said to he 



tran!\ferred or implanted (but not transplanted), while a free flap is always referred to as having 

been tran~,planted. 

A tissue which is transplanted from one site to another (the same, a similar, or ~ different 

site) on the same individual, is referred to as an autograft (autogenous graft). An isograft 

(isogeneic or syngeneic graft) refers to tissue which has been transplanted between two 

genetically idcntical individuals such as monozygotic twins. Tissues which are transplanted 

between two genetically dissimilar members of the same species are called allografts 

(allogeneic grafts or homografts). Finally, when tissues are transplanted between members of 

different species, the grafts are referred to as xenografts (xeno!;eneic grafts or heterografts). 

A. Immunological Aspects 

1. Definition of Histocompatibility 

A grafted tissue is said to be histocompatible if the graft is capable of being accepted and 

remaining functional 111 l tissue bed of an immunologically competent host. This relationship is 

determined by cell surface glycoprotein molecules referred to as histocompatibility (or 

transplantation) antigens. In the case of incompatibility, these glycoprotein molecules are 

responsible for the induction of an immune response by the host, and ultimately graft rejection 

(see below). 

The major histocompatibility complex (MHe) is a chromosomal region con~isting of a 

series of genes that code for the ceIl surface expression of strong transplantation antigens. Two 

well-characterized systems of classification for these antigens are the human leukocyte antigen 

(HLA) system and the H-2 system in the mouse. A similar system of classification for the 

baboon leukocyte antigens (BabLA) is presently being developed [Templeton et al., 1981]. 

The genes of the MHC in aU mammals thus far studied, code for two general types of 

transplantation antlgens: class 1 and class II. The human MHC is the best-characterized of the 

primate MHCs. On human chromosome 6, the stru~tural gene loci HLA-A, -B, and -C, code 



for the class 1 antigens, while the HLA-DR, -De, and -SB loci code for class II antigens 

[Woody et al., 1985]. These genes are inherited in a systemal1c fashion such that an \I1dividual 

receives genes from bath parents. Each gene locus contains two alleles (alternate fonns of the 

gene) that represent small vanations in the nucleotide sequence of the gene. The smaH changes 

result in cell surface glycoproteins with small variations in structure, perhaps a change of one 

or two amino acids, leading to a small difference in thlee-dimen~ional structure Wullln a 

population of individuals, there are many such allcle~, which can be detected through 

serological methods (where antlsemms are used to detect cell-surface anttgens), or by studYlng 

mixed lymphocyte reactivlty in mixed leukocyte cultures [Bach and van Rood, 19761. The 

HLA-B gene has the largest number of detectable alleles with at least 32 serum speuficities, 

and is said to be the most polymorphie of the HLA gene loci. 

Histocompatibility antigens are present on the surface of most nucleated ('ells, but the 

degree of expression and the variety of different antigens varies between cell and tissue types. 

Skin has been found not only to be more immunogenic than kldney [Sakai et al., 19801. for 

example, but also to undergo rejection more readily than other tissues like muscle or bone 

[Lance et al., 1971]. 

2. Mechanisms of Solid Tissue Allograft Rejection 

Allograft rejection may be defined as the process by which the immune system of the host 

recognizes, becomes sensitized against, and attempts to eliminatc the antlgenic difference'i of 

the donor tissue. There are three main patterns of solid ti~sue allograft reJectlon which have 

been identified: (1) hyperacute rejection, leadmg to extremely rapld on..,ct and ,>cverity of 

rejection, (2) acute rejection, and (3) chronic rejection. A detailed account of the cascade of 

cellular events which are involved in each type of rejection proce~s is not wlthin the mtended 

scope of this report, rather, a short synopsis of the mechanis.TIs of Immune respoli~lveness in 

these regards is presented in order for the reader to understand the basls for the de~tructl0n of 



foreign tissues by the host. The reader is directed to any good textbook on immunology, or to 

one of many review articles available, for a detailed description of the immunological 

repertoire. 

The white bloc j cells or leukocytes continually enter a vascularized allograft via the blood 

circulation and exit through the lymphatic system. Each of the leukocytes play a direct or 

mediatory role in the inflammatory and cytotoxic processes involved in allograft rejection 

and/or the c1ean-up process after tissue necrosis. Acute rejection has been attributed primarily 

to the cytOtOXIC (cell-mediated) mechanisms of T-Iymphocytes (T-cells) in associatIOn with 

mononuc1ear phagocytes (monocytes or macrophages). Both hyperacute and chronic rejection 

have been attributed to the antigen·antibody recognition (humoral) mechanism of allograft 

rejection which involves primarily the B-Iymphocytes (B-cells). In reality, it is likely that both 

the cellular and humoral mechanisms contribute to each of the three rejection patterns [Hayry et 

al., 1989]. 

The macrophage has becn shown to be an essential cell that interacts with the T- and B

lymphocytes and is necessary for the induction ofT-cell responses as well as T cell-dependent 

B-cell responses to antigen. Moreover, these cellular interactions of macrophages, T-cells, and 

B-cells appear to be genetically controlled (restrlcted) by the transplantation antigens (Class 1 

and Class II molecules). It is through the recognition of these antigens during cell surface 

interactions and/or by the presentation of foreign antigens in association with these molecules 

(the role of macrophages), that 'self is differentiated from 'non-self. The exact molecular 

mechanisms of receptor specificity involved in this 'associative recognition' is not entirely 

understood. 

!n the realm of allograft rejection, the initiation of cell-mediated cytotoxicity requires the 

presentation of foreign antigens to T-helper lymphocytes (a subset of T-cells) by antigen

presenting cells such as the macrophage. Other specialized cells, such as dendritic cells or 

cutaneous Langerhans cells, that are part of, or related to, the monocyte-macrophage lineage 

may also serve this function. In part this explains why skin is so immunogenic, in that it 



con tains its own immunocompetent ceUs which directly present their ccli surface anl1gcns to the 

host's immune system llpon transplantation. Macrophage~ also release IIlterleuklll-l which i~ 

reqllired for T-helper cell activation. In turn, T-cells relea~e other lymphoklIlcs lIlc1uding 

migration inhlbItory factor which immobihzes macrophages and tCI1cb to localll\: them in the 

vicinity of the immune reaction. As well, T-helper celh. relea~e interlclIkll1-2 OL-2) WlllCIl acts 

on a further subpopulation of T-cell~ (cytotoxic T-cells) to actlvatc and to ~timlilate their 

proliferation. Cytotoxic T-cells are then dlrectly involved 111 the destnlcuon of the forelgn target 

tissues. 

In the strictest sense, the humoral response involves the clonaI selection of B-cells 

through the sensitization and stimulation of those cells which are predlsposed to react wllh a 

foreign antigen. Proliferation and maturation of stimulated B-celb results In the secretion of 

specifie immunoglobulin antibody molecules which then bind with the forelgn antlgen. Thi~ 

mechanism is pnmarily effective when the antigen has been shed from the allograft and l~ 

circulating in the blood. The complex which IS formed allows other cells of the host's defense 

system to recognize and further process the foreign antigen; a function whlch is predommantly 

the role of the macrophages. 

In both types of immune response, there are memory cells which are prodllccd after a 

primary challenge and which remain dormant in the host. Although a primary response to an 

antigenic challenge may take 5-7 d to mount, after sensitization, a future presentation of the 

same antigenic stimulus may require only 1-2 d to reactlvate the immune respon<;c a<; a re~lIlt of 

the presence of these memory cells. This is the basls for the rapld on~ct of tJ)~ue neçro~l~ 

associated with the hyperacute reject~on phenomcnon. The h()~t can mount a rapld rc~pon~e to 

the allograft upon first presentatiOn if the ho~t had become scn~itl7cd ta antJgens contamed 

within the allograft throllgh prior exposure to the graft, or to the ~ame hl~tocompatJbillly 

antigens contained wlthin the graft, even though they were pre~ented a~ part of another tissue 

source. Rapid rejection can also oecur to an allograft whlch has been carncd for a prolonged 

period of time by an immunosuppressed host, if the levd of immuno~upprc~~lon hecome~ 
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inadequate, since there was a prior period of sensitizatton to the alloantigens even though an 

immunoIogicai response couid not be mounted. 

3. Immunosuppressive Agents 

The agents available for immunosuppression fall into three general categories: anti

inflammatory, anumetaholic and cytotoxic agents. Classically, for the purposes of 

transplantatIOn of organs or other composite tissues, the conventional immunosuppressive 

agents of choice have bccn the adrenocortical steroids (prednisone, prednisolone and 

methylpredl1lso1one), and the anumetabolic agents 6-mercaptopurine and azathioprine 

(lmuran®, Burroughs Wellcome Co.). As well, X-irradiation has been used c1inically, under 

controlled circumstances. AIl of these agents or therapies are reldtively nonslJ\'cific in their 

mechani~m of immune modulation, and man y of them induce side-effects and/or a degree of 

immunosuppression in the host which can be undesirable or lead to condItions which are life

threatening. The cyclosponne (Cs) family of fungal metabolites, together with such agents as 

FK506® (Fujisawa Pharmaceutical Co.), the monoclonal antibody OKT3 (Orthoclone 

OKT3®, Ortho Pharmaceutical Corp.) and antilymphocyte globulins, have formed a new 

generation of 'specifie' immunosuppressive agents. By far, the best-charactenzed of these later 

agents is the fungal metabolite cyclosporin A (CsA; Sandimmune®, Sandoz Ltd.), 

The use of the immunosuppressive agent CsA in combination with methylprednisolone 

(MP; Soill-Medrol®, Upjohn), theoretically offers a complementary therapeutic effect. The 

corucosteroid exerts an anu-inflammatory effect in pnmate tissues through the generalized 

restrictlOn of ICllkocyte movement [Fauci, 19851. while CsA selectively dlSrupts clonaI 

expan~lOn of the cytotoxic T-cells dlrectly involved in solid tissue allograft rejection ("ee 

Appendix II). 

Corticosteroids administered in pharmacological dosages cause a decrease in the 

migration and accumulation of neutrophils in inflammatory sites by imperling their adherence to 



vascular endothelillm; a step which is neccssary for thcir 111lgratlon across the v:\sclllar wall. ln 

addition, they exert a marked but translent deplctlon of lymphocytes (T-Iymphocyte'i 

preferentially to B-Iymphocyte<;) and monocytes from thc cin:lIlal1on The Iymphocytc'i 

remaining in the circulation, howcver, show very httle supples~lon of thcir functlOnal 

capabilities Monocyte~ arc more sensitive to the cffccts of cortlcosterOids and hecomc poorly 

responsive to the macrophage migratiOn inhibltory factor produced by the senSItl1ed 

lymphocytes [Fauci, 1985]. 

CsA, on the other hand, selectively inhibits the capacity of T-cells to syntheslze and 

release IL-2 and possibly other lymphokines. Althollgh sensitization of cytotoxic T-cell~ does 

not appear to be hampered, mechanisms whlch would lend to clonaI expansion are interrupted 

and the capaclly for immune responsiveness through the recruitment of other leukocytcs is 

dramatically reduced. 

B. Extremity Tissue Allografts 

With the CUITent level of understanding of the mechanisms of immunosuppressio!1, it has 

been possible to design successful immunosuppressi·r~ protocols for the transplantatIon of 

internaI organs, to the extent that it is almost routme practice. The transplantation of extremity 

tissues, however, has only just recently come of tlge. In 1983, at the InitIation of the 

experiments descnbed, effective techniques and protocols for the tran~plantatlon of hmited 

quantities of skin, ncrve, muscle, ve~sei and bone werc ju~t being estabhshcd Tlm report 

describes extremity soft tissue allografts (~kin, mussle and ncrve) in a model of potentiallong

tenn survival and functional recovery, thereforc the hterature reviewed 111 thls section Will be 

restricted to such soft tissue allografts. Studies whlch used ~kin < 11 "grafts as lI1dlCe\ of 

immune responslveness of the ho st will only be con~idered if relevant. As weil, the revlew will 

deal primanly with aspects of antigenic challenge of adult allografted peripheral tis~u{'s 111 the 



immunocompetent adult hosto ruther than of antlgemc challenge of embryonic aliograft models, 

or of the tran~plantatlon of fétal or adult allografted tissue into the central nervous system. 

Allograflcd extremity tIssues nlIght have been 'sucee~~fully' transplanted as carly as the 

third century. Legend has It that the SaInts Cosmas and DamIan, l11artyred twin physicians who 

were beheadcd for thelr ChnstIall practiees, reappearecl posthumously to replace the 

gangrenous, cancerou,> leg of an agecl chureh sacristan (while he slept) with that of a recently 

decea~ecl EthlOpian Muor [da Varagine, 1952: Kahan, 19831. The Iimb wa') attachecl at the 

thigh and ointment~ applied to the site. When the ~acristan awoke, he no longer expenenced 

the palI1 nor felt the sores, and dlscovered that lm leg had been replaeed with a perfeetly 

healthy black leg. There have been other reports sud! as this from time to tlme throughout the 

literature, many having been created by 'fandful' writers of the clay, but none have been 

substantiated [Fumas et al., 19831. Generally, the use of allografted or xenografted extremity 

tissues was (and ~tlll is today) Ièstncted to the use of skin as a short-term biologlcal dressing. 

In reeent hlstOry, Jt was Ilot unul the technical success of vascular anastomoses by Carrel 

in 1902 thm modern scientific pracuce could hope to cmulate the Miracle of the Black Leg. 

After accounts of suceessful replantauon of extremity tissues, the transplantation of a leg from 

one fox terner to another was reponcd to "heal norrnally" [Carrel, 1902, 1908], and that scar 

was not discefllible 22 d after surgery. The excellent results of this expedmcnt, although 

possibly overstated, rcpresent the first documentation of an allografted whole limb. It was Ilot 

cIear whcthcr this IlInb i!chievecllong-tenn survlval, nor whether the tenicrs \Vere ïClated. 

In the late 1930's, uSlI1g young rats (8 d to 3 wk old), the survival of allografted limbs 

with some grm~ functional capabIlities \Vas accomplI shed thIOUgh the process of parnbiosls 

(the crossing of cIrculatIOn between two indlvldual'l through vascular union) bcfore the age of 

l2 d [LapchlJ1~ky, 1940a, b; SchwIl1c1, 1936, 1938J, The ration ale behind the necessIty for 

allografb to be transplantcd before the onset of the host animal's Immunologie maturity In 

order to have survlval [Cannon and Longmire, 1952], was not fully realized until the 



experimental definiùon of 'actively aequired tolerance' by Bilhngham et al. 119531. The need to 

induce specifie immune toleranee at an em'ly age using preconduiomng (prcferahly wlth donor 

spleen eeUs) and/or parablOsis, was further verIfied for ~kin allograft~ by ~everal person\ 

[Gifford, 1955; Manani et al., 1959; Martincz et al., 1960, and other~1 Duripg the same 

period of ume, lt was also observed that tolcrancc cüuld be achlcved ln the lmmunc

compromisecl host; whether mduceù [BIilingharn ef al., 1951; Mall1 and Prchn, 19551. or 

through mechanisms of dlsease [DamIlll11 et al., 1957; Snydennan et al., 19601. 

These concepts were used to study further the processes of cxtremity allograft sllrvlval 

between young httennates, non-httenmlles of slmIiar age, or from adult donors. Schwind 

[1962a, b, cl, using a rat hindhP1b tran\ôplant model sunilar to I11S early studie~, achlcved more 

efficient long-tenn survival and further describcrl t!1e abIiity of the rats to use thCli aliografted 

limbs dun"g walking and to elirit a wlthJrawal of the appendage 111 rc<;pon~e to plllchmg. The 

allografted tissues were said to appear normal when studICd hislologlcally; il photoJl1lcrograph 

of allografted skcletal muscle was given as evidence [Schwmd, 1962c J. MICro~copic sectlon<; 

of nervt- were said to contain lia good perccntage of normal-appeanng nerve cells", however, 

no photomicrographs were pre~ented. 

Lapchinsky [19661. aftel' having had success in the establishment of long-tem} survlval 

of allografted rat hmbs through the use of temporary parabiosis, was able to create toleranee In 

dogs through the subtotal exchange of blood in newborn pups wlth donor ammal's blood 

Then, aftel' 1-2 yeal's, the leg of the donor animal (differing 111 ~ex, age and brccd) wa\ 

suhstituted for that of the l'eClpient. In at least two of the ca~es, Îndcfillltc ~urvival wa~ 

achieved, however an immunologie crisls occurred at approxllnately 60 d po~t-tran"plant, 

l'esulting ln the lysis of ail or a ~ubstantial percentagc of the cpldenm<; and m. dcrival1vcl, 

[Lapchinsky et al., 19731. The crisis was managed with 'anl1allergic' dmgs (not specifted, but 

probably ster01d~) and repeated blood transfusions. After recovery, the epidermis l'egenerated 

to a thickness of 8-10 layel's of cells. Innervation of skin and muscle was sa id to have 



occurred, however, histologica! evidence was only presentC'd for the latter, 111 the f0I111 of a low 

magnification photonllcIOgraph showmg motor end-plates [Tnnofeeva and Lapchinsky, 1969J. 

With the 1IlltJal opumism generatcd by thcse experimenls and the mtroduction of the use 

of x-irradIatIon, \tcrOlJs and anumctabolic drugs 1I1to the thcrapeutlc rcgime, It was inevltab1e 

that human hmb transplantatIon was to be attempted. In 1964, a hum an hand and fOreal111 was 

transplanted from a eadaver onto that of a patient who had been severc1y injured 10 an 

explo":on [Medical Tnbune, 1964a) (Peter Bent Brigham Hospital, Boston; Case No. 4-79-

99, [Goldwyn et al., 19661). Despite the use of predmsone, azathiopnne and local radiation to 

the graft, the allografted hand only remlmed viable for about 14 d and then succumbed to 

coagulation necro~is and was surgically reamputated on day 23 [Goldwyn et al., 1966; ~,1edical 

Tribune, 19MbJ. 

Although unsuccessful, this latter event ushered in a new era of attempts to allograft 

extremity composite tissues using immunologically mature adult animaIs. Canine hindlimb 

transplants werc attempted by GoJdwyn ct al. [1966], with the use of azathlOprine 

Immt1nOSuppres~lOn Althollgh survival 111 e)~cess of 150 d was achieved, no mention was 

made of the functlonal state of the transplant. Lance et al. [1971 l, also using canine hindlimbs 

and a vanety of InlIllUnosuppressive proto(;cl~, achiev<:d survlval Urnes in excess of 300 d and 

rcported protective sensation and muscle fllnction by 100 d, however, no quantification or 

ft1rth~r detall~ were given. 

Prior to the !l11tIatlOn of the present cxperimcnts in 1983, several other surgical studies of 

rat r.mdlimb allograft models were publishcd [Black etaI., 1982; Dm, 1979; Fntz etai., 1983; 

Lipson et al., 1981, 1983; Poole et al., 1976; Press et al, 1983 a, bJ, however, each of these 

studies was concerned pl1manly with prolonged allograft survival and no indications were 

given as to whether any lIIncrvation occurred. 

Since the initiatIOn of the present experiments, severa! more surgical studies were 

published [Fntz et al., 1984; Kim et al., 1984; Lee et al., 19881 briefly describmg hindlimb 

allograft survival in rats, without any mention of innervation. Other addition al reports of rat 



hindlimb allografts 1 Black et al., 1983, 1985, 1988, Fumas et al., 1983; GUlman-Steln and 

Shons, 1987, Hewltt et al., 1985\ and rabblt fOlchmb allograft<; 1 Dorrlcr et al, 19861 bncfly 

mention thc return of protcctlVl" sensation (withdrawal to pll1-pnck) and/OI the dctectÎon of 

motor function (m response ta elcctncal stimulation or as a fUllctIonal IIldcx of quadrupcd 

locomotion), wlthout furthcr quantlficatlOn of thcse phenomena. 

More recent report~1 from other laboratorics (10 paralle\ ta the pre~cnt study) have 

provided a limitcd amount of detalled data descnblllg neural functlon In allograftcd cxtrenllty 

tissues. In additIOn to statements descnb1l1g the results of subjective IIldexcs ~uch a~ pmtcclIvc 

sensation and utihzation of allografted hmdlnnbs III the rat, Press et al 119H61 pre<;cntcd a 

figure showing multi-unit e\ectromyographlc (EMG) data which confmned axonal elongation 

and muscle reinnervation in the allografted limb. U nfortunately, there was no riata presented 

fr"m control annnals, nor was there a vertical axis provided Hl the figure 111 order 10 make 

comparisons ta normal values. 

For allografted extremity tissues of the baboon, the only electrophysiologlcal data 

published in parallel to that of the present studies lDamel et al., 1986; Egerszegl et al., 1984, 

Samulack et al., 1985, 1986, 1988, 1989] were those of Narayanan and Stark [Narayanan el 

al., 1988; Stark et al., 1987] whereby axollal elongatlOn lOto an allografted hand, and 

subsequent innervation of allografted muscle was confinned. In the former study Nawyanan et 

al. [1988] presented oscillŒ,cope traces depictmg evoked potenuals recordcd from the dor ... al 

column nucleus (on the transplanted slde) after electrical stnnulatlon of the nerves wllhlll the 

allograft. In the latter study, Stark ct al. t 1987] ~howed an oscilloscope trace of an EMG 

response recorded from allografted thenar mu~cle In both of these report<; thcre are 

electrophysiologic mdlcatIons of poor conduction veloclties HI nerves ~ervlllg the allograft,> In 

addition, brief statements were made regarding the histologie mtegnty of the ti ... ~ue~ wlthm the 

allografted hand, but no funher data or photOITlicrographs were presented. 

In summary, Wllh the exception of prehmmary repor:s related to the present ~tudy, 

description of the Innervauon of allografted extrcmity tis,ues f.1S been restricted to generahzed 
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statements, the analysis of basic functional indexes, or the elcctrophysiological identification of 

compound wavefoffils. None of these analyses have provided a detailed account of the capacity 

of host axons to innervate allografted extremity tissues, nor have they quantitatively described 

the quality of this innervation. 



IV. Rationale 

The faet that CsA ean impart specifie immunosuppression across major 11lStocompatibiiity 

barriers has greatly enhanced the ability to tr:msplant allog ?neic tissues and obtalll long-term 

survival. Obviously thlS has important chnical ImplIcatIOns, but for tran~plantal1on of thc~c 

tissues to become a routme ciinical procedure, the basIc physlOloglcal pnm:lples underlYlOg 

this p~::î1omenon have to be understood in detail. Mo~t importantly, If allograftcd ~klll and/or 

other extremity composite tissues are to have a broad therapeutlc mie III the SUI gical trcatment 

of patients with cO'lgenital malformations, amputations or extensive thernlallllJuries, il mu~t he 

demonstrated that the foreign tissue can become innervated sufficiently by the host to provlde 

useful tactile sensation and/or motor function. At the initiation of thls study, detu!led data 

eoneerning the degree to which host axons can grow 1I1to an adult penpheral histolllcompatible 

tissue, locate and functionally innervate foreign sensory and motor target structures, was 

virtually non-existent. 

The objectives of this study were: (1) to obtain long-term survival of allografted upper

extremity skin and composite tissues in an adult primate, (2) to characterize and document any 

differenees between the electrophysiological eapabilities of host axons serving allografted 

tissues and those serving autografted tissues which had undergone similar manipulations, and 

(3) to charaeterize and document the histological processes which may have eontributed to any 

functional differences in the rein nervation of the se tissues. 
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METHODS 

1. Surgic~1 Model 

A. Experimental Animal 

The animai model used for these studies was the adult female olive baboon (Papio 

hamadryas anubls*; 10-14 kg). The decision to select this non-human primate for the study 

was based upon several criteria: (1) the anatomical similarity of the hand to that of man, 

including comparable sensory mechanoreceptors, receptor density, glabrous skin surface and 

nerve pathways, (2) the presence of neurovascular structures of sufficient size to permit 

microsurgical repmr and neurophysioJogical recording, (3) trie ability to surgically manipulate 

and splint a non-weight bearing graft of composite tissues including bone and isolated 

muscles, and (4) a previous history of experiments using this species for neurophysiological 

testing of reinnervation following nerve repair. 

The twenty-one animais used for the stndy (Table 1) were obtained either from unknown 

sources through Charles River Canada, Inc., or from the Southwest Foundation for 

Biomedical Research (SFBR) in San Antonio, Texas. The animais from the former supplier 

were caught in the wild, while the animais from the latter supplier were selected from a 

population of approximately 2000 animais at the SFBR breeding facility. Baboons #16 through 

21 were blood typed and serologically tested for class 1 antigens (BabLA) by the SFBR. Only 

those animais which, through microcytotoxicity testjng using defined antisera (NIH 

Lymphocyte Microcytotoxicity Technique), showed a high probability of dlffering in at least 

two alleles at BabLA lOCI, were selected as donor-recipient pairs. Although the olive baboon is 

thought to exhlbit a low degree of genetic polymorphism in com;Jarison to man [Coppenhaver 

• On the basis of genetic and reproductive criteria, the olive baboon (fonnerly 

thought to he a distinct species, Papio anubis) is presently considered to be one 

of five subspecies of the common Iong-tailed baboon Papio hamadryas 

Linnaeus 1758 [Groves, 1972; VandeBerg and Cheng, 1986]. 



et al., 1981; VandeBerg and Cheng, 198t], the major histocompaubility complex for the 

baboon has only been resoived to a rudimentary degrce. Takmg these factors into lIccount, 

pairing randomIy acquired animaIs, or those U~sue typed and shown to be genetlcally 

dissimilar at one or two class 1 antigen sites, was Judged to be sufflcient to generatc a strong 

histoincompauble match. 

The animaIs were cared for at either of two MCGIll UniversIty primate care facilitics. 

Individual animaIs were housed separately in squeeze-back cages that confonn to the 

guidelines set by the Canadian Council on Animal Care [19801. Alimentation consisted of 

water ad libitum and a standard protein rich diet (Purina Monkey Chow®) supplementt'd with 

vitamins, fruit and vegetables. 

B. Surgical Manipulations 

In preparation for surgery, the animaIs were first sedated with an intramuscular (lM) 

injection of a mixture of ketamine hydrochioride (Rogarsetie®, Rogar/STB Ine.) and x)'lazine 

(Rompun®, Haver-Lockhart) (5.25 mg/kg and 0.45 mg!kg respectively). After a sllltable 

induction time, the animal (or î'llr of animaIs) was transported from the ammal care faclhty to 

the laboratory. The baboons were then intubated and allowed to respIre a mixture of oxygcn 

and/or room air. A temperature probe was inserted iuto the rectum and a unnary catheter was 

used to collect urine. Electrocardiographie electrodes were placed on the skln of the \eft and 

right sides of the upper chest and in the area of the pubis of the Iower 11mb glrdle, 111 order to 

monitor the heart rate and electrocardiogram. Then, sedatlon wa~ slowly converted to deep 

anesthesia with the intravenous (IV) adm1l1istration of sodIUm pentobarhltal (Somnotol®, 

M.T.C. Pharmaceuticals; approximately 5 mg/kg!h, or as necessary). A surglcal 1I1CI~lon was 

used to secure an IV catheter. Fluids in the fonn of 5% dextrose In 0.45% NaCI were 

administered intravenouslv thfùughout the surgery. Body temperature, as measuroo Via a rectal 

thennoprobe, was controlled by a circulating water blanket and/or a heat iamp. Hemostasis at 



the site of surgical manipulation was controlled during critical intervals with a cuff tourniquet 

or Esmarch bandage. The above mentioned physiologie al parameters were monitored along 

with periodic blood gas and electrolyte determinations (compliments of the Royal Victoria 

Hospital biochemistry laboratory, Montreal, Quebec). Corrective steps were taken to maintain 

physiological homeostasis when parameters deviated from nonnal values. 

In most cases the total prepara tory and surgical penod lasted from 18 to 24 h with 

ischemia times less than 2 h. Two upper-extremity composite tissue surgical models were 

studied: the digit soft tissue coverage neurovascular free flap and the total hand transplant. 

1. Neurovascular Free Flaps 

The tenn neurovascular free flap (NVFF) refers to a surgically isolated island of skin 

which has portions of its neural and vascular components intact [Daniel et al., 1975]. For the 

present study, the NVFF of choice was the digital NVFF (a modification of the clinically 

useful digital island flap). The entire skin coverage of the digit was used in this design, 

offering the advantages of: (l) an almost pure sensory innervation (digital nerves), (2) a 

consistent vascular supply (digital artery and dorsal vein), and (3) an adequate pedic1e kngth 

and vessel diameter , allowing microsurgical anastomosis at the wrist. The NVFF represcnts a 

highly successful me .. ns to graft skin and to ensure its subsequent viability, since upon 

surgical anastomosis of Ils vascular pedic1es, the graft becomes immediately perfused. 

2 Transplanted Neurovascular Free Flap 

Transplanted NVFFs (TNVFFs) used in these studies involvtd the surgical excision of 

the total soft tissue coverage from either the right or the left index finger of the don or animal 

and unidirectionally transferring it to a similarly prepared surgical site on the recipient animal. 

The tissues were isolated by first makmg an incision down the laterallength of the digit, from 

the nail bed to the metacarpophalangeal joint, using the border where glabrous meets hairy skin 



as a guideline. The most distal extent of the incision was then contlllucd around the 

circumferential aspect of the tip of the finger at a level Just pIOximal to the naîI. Anolhcr 

circumferenual incision was initiated 111 the second web space and drawn ventrally 10 

encompass the palmar digital pad of the index finger as part of the graft l'lm InCI~IOn was 

continued laterally to meet the urst incision in the first web space between the thumb (01) and 

the second digit (02), then brought dorsally to encompa!ls the halry ~kîn overlying the km.cklc 

as part of the graft and then tenmnated where Il was begun, III the second web space. A tlmd 

incision was started Just proximal to the palmar pad of D2 and temlÎnated at the volar wri '.t. 

The digital nelVes and dorsal branches of the radial nerve to D2 were then separated l'rom 

adjacent structures. Those nerves which were of sufficient Size for attachment to the rCClplent 

animal were isolated and tagged for identification. The digital arteries W('f ~,ssected back to 

the radial component of the palmar arch and the dorsal vem was traced back 10 the ccphahc 

vein. Upon isolation of all the necessary structures, the digital nerves were transected at the 

mid·palm and mid-dorsum of the hand, while the two major vessels wcre c1amped and 

transected at the level of the wnst. The index finger was then entirely degloved of il'i soft 

tissues and their neurovascular pedicles, in a fashion resembling a bun bemg removed from a 

hot-dog. The remaining structures of the digit of the donor animal (phalangeal bones, joint 

capsules and tendons) were amputated at the shaft of the metacarpal bone and discarded The 

donor animal's wound was then sutured with 4-0 polyglycolic acid, using simple mterrupted 

and continuous stitches. 

The isolated NVFF (FIg. 1) was then either stored temporarily In a cold (4 OC) Isotonic 

saline solution (if the surgical preparations of the two animaIs were not done m parallel), or 

transplanted immediately to a similarly prepared tIssue bed on the reciplent animal. The 

vascular anastomoses and neural repair were done with the aid of an operatmg tnlCfO!lCOpe and 

10-0 nylon suture on a 75 ~m needle using standard microsurgical techmque. Nme to tcn 

simple interrupted stitches were required for each of the ves!lels. Once the tourniquet wa'i 

released, the flap was perfused and hemostasis was ensured by electrocautery. The appropnate 



Figure 1 

The allografted and control NVFF surgical rnodels were similar in design. The total soft 

tissue coverage of the finger was removed from the digit, while maintaining its nerves and 

vessels intact. The dorsal digital vein was dissected proximally to include a portion of the 

cephalic vein. The ventral digital artery was exposed in a manner so that it included a portion of 

the artenal palmar arch. Ali digital nerves which were large enough to be anastomosed using 

microsurglcal techniques, were isolated. The vessels were clamped and the nerves were sharply 

transected. Ali of the necessary soft tissues, excluding the finger tip and nail bed, were excised 

as one unit. The NVFF was then either transplanted or replanted to its respective tissue bed after 

a short penod of ischemia (less than 2 h). Blood flow was reinstated after the microsurgical 

anastomosis of the respective vessels. Digital nerve anastomosis was perfonned while ensuring 

a 'best fit' orientation of the fascicles. (Reproduced, with the permission of The C. V. Mosby 

Co., from Daniel et al. [1986]. Copyright © 1986 by the American Society for Surgery of the 

Hand) 
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nerve bundles were trimmed, aligncd and then repallcd Wllh 3 to 5 sImple intemipted stitches. 

There was often a sizc dI~crcpancy bctwecn the don or and recipient (lIgital nerves. Since each 

usually had a minimal number of ~Illall fasciclcs, alignment and repaiI of rrspectivc donor and 

reclpient nervc stumps was pCIformed while ensuring a 'best fit' onentatlon. Donor skin and 

subcutaneous (SC) ti~~uc~ wele then aligned with those of the recipient animal. Any excess 

skin was tnmmed and the woulld was closed wIth 4 () polyglycolic acid sutures. Only one-way 

NVFF transplants of thiS nature were possible SInce it was nec~ssary that a11 area of donor 

tissue ncedll1g to be excised (and then trimmed) was always larger th an the area of skin 

removed from the recipient site. In order to ensure that the finger nai! did not produce any post~ 

surgical complications, the naiI, ilS nail bed and the finger tip were excluded from the NVFF. 

As weil, in cach case cxcept for animaIs #2, 3 and 5, the nail, nail bed, gelminative zone and 

finger tip were removed from the distal phalanx of the recipient animal, for the same reasons. 

b) Control Neurovascular Free Flap 

The control NVFF (CNVFF) was similar in design to that of the TNVFF, except that 

the fourth digit (D4) was used instead of 02. AU Qf the surgical incisions were modified in 

order to be able to isolate the corresponding neurovascular strùcturcs of D4. The most 

important dïfference between the CNVFFs and the TNVFFs was that the tissues which were 

isolated as a CNVFF were replanted lO the same surgical site from which they were excised. 

Therefore, thcse autor:rafted ti'\sues underwent simtlar surgicai manipulations ta thase of the 

TNVFFs wlthout the mtroduction of a histocompatibility challenge to the Immune system. The 

CNVFFs were perfom.èd dunng the same surgical penod ann on the sarne hand as the 

TNVFFs. The CNVFF~ served as con troIs to the surgical manipulation and ally events which 

took place as a result of the hlstocompatibility differences of the allografted tissues. 



2. Hand Transplant 

The second model, the complete hand transplant (lIT), was designed to permit 

assessment of the long-tenn survival and reinnervatlon of a com[Jrehensive allograftcd 

composite tissue containing Sklll, muscle, nerve, bone and vascular stmctures. The surglcal 

aspects of this transplant model involved the reattachmcnt of nerve, ves'lcl, tendon and bone 

(Fig. 2) in a similar fashlOn 10 that which is used in chl1lcal rcplantation of !-.cvcred hand..,. In 

contrast to the TNVFFs in which ail of the tramplant'i were unidirectlonal, somc 111'-; were 

attempted in a bidirectional manner (anllnab #12 and 13) wlth each animal in the dOllor

recipient pair receivmg an allografted hand III exchange for ils own. 

Donor-recipient pair~ of ammals were chosen so that thelr hand slzes were ~1I111Iar. Under 

pentobarbitai anesthesia, each baboon was placed lI1 the ~upine positIOn. The proposed forearm 

skin incisions \Vere mmked in a circumferential rnanncr at a location 4 cm plOxunal tn the 

junction of the wrist and palmaI' skin. After 1I1flation of a pneumatlc tourniquet arOlllld the 

upper ann to stop blood flow, the skin was incised to the levcl of the fa~clal plane \urroundlllg 

the muscles. This allowed the skin and subcutaneous tissucs to be r;used a~ a uml The 

proximal and distal skin flaps were reseeted and al! tendons were tagged for C:.l.sy Identification 

and then rnarked at distances of 2 and 4 cm From the wnst. The medmn, ulnar and radial nervc~ 

were sharply transected at a kvel approximutely 2 cm from the wn~t The radial artery and 

cephalic vein were also idelltified at the same level. They werc clipped wlth ~mall hemochps 

and transected Dissection was tbcn carried deepcr to cxpme the radlll.., and ulm ln the ca..,e of 

the unidirectional transplants, the bones were transected 4 cm above the wnst wIth an e1ectric 

saw. Approxlmately 2 cm of bone was exclsed from the donor extremlty before 

transplantation. For bldirectional transplants, a 2 cm segment of bone (between 3 and 5 cm 

proximal to the wrist) was removed from each anirnal's foreann. These excisions of bone were 

necessary to allow tendon overlap upon transplantation and to perform neural and va~cular 

anastomoses with no longitudinal tension. 



Figure 2 

The hand allograft model involved the transplantation of aIl the distal tissues ')f the 

forearm from a point just proximal to the wrist. Skin, muscle, nerve, vessel, tendon, bene and 

aIl of the connectIve tissues of the hand were incorporated into one graft. Upon transplantation, 

the radius and ulna were shortened to allow for repair of the nerves, vessels and tendons. The 

bone union was ensured and strengthened with the use of compression plates. Extensor and 

flexor tendons were repaired while ensuring proper tenSIon. The radial artery and cephalic vein 

were mIcrosurgically anastomosed to the respectIve vessels of the host. As weil, the nerves 

were aligned on Cl 'best fn' basis and anastomosed with epineurial sutures. (Reproduced, with 

the permis'''on of The C.V. Mosby Co., from Daniel et al. [1986]. Copyright © 1986 by the 

American Society for Surgery of the Hand) 





Attachment of the donor tissues to the host animal was begun by attaching the radius and 

ulna to their respective shafts with the use of bone compression plates. Next, aH deep tendons 

were repaired utilizing mattress sutures in the extensor compartment and the PulvPrtaft 

techmque for the flexors (see insert of Fig. 2). Tension was ad.lusted by lining up the 2 cm 

mark of the donor tendon with the 4 cm mark of the rccipient tendon prior to repair. The 

vascular anastomoses were undcr!aken llslOg standard microsurgical technique with the aid of 

an operating microscope Following the excision of overlapping vessds, lOto 12 simple 

interrupted stitchcs of lü-O nylon on a 75 J.lfl1 needle VlCIC required. With the release of the 

tourniquet, the hand was revasculanzed and hemostasls was ensured with bipolar 

electrocautery and hemochps. The appropriate nerves wcre trimmed and repaired in such a 

fashion that thclr Wl\S suitable fasclcular alignment. Depending upon the size of the nerve, four 

or more simple interruptcd epll1curial stitchcs of 10-0 nylon suture materiai was used for the 

repair. Excess skll1 was removed and the wound was suturcd with simple interrupted and 

continuous stitches llsing 4-0 polyglycolic acid suture material. These operativc procedures 

took approxm1ately 24 h, during which the ischemia lime of the tissues was kept as short as 

possible (about 1-2 h). 

C. Postoperative Animal Maintenance 

For the purposes of these experiments, the 'surgical success' of the replantation or 

transplantation of the tIssues was defined as t~\! potential for long-tem1 survival, judged by the 

quality of recovery within the fifst week following surgery. The general crit~ria used to 

determine viability of the extremity tlssues was colour, temperature (upon touch), and the 

patency of the vessels whlch served the tissl,es. The latter parameter was determined by the 

colour of the fresh blood which was brought to the skm surface as a result of a punctate stab 

wound with a sterile scalpel blade. 

... 



1. Splinting and Dressing Changes 

Immediately following surgery, the surgical site and the forearm were washcd wlth 

sterile saline and dried with gauze pads. Excess coagulated blood on the skin surface wa, 

removed with 3% hydrogen peroxide. AU incisions were covered with çhIorhcxldine acctate 

gauze (Dùctigras®, Smith & Nephew) and several dry sterIle gauze pads and bandages were 

used (Q wrap the emire foreann loosely. 

A custom-madc lightweight splint, fabricatcd from thermoplastlc (San-~plinl®, Smith & 

Nephew) and nvet-like 'binding' serews, was uscd to proteet the ~urglcal sIte and forcarm of 

the animal. The splînt. a modlfIed verSIOn of the rigld IIpper hmb splmt IRm.c ft al., 19831, 

was spacious and designed to allow space for bandages and some freedom 111 movement of the 

foreann and extremity. A right angle flexion of the sphnt at the elbow plevented the Hl1Imal 

from removing it. The unfastemng of the screws along the erllire peripheral edge of the splint 

allowed quiek removal of the splint and easy access to the arm during changes of the surglcai 

dressing. 

Twice a week for the first three weeks and then weekly thereafter (or as necessary), each 

animal was tranquilized with ketamine and xylazme (see Method<;, Section LB.), in order to 

inspect the grafts. Vpon removal of the splint and oid dressings, detailed photographie and 

written records were obtained to document the progress of the grafts. Then the forearms werc 

washed with cither a 0.5% alcohohc, Of a 0.05% aqucous mixture of Hlbnane® (Ayer5t). Aftcr 

drying with sterile gauze pads, toplcal antIbiotics (0.2% mtrofllrazonc; Furacm®, AUlitln 

Laboratories, or polymyxln sulfate; Polysporin®, Burroughs Wcllcome Ine.) and/or 

chlorhexidine acetate gauze was apphed if necessary. The forearms wcre once agam wrapped 

Ioosely with sterile bulky gauze dressings. The thcrmopla~tic splints were wa~hed with "!oap or 

other disinfectant, and upon drying, were used agalO for the same animal Vnder normal 

circumstances, the entire procedure for the change of dresslOgs took no more than 45 minute",. 
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Some of the animais Ivhieh were designated to be reeipiems of allografts, had their 

forearms splinted three to five days prior to surgery. in order to ailow them time to become 

comfortlble with [he splint. Most of the animais had their forearms in a splint for the duration 

of the study. The sphnts for animais #20 and 21 were no longer used aftef days 120 and 123, 

respectively, following surgery. 

2. Immunosuppression 

The host animaIs which received allografts, were induced into an immunosuppressed 

state through the daily administration of CsA and MP. This was done, in the face of inevitable 

sensitization to the foreign tissue antlgens, in an attempt to control the Immune responsiveness 

of the host towards the allogra[t. In the case of HTs, this precaution was also necessary to 

control any graft-versus-host reactlons which were theoretically pOSSIble. The CsA was 

considered as the primary immunosuppressive drug administered in the study, since it was the 

most immunologlCally specifie agent used to prevent allograft reje;;tion (see Appendix II), and 

it was used for prolonged penods of time at therapeutic levels far in excess of MP. 

a) Cyclosporine 

The circular peptIde CsA is not water soluble, and hence, its administration and the 

maintenance of adequate therapeutic blood levels in a large experimental animal were 

formidable tasks which reqUIred many ho urs of technical support. Inert Oll-based eompounds 

were used as the pnmary vehicle~ in whlch to dIspense the drug (see Appendix III). Several 

routes of de1ivery were cxplored: oral (PO) administration, lM and SC injection. By far, the 

lM preparation usmg rvhgIyol g 12® was the most practical and de pend able route of delivery. 

The lM preparation WdS stable with a high concentration of CsA, and the volume adrninistered 

was able to he preClseIy controlled. 



Throughout the duration of the CsA therapy for each animal, the blood serum level~ of 

Cs were monitored by radioimmuno&ssayt(RIA; Cyclosporine RIA-Kit, Sandoz Ltd.). SlIlce 

CsA was administercd twice daily (approximately cvery 12 h; see below), the RIA blond 

serum 12 h trough lcvels of Cs were used as an indication of the amount of C~A whteh was 

being absorbed and then circulated through the animal. These RIA values, a~ weil as the 

clinical state of the allografts, were used as indications of the level of immuno<.;uppresslon 

induced. SlI1ce CsA has m,my toxic slde-effects (see Appendlx Il), blood chemlstnes such as 

urea nitrogen and creatinine levels wcrc routinely monitored, as was the arpetlte and general 

well-bemg of the animal. Each of the se values and observatIons were takcn mto consideration 

during the management of the CsA therapy. 

b) Methylprednisolone 

The anti-inflammatory steroid, methylprednisolone is a short acting glucocorticOld. As in 

many clinical organ transplants, it was used in conjunction with CsA as palt of a dual-thempy 

in an attempt to reduce the rejection phenomenon. Two preparations of the drug were uscd: 40 

mg/ml and 62.5 mg/ml, Il\! injectable. Throughout most of the lmmunosuppresslve therapy of 

the ammals, it was used 10 smaH dos~s (4.4 mg/d; 40 mg/ml preparation) wlth a minimal 

immunosuppressive effect. During the immediate postoperatlve penod, or at the onset of 

indications suggesting al10graft rejection, it was adrninistered 111 large do~e~ (125 mg/d, 62.5 

mg/ml preparation) 10 an attempt to curtail the progression of the tmmunological re ... ponse. Thb 

approach offered a means of lmmediately increasing the level of immunosuppression 111 a 

tOue to the polyvalent character of the sheep anttserum utihzed III the kit, it 

was presumed that there was cross-reactivity wlth many Cs metabolites, 

including some of which are not Immunologtcally active. The RIA value~ were 

used only as an estim1te of the amount of parent CsA which was present 10 the 

sample (see Appendlx II). 



rejection crisis, an option no~ possible with the use of lM-injectable CsA which had slower 

absorption characteristics. Once rejection was under control, and effective CsA blood leveis 

were obtained, a graduaI reductIon (tapering) of the MP therapy over a period of 14-21 d was 

effective in safe\y returning the MP lcve\s back to baseline (see below). 

c) Immunosuppression Protocoi 

The approach towards an eff~ctive immunotherapy in these experiments evolved as 

experience was gained in the management of the allografts. In the early stages of the 

experiment (animaIs #3-11), a conservative regimen of drug administratIon was only 

margmally effective in achieving prolonged survival of some of the allografts. InItial 

pretreatment of the recipient ammais for 1-3 d prior to surgery consisted of the administration 

of CsA at 20-40 mg/kg/cl in one or two (12 h apart) doses. Dunng surgery and the first 

postoperative week, CsA was administered at 30-40 mg!kg/d in two equai doses spaced 12 h 

apart. As the Cs circulating leveis (determined by RIA) mcreasecl, the CsA therapy was 

adjusted to maintain the desired level. The RIA serum 12 h trough levels of Cs targeted during 

the:-.e early stages of the experiment were under 1000 ng/ml (measured at room temperature; 

approxlmately 20-22 OC). MP therapy was started 3-15 d after surgery and consisted of 3 cl at 

125 mg/d (single dose), followed by a tapering of the regimen over a 14-21 d period (two 

doses per day, amounting to 25.6, 21.2, 16.8, 12.8, and then 8.8 mg/d) to a baseline single 

dose of 4.4 mg/d; predmsone tablets were given in equivalent dosages for short periods of rime 

if MP was in short suppl Y . 

In the latter stages of the experiment (animaIs #12-21) experience determined that a 

greater degree of immunosuppresslOn was necessary in order to ensure extremity allograft 

survival in the nonrejected condition. Pretreatment of the recipient aniI!lal was initiated 4-9 d 

prior to surgery. Perioperatlve CsA dosages were mcreased to approximately 45 mg!kg/d and 

was administered in two equal doses on a 12 h schedule. This pretreatment schedule, along 



with the initiation of the MP regimen on the day of surgery, ensured that the host wa ... 

adequately immunosupprcs~cd by the time that the allograft was introduced. The C" RIA levels 

were allowed 10 risC' in ex cess of 1200 ng/ml as long as the animaIs ~howed ~at1sfactory blood 

biochemistry, appetite and well-bemg; the CsA administration was redllced or stopped 

temporarily if the conditions were othelWise. 

3. Prophylactic Medications 

In addition to immunosuppressive agents, other meèications were also administered to 

the animals during the perioperative period, as weIl as during rejection eplsodes or whenever 

warranted (see Appendix 1). The most important of these medications were the analgeslcs and 

antibiotics. 

During the first week after surgery, analgesics such as levorphanol tartrate (Levo

Dromoran®, 0.6-1.0 mg twice a day; Hoffmann-La Roche Ltd.) or meperidine hydrcchloride 

(Demerol®, 50 mg three times a day; Winthrop Laboratories) were administered 10 order to 

control any discomfort experienced by the animaIs. In addition, small amounts of 

acetylsalicylic acid (100-200 mg twice a day) were given to the animaIs during the recovery 

period, not only for its analgesic properties, but also to minimize the risk of blood clottmg 

within the allografts as a result of surgery. 

Antibiotics in the fonn of Penlong S® (150,000 lU benzathine pemcillin G, 150,000 lU 

procaine penicillin G, and 375 mg dihydrostreptomycin sulfate, Rogar(STB Inc.) once a day, 

and netilmicin sulfate (Netromycin®, 35-50 mg twice a day; Schenng Canada Inc ), were 

administered during surgery, as weIl as during the 7-14 d postoperattve recovery penod. In 

cases of allograft rejection, these antibiotics were given dllring the cour'le of actlve rejectlon 

and recovery. If the allograft sustained significant damage as a result of lmmunological 

processes and remained structurally unstable, one or bath of these antl biotlc~ were 

administered over a prolonged period of time, as was warranted (see Appendlx 1). Analgeslcs 
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and antibiotics were also given to animaIs that donated tissue and which were allowed to 

recover from surgery. 
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II. Electrophysiology 

A. Preparation of the Animal 

In preparation for electrophysiological testing of the flaps, each animal was sedated with 

ketamine and xylazine (see Methods, Section LB.) and transported to the laboratory. The hair 

on the experimental arm was shaved and detailed photographs were obtained of the hand. The 

animal was intubated and allowed to breath room air. It was place:i on its back 111 a position, 

such that its head and chest were slightly elevated with respect to the pelVIS and lowcr limbs. 

An IV catheter was inserted into the femoral ve1l1 and the ane~thetlc agent was slowly 

converted to sodlUm pentobarbital. As previously described, IV fluids and prophylactic 

antibiotics were administered. Body temperature, electrocardlOgram, blond gases and 

electrolytes were monitored, while taking measures to ensure that the parameters were 

maintained within the nOffi1al physiological range for baboons. 

Using clean surgical technique, an 8 cm incision in the skin of the lower ventral or dorsal 

forearm allowed isolation of the median, ulnar or radial nerves proximal to the site of surgical 

repair. As shown in Fig. 3, the edge of the skin incision was sutured to a brass supporting nng 

using continuous stitches wHh OO-silk suture material. During the construction of this 

'recording weIl', the nerves were kept moist with warmed (37 OC) saline (0.9% NaCI). The 

recording weIl, once complete, was fllied with saline. The entire fOlcarm wal, placed into a 

mold fabricated from plasticine and the upper arm was eaher lInmobihzed wlth a clamp on the 

humerus, or prevented from moving sigmficantly with the use of a bra:'l~ bar overlymg the arm 

at the elbow. Two thic: ~rass pins were also used to hold the radius and ulna flxed in pO'iltion. 

A small plastic platÎorm was placed under the nerve to he stu:hed in order to provlde a working 

surface for microdissectIOn. The saline III the pool was replaced wnh warmed I,liIcon fluid to 

prevent desiccation while providmg electrlcal isolation of the axons to be recorded. A thm 

silver wire recording electrode was positlOned near the nerve with the ulie of a 
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Figure 3 

To record electrophysiolo~ ir l:ib~~JS from axons which served a graft, or normal skin, a 

recording weIl was constructed by suturing l~P ~kih of the lower forearm to a brass supporting 

ring. Warmed silicon fluid was used to fill the weIl, prev":Tlt desiccation and to provide electrical 

isolation of the axons bemg recorded. Vpon microdissection of either the median, radial or 

ulnar nerve, fascicles were carefully cut away and teased into sm aIl bundles and then into 

groups of axons with the aid of a disserting mlcroscope. Each group included approximately 1 

to 4 axons that, when placed upon a sil ver wire recording electrode, could he differentiated by 

action potential size and shape when the amplified signal was viewed on an oscilloscope. 
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micromanipulator (NarshIge). The reference electrode was attached to the edge of the skin 

incision and to the grounded brass supporting ring. 

B. Microdissection and Recording Techniques 

Microdissection of the nerve was perfOl med wnh the visual aid of a surgical dissecting 

microscope (Zeiss). Aftel the connective tissue sheaths of the nerve were opened along a 

distance of approximately 1 to 2 cm, a bundle of nerve fIbers was eut free (using 

microscissors) and stnpped away from the nerve in a proximal-to-dlstal direction with the use 

of sharpened No. 5 forceps. This freed bundle was then lowered onto the dissection plate, 

where it was physically teased into smaller bundles. These smaller bund!es were teased further 

until they contained between 1 and 4 healthy axons, that, when placed upon the recording 

electrode, could he diffelentiated on the basis of their respective AP size and shape as viewed 

with an oscilloscope. Great care was taken dunng the teasing of the nerve bundles to avoid 

unnecessary tenSIOn or stresses to the nerve or teased bundles. 

The recorr1ed axonal signaIs were fed through a preamplifier (WP In~truments) to an 

amplifier (Pnnceton Apphed Research). The sIgnaIs were then sent in parallel to a storage 

oscilloscope (Tcktrol1lx), an audio monitor (Radio Shack), and a computer assisted data 

collection system. Single APs could be identified and counted with the use of a custom built 

voltage discriminator and a rate meter. 

C . Data Collection 

Once a single afferent fiber was identified, based upon its ability to produce an AP in 

response to penpheral tactIle manipulation, attempts were made to identify its peripheral target 

structure, define an RF, measure Hs threshold of activation, study its response characteristics 

as described by its adaptatlOn rate, and to measure its conduction velocity (CV). 
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The axons serving Nonnal skin were sampled from foreanns of baboons havlI1g no 

history of immunosuppression 1·. The flbers which served Nonnal (Experimental), Surgleal 

Control, Allograft (Nonrejcctcd) and Allograft (Re je ct cd) l1s~ues were sumpkd flO111 foreanm 

of baboons whlch were Immunosuppres~ed with CsA and MP. T:IC 111ajonty of axons from thc 

first three of the four experimenlal groups (cxc1uding those from rcjected allografted tissues) 

were sampled 111 the presence of very hlgh le"cb of CsA (ammab #20 and 21, sec Appendlx 

1). 

ln order to maintain c1anty throtlghout this repOlt with r(,"'pect to how axons (and henee, 

data) were hanclIed, several words are uscd consl!-.tcntly alld wlth mlent throughollt the text. 

Not everj axon which was 'dlssected' was considered ta have been 'idenufIed' Only tho~c 

fibers from which a distll1ct individual AP couid be amplified and rerordcd on an mclllo ... rope 

were considered ta have been identiflCd At that pOll1t, priority was glven to tholle axon ... whlch 

served allografted tissue (primarily skin; towards whlch the majority of the experimental lIme 

was allotted). Second in priority were axons WhlCh served autograflcd :-.k1l1, and then tho ... c 

which serveo Normal (Experimental) skin. At no tltne was one submodallty ofaxon~ glven 

priority over anothcr. With these pnontles ln nund, attempts werc made to en~urc a rea!-.onab\e 

sample of axons from Surgical Control and Normal (Expenmental) ttssue:-. Dunng the 

recording sessions, many more axons were idcntifled than tho~e for WhlCh data wa~ recOlded 

For a number of reasons, inrluding the quahty of the amphfled signal, the number ofaxom 

within the teased bundIe, expenmental plIonty, and tlme con~tralJlb, many Idcntifled axom 

were passed over. Of aH the Idenufled axon~ during the cxpcnmcntal penod, only thme for 

which any data was recorded (submodahty, RF, CV, thrcshold of actlV3.tlon, c.;pontanelty of 

firing, et cetera), were considered as havmg been 'sampled' Those fiberc.; for which several, 

* The data presented with respect to this group ofaxon~ was denvcd wtth 

pennisslOl1 [rom the origmal data of Dykes et al., 1984. The!-.e data are mcluded 

for comparative purposes only, and are neither counted a:-, al1lmal:-, <.,tudied in 

Table 1, nor fibers studied in Table 2. 
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or aIl, of the sampling paiameters were recorded were considered to have been 'studied', 

however, dIstinction between the latter two levels of data acquisition is less important. 

1. Identification of Receptive Fields 

Classically, axons serving somatic receptors have been dlvided into two modalities: skin 

or deep. Vanous workers have aiso idcntified different submodaliucs or rcrcptor types (for 

review, see Dykc~ 119831 and Horeh et al. [1977 J). For the purposes of these expenmcnts, the 

deep modality was subdivided into the submodaliues muscle, joint and tendon. Fibers that 

could neIther be IdenllfIed as servmg muscle, joint or tendon, nor actIvated through squeezing 

or otherwlse compressmg overlymg foids of skm with smooth-tJpped forceps, but nevertheless 

appeared to serve suocutaneous structures, were simply calleel Tap. Generally, axons cla~~ifïed 

as Tap gdve one or Iwo Impulse'i lI1 responsc to taps on the ~klI1 surface WIth a blunt probe. 

The axons whlch ~erved skin were subcllvided 1I1to two submodahtle~ which retlected the 

respol1se propcrtle~ of receptors found in the )km: lapIdly adapting (RA) and slowly adaptmg 

(SA). As weil, axons whIÇh serve el thermorcceptors were recogIllzcd by their charactenstic 

spontaneous acuvlty and their response to wanned or cooled metal objects placed on or near 

the skm surface. NOClCepUVC axon~ were Idcnuficd a~ those flbers respondlng to potentially 

damaging (usually punctatc) stimuli to the skln or to an extremely hot Item (~;oIdenng lron) held 

approxlmately 1 mm or more above the skm ~urface for a few seconds. StITnuli comparable to 

those used to Idenllfy noclceptIve fibcrs proeluced the feeling of tolerable pam when apphed te 

oneself. If no RF was Identifled, the flber was left unclas'iifIed, or was logged as unknown. 

When a single fIber servlng skm was isoluted, It wa) characterized as to It) submodality 

either by tactile manIpulatIOn or WIth the aid of hand held biunt glass or metal probes If there 

was still a questIOn a~ to whether the response was RA or SA, a small lead welght or slmilar 

object capable of exerting a steady pressure was placed upon the RF. A sustamed train of APs 
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lasting longer than several seconds after the object had stabilized was considered an SA 

response. If the submodality was stilluncertain, the axon was loggeri as question able (?). 

The outlinc of the cutancous RF of the axon was defined carefully WIth the use of a 

commercially avmlable Wcinstein-Semmes (W~S) pressure esthcSlOtnctcr (a modern nylon 

monofilament substitutc for the classical Von Frey han, Stocltmg) dcsigned \0 at-1ply a punctate 

tactile stllnulus of apploximately 5 g lsce bclow). Smcc the apparent RF ~ize changc'i wllh the 

applied force u~ed to map the RF [Johansson, 1976], normalll:atlOn of the field ~Ize wa'. 

attempted through the use of this standard stimulus. This ensured that freshly IIlnervated RF~, 

or those in skin of differing textures or structure were mapped in a manner comparable to the 

rest. 

2. SampIing Thresholds ofAxonal Activation 

The sensory threshold of a nerve fiber, for the purposes of these experiments, was 

defined bv the least forceful W-S monofilamcnt that cou Id elicit one AP uer stimulll~ when the 
• l 

free end of the monofilament was delivcred to the mmt sensltlve pOInt of the RF. The probe'i 

used to test thls 'threshold of aCtIVatlOn' conslsted of W -S mcnofilaments of dlfferent cahhcf' .. ; 

each attached to ngld plastIc handles. An array of twelve of thcse probc~ were IOdependently 

calibrated on four occasions by three persons over the period of 7 mo, uS1I1g a sensitive 

mechanical balance (Mettler). The probes were calibrated In turn, by apply1l1g each 

monofilament to the pan of the balance, as described by others [Levm et al., 1978, Werner and 

Omer, 1970]. The plastic handle was he Id horizontal to the balance and the monofilament wa~ 

maintained perpendlcular to the pan surface with ilS free end re~ting on a plece of rubber glove 

placed in the center of the pan in order to aVOld ~lippage. It is important to note, that the prohell 

were held in a sunilar manner when te~tHlg each RF, slI1ce the force exertcd by the probe 

depends largely upon Its angle of applIcatIon (see below). When slowly applying the probe, 

the mass ll1 grams which produced suffident force to initiate a bow (first-order buckhng) in the 
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monofilament was recorded as the grams force (GF) for that monofilament. The average GF 

obtained for each probe was then the empirical value asslgned to that monofilament. The 

monofilaments delivered GF values ranging from 6x 10-3 g 10 approximately 6.9 g. The 

assigned G F val ues for each of the twel ve probes arc shown at the bottom of FlgS. 13 and 14. 

Although the manufacturer's marklllg (M) on each probe records t!lC logarithm of 10 

times the force 111 milhgram~ requircd ta bow the monofll.lll1cnt al tim" uf fabrication [Levin et 

al., 197X J, Il was prcfcrred to u~c the measurcc\ GF value since the pIObes wcre not recently 

purchased and showcd signs of wear. By Il.~aSunng the GF In this fashion it was apparent that 

M values were no longer a valid representatlon of the probe's characteristlcs and that the 

ordered s~quencc of the probes based upon thelr GF values had changed; probe 3.61 came 

before probe 283 on an increasing seule of GF (sec Figs. 13 and 14). In the presentatton of 

these data, the values for the probes were hnem'ly ,manged along the abscissa and labelled 1 10 

12. The GF and M values were also stated for each probe. It is important to note that 

limitations exist 111 thlS presentatIOn Since probes 1-3 were very sirmlar in value, as were 

probes 4-6. Whenever possible, the RF was sampled using the array of W-S monofllaments in 

an ordered fashion from 12 to J or vIce ve, sa, until the probe which elicited apPlOximately one 

AP per application was chosen. The value of this probe was taken as the threshold for that RF. 

In cases where the threshold seemed ta lay between probes, the probe of larger GF value was 

choseo. 

The W -S monofilaments work by buckhng 111 an elastic manner at a critical force [Levin 

et al., 19781. Although the force approaches a plateau as the nylon monofilament begins to 

bow (first-order buckling mode), it continues to grow with further bending such that 

approximately three times the force would be required to enter the S-shaped second-order 

buckling mode [Levin et al., 1978]. The force is also dependent upon the angle of contact with 

respect to the skm surface. Thus the calibrated GF values which were empirically assigned, 

represent only a value around which the actual thre~hold values for the axons n11ght have 

tluctuated. The OF values for the probes were considered to he ordered noncontinuous 
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variables. The increment in GF values for the probes was nonlinear and approxllnated a power 

function (y = bemx where b = -5.0649 and m .::: 0.6024; correlatIon of 0.9621) In addition, a 

large range of mcrhanical properties in the tissues testcd may have l'Ontnbllted to the wlde 

range of thresholds Ob~Cl ycd. For example, rejected allograftcd glabrous skll1 containcd 

surfaces ranging from ~oft and mOlst to city and cncru~tcd (sometlIne~ witlun the sa me RF) 

Henee, the histogram bills 111 Figs. D and 14 repre~cnt only an approximatc thre~hold for the 

receptive fields tcstcd. For ail of the~c rcaso'1S, and Hl some cases becall~C of <;mail <;ample 

size, the data obtalned for thresholds. ofaxonal actlvatlon was not opHmally atllcnablc tn the 

applicatiOn of parametnc stati:-.tieal tests. The Mann-WhItney U -test, winch docs not depend 

upon assumptions about a nonnal distribution, was considered appropria te to detennine the 

statistical signifIcance of the data wHh the recogniuon that the OF values were ordered 

categories [Moses et al., 19R4]. 

3. Studying Axonal Response Characteristics 

The responses of some cutaneous mcchanosensltive afferent tibers to precisely controlled 

tactile stimuli were viewed on an oscilloscope and recorded by a computer. Stimuli werc 

applied to the most senmive spot wnhin the RF uSlI1g a pla~uc probe \)Iith a tIp dlllmeter of 0 X 

mm, controlled by an electromechanical transducer 1 Chubbuck, 19661 caIJahle of dehvenng 

displacements of up to 2.5 mm with an accuracy of 0.5 Ilm The maxImal rcspomc of ' ,le 

stimulator was mdependent of frequency up to 40 Hz, but fell at ·40 dB/decade at hlgher 

frequencles [Dyke~ and Ter LÎs, 19791. 

In the case of RA fibers, data were obtall1ed from responses to ~1I1u~01dal ~klll 

displacements using up to 10 frequenclcs spaced approxln1ately equidistant on a loganthmic 

scale; betwecn 2 and 200 Hz. In order to mechanically wmulate thc.,c fiber~, the .,uIDlilator 

probe was posiuonect just above the skm surface. A step of 1 s durauon and approxlmatcly 125 

~m amplitude brought the stimulus probe onto the skin. A sine wave wa') mitlated 300 ID\ later 
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and lasted for 500 ms. The amplitude of the step indentation and the superimposed sine wave 

were adjusted from fiber to flber, to that value which gave an optimal response across a vruiety 

of frequencie~ The luning pOint at each frequency was defined as the minimum peak-to-trough 

amplitude of the sine wave that caused the fiber to fire one AP for each cycle of the sinusoidal 

stimulu~. The collection of these points plottcd on a frequcncy versus alnphtude graph were 

referred to as the tuning curve for that fiber. The parameters (t-ntrainment frequency and 

stimulus amplItude) defimng the lowest point of the tuning curve gave .ln indication of the level 

of mechanical senSIUvlty for the RF; ~ometlmes referred to as the vibraI ory threshold. 

For SA flbers, the controlled stimulus paradigm consisted of sets of up to ten identical 

skin displacements (trapezoid wavefonn, 30 m~ nse time, 1.5 s duratton) of a given amplitude. 

One stimulus was dehvered every 7 -12 s, allowmg time for mechanoreceptor recovery. At rest, 

the probe IIghtly touched the sklll surface with no visible deformation or alteratlOl1 in 

spontaneous act vit y (when present). For each axon charactcrized, a range of stimulus 

amplitudes (the cxperimental vanablc) from 0 to about 1 mm was usually covered in 5-10 

steps; each step represented by a data set of 5-10 responses to the same stimulus. A typical 

stimulus·response (S-R) curvc was constructed by plotting the anthmetic mean of the number 

of APs which were ehcued during the fIr~t 1 s of stimulatIon for each data set, and then 

connectll1g the~e pOll1ts to fcrm a line. When plotting both the RA and SA curves, the error 

bars were excluded to simphfy the presentatIon. 

4. Sampling Conduction Velocities 

Attempts were made to deterrnine the CV of each identified axon which served skin. Just

threshold electrical stimulatlOn was apphed under the skin surface in the center of the RF (if 

one was identifled) usmg electrodes constI ucted from insect pms. The CV of the axon in 

mcters pa second WdS calculated from measurements of the latency and distance travelled by 

the AP from the peripheral site of stimulation to the proximal site of recording. The CVs for 
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Normal skin (from the original data of Dykes et al. [1984]) were sam pied in a manner ~imllar 

to that for each of the other groups, except that the recording weB was lœated more proxIIl1ally 

on the forearm. 

For the sake of clallty 111 prcselHatioll, CV values were classlfied on the ba~l~ of whClhl'1 

the RF(s) was ln glabrous or h~lIry SklIl. PrevlOusly pubh~hed data sugge~ted that tlm was a 

more meaningful division than dlvichng them on the basls of the nerve 111 WlllCh they travelled, 

or whether the RF and/or nerve was found dorsally or ventrally. Secondanly, the vall\c~ wcre 

grouped on the basis of the 'type' of tissue they served: Normal, Normal (Expcnmenlal), 

Surgical Control, Allograft (Nonrejected), or Alloglaft (Rejected) On a tertlilry lcvel, the 

values were subdivided mlo categones of RA or SA fibers on the ba~l'> of thelr rate of 

adaptation to natural stimuli apphed to the center of ùlelf RFs 

In order to ~imphfy the presentauo \ of the data, and to make the numbers more coherent, 

the mean and median values for the conductIOn velocity samples are placed ln the figure legend 

on the page f::cing the figure. It IS believed that this is a more effiCIent presentation of the data, 

rather than having addition:ù tables which would be set apart from the figures. 

5. Identifying Muscle Innervation 

The innervation of the intrinsic musculature of the allografted hands was verified through 

the study of motor neuron activation by means of electrical stImulation of the median or ulnar 

nerves. Large bundies of axons were scparated from the mtaet nerve at a loc~llion di~t Il to the 

site of sensory testing. Each bundle was mounted, in tum, onto a sIl ver wlre stHllulat1l1g 

electrode and recelvtd a tram of stimulating pulses (0.1 ms dllfatIon, 05 Hz). 

EMG responses were recorded dlfferenually from a pair of 25 /lm teflon-ll1,>ulated ... Ilver 

wires. The flrst 1 mm of insulation was removed from each end of the ~hort wire", and one 

end of each wue was Insertcd through the skm of the palIll of the hand into the bclly of a 

muscle, using a hypodennic needle as a guide. The reference electrode was m~crted IIlto the 
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tissues of the volar aspect of the wrist. Other electrodes were inserted into the thenar and 

hypothenar eminences as weIl as int0 each of the lumbrical muscles. The free end of the EMG 

electrode was connected to a differential amplifier and filtered signaIs were monitored on a 

storage mcilloscope. 

The intensity of transfascicular stimulation was slowly increased from 0.1 V until the frrst 

EMG was observed (defined as threshold; typkally around 1-5 V). The intensity of stimulation 

was further increased to activate more fibers within the nerve bundle. The stepwise increase in 

amplitude of the elicited EMG was interpreted as 'motor unit' recruitment. Observations of 

gross movements of muscles al\dlor body parts were also documented. 

J 

J 
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III. Histology 

To prepare the experimental tissues for light microscopy, the animal was deeply 

anesthetized with sodium pentobarbital and then euthanasia was performed through 

intravascular perfusion with 0.9% saline, followed by 10% ncutrai buffered formahn. The 

forearm was excised and immersed in ltlOre buffered formalin for storage. After adequate 

fixation, skin and nerve samples were removed for histological examination. 

Specimens of skin were eut into cuLes which measured approxlmately 1 cm3 and 

contained a profile of epidermal and dermal tissues. Sorne blocks were embedded in paraffin, 

while others were further processed in Winkelmann's fixative [Winkelmann, 19601. The 

paraffin embedded tissues were blocked such that 6-8 !lm sections couid be cut perpendlcular 

to both the skin surface and the epidermal ridging pattern. SeriaI sections were mounted on 

glass slides and stained with hematoxylin and eosin (H&E) or were sil ver impregnated with 

the method of Sevier and Munger [1965j. Alternate sections of a sel;es were also prepared 

using H&E and the periodic acid-Schiff (PAS) reaction, or using PAS and the Sevier-Munger 

silver technique. The Winkelmann-processed tissues were frozen, eut into 100 Ilm sections 

using a sliding microtome, and then impregnated with the sil ver method of Winkelmann. 

Specimens of neIVe were excised and embedded in epon plastic and cut Into sen al 

semithin sections (approximately 1 !lm) with the aid of glass kmves and an ultramlcrotome 

(DuPont). The sections were mounted on glass slides and stained with methylene blue. 
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1 v. Analysis of the Significancr of Data 

In the pre-;entation of the dectrophy~iological data, the figures are consistently structured 

with the expcnmental groups organized to depict the transition from Normal to Normal 

(Experimental), Surgical Control, Allograft (Nonrejected), and finally, to Allograft (Rejected). 

This arrangement reflccts the undcrlying hypothesis that consecutive steps from one 

experimental group to the next - from Nom1al through to Allograft (Rejected) - involves an 

increased degree of tIssue malllpulation, Normal skin was not surgically maniplliated, Normal 

(Experimental) ~kit1 supported some fibers which were close to surgicallIlcisions, Surgical 

Control ~kin consi~ted of NVFFs Wh1Ch were replanted (uslllg microvasculaI anastomoses and 

nerve repair) to their original histocompatible tissue bed, while allografted NVFFs were 

transplanted to an alternate h1~toincompatible tissue bed and wtthstood various degrees of 

tissue necro~is as a rc'mIt of immunologlcal processes mounted by the host animal. 

Statistical analysis of the data was performed using the se experimental groups. Samples 

were compared in a pairwlse fashion between groups or between categones within a group. To 

aVOId problems related to the fact that the observations were sampled from populations which 

may not have been normally distnbuted, or that the observations were not independent, 

nonparametnc analysis were used whenever possIble. 

Two samples were determined to be derived from populations Wlth sigmficantly differen' 

statistics of locatIon (SOL) through the use of the Mann-Whitney V-test (as described by 

Sokal and Rohlf [1981], and performed with the software package StatView 512+ ™ from 

BrainPowcr, Inc.); the term 'location', describing the position of a sample along the abscissa 

îepresenting a variable. The Mann-Whitney V-test lS based upon the sum of ranked unpa;red 

observatlOn~ and 1S the nonparametnc versIOn of th,;: two groups unpaircd t-test or analysis of 

vanance, however, the null hypothesis is not con~erned with specifie parameters (such as the 

mean in the case of analysis of variance). Instead, descriptive statisttcs slIch as the location and 



distribution are ernphaslzed. Arithmetlc mean, median§, and mode of the samples will abo he 

discussed and cornpared when appropnate. 

Tested in this rmtl1ner, two samples were determined to he derived from populatIons with 

significantly diffcrent SOL when the probabIlity of similarity of locatIon, or the Bull 

hypothesls, was rrjected (not accepted) wlth a siglllficance level of 5()'/1 or le<;~ (P <;;; ()'()5) 111 a 

two-tailed test. Thal IS to say that the Iwo ~arnples were detcrr11lned to be slgnlficantly 

different, when, as a res\1it of chall::e alone, there was a probabllity of only 5 (or lc~s) out 01 

100 that they came from populations having the S3me SOL. The word 'rnoderate' wa" re<;ervcd 

to describe dlfferences in sample SOLs WhlCh were not shown to be statlstlcally slgniflcant at 

5% in a two-tmled test, but for whlch there was a slgnificant ~hift (P < 0.05) in SOL to hlgher 

or lower values as determined by a one-tailed test. 

In order to be conshtent WIth the lit~rature, sorne statistical cornparisons were made 

between combined (Total) samples of axons, even though the Total sample inherently served a 

rnixed population of mechanoreceptors. For example, data from sampled axon~ whH:h ~crved 

glabrous skin were cambined with data From axon~ which served hairy sk1l1 In order to denve 

a Total sample in a given experimental group (or skin condition), for companson WIth Total 

samples from other experimental groups. 

In the case of the thresholds ofaxonal actIvation, the observations were sampled wlth the 

use of monofilaments for which empirical values were assigned Even though the ~ampled 

variable was noncontmllom and lts increment was llonhnear, the faet that lt (on~l"ted of 

ordered categones rendered the data amenable to nonparametnc analysl~ wllh the u"e of the 

Mann-Whitney V-test IMose" et al., 1984]. Another advantage of the u~e of thl~ te,>t 1" that, 

§ In nonparametIlc distributlons, sometIme~ the medIan 1" a more 

representative measure of location than the anthmeuc mean, ~ince the mean WIll 

tend to be nonnally distnbuted even If the ongmal data l~ not (a comequence of 

the central hmIt theorem), and the mean is markedly affectcd by outlYlng 

observations whlie the merhan is not [Sakai and Rohlf, 19811. 



through its design, lt is capable of rendcring comparisolls between samples wlth very small 

sample sizes; tabled critical vallle~ are cited for tests wherc nI = 3 and 112 = 4, and sigmficant 

differences (P = 0.05; two-talled test) can be found bctwecn two samples with eaeh sample 

having n = 41Rohlf and Sokal, 19811. Throughout thiS report, althollgll statistlcal significance 

was stated for comparisons between samples of small sample sizes, conservative judgement 

was exercised when making comparisons between experimental groups on the basis of these 

tests. 

On a cautionary note, it is important to realize that the Mann-Whitney test statistic, 

although sensitive to location, is not very sClsiri','e to sample distribution. Therefore, 111 order 

to differentlate samples denved from populations having similar SOLs but different 

distributions, the nonparametnc Kolmogorov-Smirnov two-tailed test was uscd (ns descnbed 

by Sokal and Rohlf [1981], for small samples, or, as described by Siegel 11956]. :l.hl 

perfonned wlth the software package StatView 512+™ from BrainPower, Ine., for large 

samples). The Koimogorov-Smirnov test is less powerful than the Mann-Whitney V-test with 

respect to differenees 111 sample location, however, the Kolmogorov-Smimov tests differenees 

in both shape and location of the distribution and is therefore a more comprehensive test [Sokal 

and RohIf, 1981]. 

Unless mdlcated otherwise, the probability values stated throughout the text are those for 

the Mann-Whitney two-tailed test when comparing SOL, or for the Kolmogorov-Smirnov two

tailed test when comparing sample distributions; as derived from the statisticai tables of Rohlf 

and Sokai [1981 ]. 



RESULTS 

1. Allograft Survival 

After expenencc 111 managing the allografted tissues was acquired, and wlth adcquate 

immunosupprC~'ilOn protocols in place, long-tcrm survival of allograftcd lIpper-c"\trcmlly 

primate tissue wa~ achlcved (see also Egerszegi (19901 and Skanes 1199(1) /\ .,ummary of the 

Olltcome of the'ie effOI1~ IS presented III Table 1 Twelve allograft<, were attemptl'd (X TNVI·F.., 

and 4 HTs). The longest <;urviving allograft wa~ the TNVr'F C<Œned hl' alllmal # II, wlllch 

sllrvived untll 411 d aftcr surgcry; at winch ume the tI~\lIe'i were \lIl glca Il y rcmowd t 10111 the 

host. As weIl, three autografted NVFF~ were performed as ~urgICal control... to the TNVrh 

A detalled synop~ls of the course of survlval for each of the allografted and alltografted 11~!lue~ 

is outhned III Appendlx 1 

Of the l'lght TNVFFs attempted, ~even survlved for a penod longer than 3 mo Three of 

these allografts (calTlcd hy anlInals #17, 20 and 21) rematncd III excellent conditIOn for a 

period greater than 4 010 The TNVFF on 02 of ammal #21 l~ deplcted III h!l 4B, a.., Il wa.., 

seen at 193 d after ~urgery. The TNYFFs of afilmals #20 and 21 wère u~ed at approxlmately 6 

mo for electrophyslOloglcal and hlstologlcal !ltudlcs At the urne of ekctrophY\lOloglcal 

recording, the~e latter two allografts showcd httle outward 'ilgn of hav1l1g undergone procc..,..,e" 

of rejection throughout the duration of thelr survival It 1 ~ for thl~ rea\on, that the data oht:uncd 

from the~e tl~sues wa~ comldered as havmg been denved l'rom 'nonrcJl:cted' tl"..,lIe." evcn 

though hilcr hl~tologlCal analY!li, revealed that ev ~n the~e tls~lle~ expcncnccd ~ome dcgrec of 

epidennal ero~lOn pre<;umably as a rc!\ult of Immlll:dJogical proce»e~ ()cc fig. 7C) The 

nonreJected aJ\ogr:lft~, although harve~ted at approxllnately 6 ma, prc~urnahly muId have 

survived for prolonged penods of time. 

For the purp()~e" of tlm report, allografted tissues whlch lInderwent one or more 

substantial eplsodes of reJectlon whlch led to wldespread tIs~ue necro)l~, Will he referred tn a' 

'rejected' tIssues, whether or not the tissues were re~cued and maintallled thcreaftcr ln a ~tahle 
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Table 1 

In this summary of the transplantation results, each animal which was utilized is 

represented a~ a number fr ''11 1 to 21. Each animal's genetic compatibility is identified as either 

hemg unknown (randomly acqUlred through Charles River Canada, Ine.), or tissue typed 

(selectlvely obtal!1ed from the Southwest Foundation for Biomedical Research). The tissues 

w!l1(:h were uulIzed from each ammalls ~tated under the heading Surgleal Procedures; donor 

and reclpient animai" are IdenufIed. Brief descriptions of the course of survival of the 

allografted tl~'1ue<; are listed In the column labelled Evidence of Rejection. A descnptive and 

more detmled acwunt of cach case hi~tory can be found in Appendix 1. Tho~e tissues for WhlCh 

thac wa,> no vl<,lhle Illdications of rejectlOn at the time of electrophyslOlogical testing were 

consldered nonrejectcd, even though later hlstological examination showed sorne epidermal 

croslOn hy mfiltratll1g mfL.lmmatory cells. The column entitled Expenmental Status gives an 

account of the length of survlval of each of the allografts (each graft representmg an 

expcnment), as weIl as the electrophysiologlcal tests (if any) WhlCh were performed on the 

l1~sues prior to harvestlllg. Abbreviation: NA, not applicable. 

j 



Anonal GeneUc Surglcal Procedures EVidence of RCjcclion I:~peruncnlal SIIIIII Numbcr CompaUblhty 

Unknown Pilot study, design NA NA 

2 Unknown Replant and design, NA rmnmated 6 d ancr surgcrv, 

donor 10 113 delemuned a 5urgl~1 sucecs, 

3 Unknown TNVFF reclplcnt from #2 Early, eXlremely rapld 1 ClTIlinatc,l 20 "afier surgery 

4 Unknown Donor 10 115 NA NA 

5 Unknown TIIIVIT retlplcnt from 114 Early, 4 wk durallon lcnnmatcd 161 daner ~urgcry, 

SC./lSory \.eStlOg 

6 Unknown Donor 10 tri NA NA 

7 Unknown liT reclplenl rrom 116 Intemllucnl, mild, fmal epUiode m· Tcmllnated 311 d arter .urgery, 

volved acute vasclilar complications scnsory and motor \.eSung 

8 Unknown Donor 10 119 NA NA 

9 Unknown liT rcclplcol (rom 118 Early, eXlremely rapld 1 mnmatcd 26 d after ~urgery 

10 Unknown Donor 10 #11 NA NA 

11 Unknown TNVFF tcClplcnt from 1110 Alapproxlmately 3 5 mo for 6 wk fcmunatcd 411 d arter lurgery. 

dura lion and reoccurrcnœ at 8 mo scnsory leaung Il 211 d 

12 Unknown liT donor 10 1113, At approxlmately 1 5 mo, ItI'cvCfSlble Temllnatcd 71 d afier sUfgcry 

reclplcnt from 1113 

13 Unknown liT donor 10 1112, At approxlmately 2 mo, 4 wk durallon 1 cnnmatcd 188 d aftc"urg,ry. 

reclplcnt [rom 1112 sensory and mOII)! tc.tml( 

14 Unknown Donor 10 1115 NA NA 

15 Unknown TNVFF tcClplCOI [rom 1114 At approxlmately 2 mo, chrome lcnnmatcd 147 dafter~urgcry. 

serUiory lCblmg 

16 Typed Donor 10 1117, donor 10 1120 NA NA 

17 Typed TNV"'" reclplcot from 1116 Mlmmal VISIble mdlcauons fcrmmatcd 141 d after surgery 

18 Typed Donor 10 1119, donor 10 1121 NA NA 

19 Typed TNVIT rcclplcnt from 1118 At approxlmatcly 1 5 mo, 4 wk duratlon Dlcd 121 d after ~url(cry 

20 Typed TNVIT reclplcnt from Il!6, Minimal vIsible mdlcaUons 1 ennmatcd 193 d arter ~urgcry. 

CNVF'" ~erUiory lCStlng 

21 Typed TNVFF reclplcnt [rom 1118, MinimAl vIsible mdlcauons 1 ennlOatcd 196 d arter .urgery 

CNVFF sm,ory lCSung 
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Figure 4 

Long-tenn survlval of nonrejected primate allografted composite tissues. (A) A complete 

HT (animal #7; right hand), as seen at 296 days after surg~ry. The arrows indieate the zone of 

transition between allografted and ho st tissues. The size discrepaney seen between the 

allografted hand and the hmt's foreann was 111 part a re~mlt of the surgie al shortening of the 

hones of the fnreanll at the tIlne of ~urgery to allow for proper tendon repalr, as weIl as muscle 

atrophy in the hand. (8) TNVFF of the 1I1dex finger along slde an autografted fourth finger 

CNVFF (anllnal #21; nght hand) as seen at 193 days after surgery. The index finger 

pigmentation JI; rcprescntatlve of the donor animal. 'The line of transition between the allografted 

~km of the TNVFF and host skm can be seen running perpendicularly between the two white 

marks supenmposed upon the photograph. Relative scltle is similar to that in Fig. 6 and 12. 

(Reproduced, wlth permission, from Samulack et al. [1988]. Copyright © 1988 by Grune & 

Stratton, Ine.) 
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Figure 5 

Long-tenn survival of rejected primate allografted composite tissues. (A) A complete AT 

(animal #13; left hand) as seen at 132 days after surgery. The arrows indicate the zone of 

transiuon bctween allografted and host tissues. (B) TNVFF on the index finger (animal #1~; 

right hand) as seen at 103 days after surgery. In both cases, note the stnking lack of 

pigmentation as a result of the sloughmg of glabrous epidermis wh=r:h occurred during the 

rejectlOn epi~ode(s). As weIl, note the swelling in the tissues which was suU present several 

weeks followmg the reversaI of a severe rejecuon episode. Relative sc ale is similar to that in 

Fig. 6 and 12. (Reproduced, with permission, from Samulack et al. [1988]. Copyright © 1988 

by Grune & Stratton, Inc.) 
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state for a prolongcd pcrjod of Ume. On the basis of overall tissue disruption, two allografts 

(carried by animais #5 and 7; TNVFF and HT respectively) were consldcred to have 

undergone minor cpl~odc~ of leJcctIon which lcd to a mild degrec of tissue ne-crosls. The other 

allografts (carried by anIl11ab #3, 9, Il, 12, 15 and 1 Y) which expericnced substantIaI tissue 

dlsruptlon, were con~idercd as severcly rejectcd llSSUCS. The TNVFF shown in Fig. SB 

(ammal #15; a~ seen at 103 d after surgery) was Icpresentatlvc of allografted tlsslles which had 

undergone a maJor eplsode of rCjcction anù survived long-term in a stable condition. 

Of the four HTs attempted, each experienced somc degree of tIssue rejec:tIon, however, 

two survived for 6 mo or longer. The longest ~urviving allografted hand (Fig. 4A; carried by 

animal #7, as seen at 296 d after SUl"gery) underwent a senes of minor rejection episodes. 

Initially thesc eplsodes produced oIlly mild tIssue dlsruptlOn, howcver, the allograft finally 

succumbed to vascular compromise and was lemovec;i on postoperative day 311; after sensory 

and motor testing. The second HT Whlc:h sUlvived long-tcnn (Fig. 5A; carried by animal #13, 

as seen at 132 d after sUl'gery) undcrwent a major rejection episode and sustained severe tissue 

disruption. In this latter ca)t\ and in other cases where severely rejected tissues survived long

term, the duration of the rejection period was curtailed by increaslI1g the level of 

immunosuppresslOn (see Methods, Section 1.C.2.). The allografted tissues carried by ammal 

#13 survived and were mamtamed m a stable state until day 188; at whlch time sensory and 

mator testmg werc perfonl1cd and the tissues were removed from the ho st. 

Two of the allografts (carned by animaIs #3 and 9; TNVFF and HT respectively) 

underwent major reJ~t.. l "Il episodes withm the flrst 2-3 wk after surgery. The clrcumstance~ 

which led to a sllIge 111 the immunologie al response and severe ncclOsÎs of the tissues were 

likely the result of 1I1~ufftcient pcrioperatlve Immunosuppression of the host. Each of these 

latter allografts were removed wlthll1 1 mo after surgery, either in response ta the irreversible 

nature of the nccrosis, or because of persistent infections acqUlred subsequent to the tissue 

damage. 



A. Synopsis of Skin Transformations 

1. Alterations Rclaled to Surgical Intervention 

On the basis of patent circulauon, aIl of th\! autografts and allografts which were 

performed were judged 1.0 be surgIcal successes. This I~ not to indicatc that certam aspects of 

surgery or the surglcal desIgn dld not contnbute to the demIse of uny of the allografts, 

associated tissues Of components. For example, the nail and nail bed were not removed m the 

early TNVFFs (animais #3 and 5) and this may have led to the demi se of these ho~t tissues as il 

result of necrosis due to poor blood cIrculation. 

Other tissue transformations were abo observed to take place dunng the fIrst week after 

surgery. For example, reddish undertones in the proximal volar hairy tissues of the HTs were 

a cornmon occunence. In one of these instances (animal #9) the tissues of the volar wn,t 

transformed from their normal beige or light brown appearanee (often wllh a bille undcrtonc, 

characteristic of many nonhuman primates) to become orangy-red and covered WIth clear tluId

filled vesicles, wInch later merged and eventually sub~lded. In other circulmtance~, sIngle 

tluid-filled blisters of vanable siLe occurred on the allografted hairy skm 111 the wcb-space 

between sorne of the digits of ammals #9, 12, 13 and 17. In each of these cases the 

transformatlOns were only observed during the carly postoperatIve penod, and once healed, 

they were not observed to reoccur throughout the course of the allograft's survlval. 

Sorne of thesc observations were parallcled by sirniJar events WhICh took place in host 

tissues of the experimental forearm. In animab #7, 9 and 12, the hUlry tI~~ues of the host'~ 

forearrn, adjacent to the attachment site of the allografted tissues, aho became reddened, 

although the extent and duratIon of the condition was less than for the allografted tl)~uc,>. A~ 

well, the ulnar aspect of the host's forearm of animal #13 devclopcd ~evcr;d clear f1uld-filled 

blisters wIthin the first three day~ of postoperatIve rccovcry, wh de Il too was very ~wollcn 

In the recogmtion of the faet that several days are required te mount an ImPlllnological 

response to allografted tissues if antigenie sensitization had not previoullly occllrrcd (sec 
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Introduction, Section IIl.A.2.), it was thought that these latter transfonnations were the result 

of surgical manipulation. The redness and associated tissue transformations which occurred to 

the hairy skin of the HTs and the host's tissues, in the days following surgery, were likely 

related to Ischemia as a result of Interrupted blood supplies and/or tensIon applied to the tissues 

during and following surgery. In the postopcrative period, swelling of the manipulated tissues 

was common for the TNVFFs, HTs and host tissues. The single blisters found in the web 

spaces and on the host's forearm may have been the consequence of pressures exerted by 

gauze bandag\~s under tension as a result of swollen tissues during the immediate postoperative 

period. 

2. Alterations Related to Immunologie Processes 

At various times throughout their survival, nearly aH of the allografts (except three; 

carried by animaIs #17, 20 and 21)) underwent obvious processes of rejection. At the 

histologicallevel, 'all' of the foreign tissues underwent sorne degree of strucmral modification 

as compared to autografted control tissues. Hence, each of the allografts presented a suitable 

antigenic challenge to the host (see Discussion, Section 1.). In return, the allografts showed 

signs that the host's Immune system responded to the immunological challenge in each case. 

The degree of response mounted by the ho st was curtailed in most of the animaIs by the 

presence of the immunosuppressive drugs administered throughout the study. The amount of 

tissue destruction, and in sorne respects the type:; of tissues which were identifIable as the 

targets of rejection processes, were a reflection of both the Ievel of immunosuppression as weIl 

as the degree of host sensiuzation. A comparison of host responses and a synopsis of the 

patterns of rejection processes observed are summarized in this section. The specifie details of 

the tIming and extent of the rejection episodes for each individuai allograft are outlined in 

Appendix 1. 



,-

()J 

The diversity of behaviors among the allografts of the saIlle model, with respect to the 

patterns of rejection processes and subsequent tissue necrosis, were not much different than 

the di'/ersity observed between the two models (TNVFF ver.\Us HT). In most cases, the onset 

of a primary rejection episode in an allograft eould be identified by lIlcreascd swelhng and 

colour changes in the undertones of hairy skin. This increased swelling and tendency towards 

redness of hairy tissues as a result of rejeetion was differentiated from that seen postoperatlvely 

by their timing and diffuse nature. 

The initial "t'1ges of rejection in hairy skin in,'olved mild tissue disruption whlch resulted 

in the loss of haIr shafts from one or more isolated regions of the allograft. Events wtllch led to 

further structural changes, or changes in the concentration of melanin pigment of the tlssues 

usually occurred in parallel with ongoing rejection processes in glablOu~ sklll (to be de~cribed 

later). However, in at least one instance (TNVFF carried by animal #20), changes \Il 

pigmentation occurred over an extended period of time in allografted hairy skin without visible 

evidence of a rejection episode. 

The emergence of structural changes in allografted hairy skin, as a consequence of 

rejection, revealed itself in many forrns. In most cases (TNVFFs carried by animaIs #11, 15 

and 19; HT earried by animal #13), restructuring of the epiderrnis oceUiTed over a varied 

period of time with little or no breakage of the tissues. The transfonnation was relauvely qlllck 

in onset. with los5 of hair and a shift in pIgment density from the nOffilal ilght brown (wlth 

greyish-blue undertones) to greyish-pink. As weIl, the texture changed from It~ normal 

wrinkled appearhnce displaying widely spaced shallow grooves, to one whlch wa~ rclal1vely 

srnooth. In sorne of these allografts (ammals #13 and 19), where ~mall l~olated l~land~ of 

pigmentation remained, the density of pigment increased \uch that the colour of the holated 

areas of skm were dark brown (almost black); the re~t of the tissues rcmaimng greyl~h-plnk 

The visu al slgns of onset of rejection in halfy skin of other allograft'-, werc more 

pronounced. In one mstance (HT carried by animal #9), in addItlon to the lo\~ of hmr. the mo~t 

superficial layers of epidermis wcre ~hed in patehes on the dorsum of the allografted hand. In 
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another case, isolated areas of the TNVFF (dorsum of 02) carried by animal #5 underwent 

diffuse breakdown a~ a re~ult of mild shredding of the epidermis. Moist orangy-red fmgile 

tissues were revealed mitIally, WhlCh soon healed to become dry and gleYlsh-pink. 

Sub~cquently, the structure of the hairy skin component of the graft was gradually modified 

ovcr a period ot Ume by a contlllucd breakage and heahng of the epidermis. 

The most rapld onset of reJection seen in haITy skin was expressed in the grafts carried by 

anImais #3 and 7. Shreddlllg and sioughlllg of isolated areas of epidermis revealed orangy-red 

underlY1l1g u~sues whlch wcre not wet and in sorne cases had a ~urface which was jdly-h!'e in 

texture. The hmry tJs~ue rnost <;u<;ceptible to rejection of this nature was the transltional skin on 

the lateral m[!rgll1~ of the fll1gers and 111 the web-spaces between tre fingers. It was of ll1terest 

to note that 111 two allografts (HTs carricd by anImaIs #9 and 12) these same arcas of tissue 

underwent sImllar processes of reJection in parallel with extreme glabrous Sklll rejectlOn, while 

littie or no halry ~km on the dorsum of the graft was affectrd dunng the sarn~ rime frame; other 

than that whlch 1I1cludcd ~wellJllg. redness, and lo~s of hair. rhls latter pOlllt suggested that 

transitional ~klll on the lateral m[1Tgins of the fmger:, <:od 111 the web spaces between the fingers 

represented 0. Ussue whlch was not only structurally dlfferent thJ.n caher hairy or glabrous 

skin, but may hllve been 1I11111UnologIcally differem as \\-eH. 

Perhaps due to the nature of the tIssues, rejection epl<;odcs ll1 glabrous skin led to more 

dramatic tlS~ue disruption than that for hairy skin. The thickness of the kelatinized layers of 

glabrous sk.ll1 m,Ide It dlfflCult to recoglllze any redness in t~ e cteepel strata of the tIssues. Next 

to the Indm~ct ~Igm of generalIzed ~wellIng of the tissues and pos~ibJy redness 111 tlle 

transllional skm at the edges of the palm, mild Il1dceratlon of the keratimzed tIssues (especially 

111 the major skm [olds) anLi relaret:! dampne~s of the gal:t:e dressmgs were the flrst signs of 

ongolllg H'jection in f!labr0us skin. If Ide'1~i.flcd earl) , increRsed administration d 

ImmunosuPlJresslve dlUgS quite often helped curtail the exten: ot the d[1Tl1age. 
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In the case of minor rejection episodes, the flrst slgn of recovery conslsted of the drylllg 

of the layer of keratinized glabrou:i skin. If the layer of keraulllzed ossue wa, th1l1 to hcglll 

with, the dried tissues wou Id crack, break-up and be able to be peeled off dunng ~uh~cquellt 

weeks like pieces of itjlg-saw puzzle (animal #11, TNVFP fll1ger tlp) If the keratllllLCd layer 

was thick, the dned tissues would take on a smooth leathery appearance After a couple of 

weeks, the latter tissues were able :0 be delicately pricd off a~ a single 'cap' nf tl~'lle (anlll1ab 

#5 and Il; TNVFF palmar digital pad) In elther c:t,C, the removal of the dned tl~~lle~ rcvealed 

relauvely healthy tIssue" undemeath. In some case~, ndgl!1g pattern.., were cPIl"ervcô. althnugh 

the kcratlmzed layer WhlCh remaincd was ~ubstanttally thlI1llcr. The unckrlyillg tl~"lle" \\-ere 

usually hghter brown than the onginal healthy glabrou" ~kll1 and often had llnplgmented area, 

The pigmentation was \J~lIally \ anablc III den~lty and ~ometlme~ wa.., patch)' 1 •• location Ovcr 

the course of the followlllg WccKS. the mO\alC of lIght pmk and belge plgmented tl""UC.., turncd 

to a more umfonn hght-brown colour. Contmued thllll1lng of keratlllized glabrous epldemlls of 

the allografts carned by ammab #11 and 13 soon Ieft the glabrous surface raw, ewn though no 

single event of sloughmg of Hssue took place 

If the reJection processes 10 glabrous skm were not ldentified early, or If the rate of on~et 

was rapid, a major reJecllon c\f glabrous skin followed As depicted III Fig 6A (TNVFF 

carned by al1lmal #1), ::.lmllar evem .. I)ccurred 10 HTs), although there 'Nas ,wellmg and nlild 

maceration of the edges of the allograltt'd glabrou ~klO and sorne of the !'>urround'ng hml 

tissue!'>, these slgns were only partlally mdu.:atlvL: of the actllal tl,>~ue damage WhlCh had 

occurred. Immechately upon ~oah.ing for a "hort period of Ume usmg ,>tenle aqueoll~ 1 Il hltanc® 

(not necessary In ,t11 ci~ses) the necrotlc glabrous m')ue~ w("re ea~lly peeled flOm the allo!:,'Taft m 

one pIe ce (Fig. 6B). When the slaug!l of tl~~ue was thlck, the lateral extent of U,"ue whleh 

could be peeled usually only mcluded the tissue~ c1assically referred 10 a, glahrou,>; leaving the 

transitional skm lOtac! 1JlIt lI1flarned. If the level at whlCh "loughmg occurred was deep, the raw 

and inflarned glabrous tissues which were revealed were often bnlhant red, "'0 ft , wet, ,mooth 

but pitted in texture, and devoid of ally papillary ridging patterns. If sloughing occurred at a 
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Figure 6 

The allografted NVFF on the index finger of the right hand of animal #15, as viewed in a 

.,ene~ of photographs ~pannmg a 43 day period. The sequence depicts the tissue destruction and 

partlal recovery whlch occurs dunng a severe episode of glabrous skin rejection. (A) At 

pmtoplfativc day 61, the IIldex fmger was swollen. The glabrous skin surface had a lifeless, 

~hIny appearance. The edges of the f1ap and surrounding tissues showed maceration. (B) 

Mll'ute,> lat~r, after a !'>hort penod of ~oaking the hand in aqueuus Hihitane®, the sloughed 

rpldcrml~ cOllld be ea~lly removed JS a slOgle pIcce, to reveal the raw IOflamed tIssues of the 

TNvrr undcrneath The remainmg epIdenms and denms of th\.' TNVFF were seen to be wet, 

soft and pItted 111 texture, and bnlhant red 111 color. (C) With increased Immunosuppression 

(AppendIx 1), the rCJcctIon epIsode was brought under control. The TI-.J'VFF, 22 days after the 

!1<;'me sloughed, had a tough smooth surface whkh was a mosaic of light pink and reddish 

brown c010urs (D) At a ume of 43 days after the tissue sloughed, the TNVFF was still 

,>wollen and WIthout pigmentatIon It became mottled and scaly. It was fragile and susceptible to 

mcchalllcai d.,:nage. The allograft remamcJ in this unstable condition with funher episodes of 

rCJcctIon, until po~toperative day 147 at which ume sensory nerv'e recording was perfonned and 

the expenment was terminate.d by removal of the graft. Scale bar = 1 cm. 
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more superficial level, the tissues which were revealed were pinkish-red in colour and often 

showed sorne resldual papillary ridges. 

If immunosuppression of the host remained insufficient, the rejection processes 

continued Allografts WhlCh were expos~d to prolonged periods of either mild or severe 

rejection proce~~es succumbcd to either infection or vascular compromise leading to 

mummification of the dlgu(s); the latter only occurred in HTs. At the point of time that either of 

the~e two events were underst')od to be out of control, the allografts were removed and/or 

euthanasla of the anImal was pelformed. 

In cases where increased Immunosuppression was able to curtail the progression of the 

rejection episode, further tissue necrosis was minimized and recovery of the allograft ensued. 

For glabrous skin which had undergone sloughing of epidermis, the remaining tissues reverted 

[rom their raw-red condition and soon became dry, pink, and srnooth, but encrusted with 

white flakes of thin keratinized tissues (FIg. 6C and 0). Hairy skin which underwent 

shredding or sloughing also assurned a smlilar condition. 

This state was mamtained for prolonged periods of tIrne for allografts carried by animaIs 

# Il, 13 and 15, as long as sufficient immunosuppresslOn was maintained. If rejection re

occurred (am mal #1 ')), the allograft shed Its encrusted extenor and once again exhibited 

Inflamed reddened tissues. Wah further immunosuppression, the tissues reverted to their 

encruMed state. When adequate Immunosuppression was obtamed, whether or not secondary 

rejection of thls sort occurreà. both the glabrous and hairy tissues of the allograft eventually 

became mIlky-wlllte on the sulface with greyish-pmk undertones. After prolonged survival in 

thls condItion, the tI~sues became extremely fragIle and susceptible to puncture. As weIl, the 

allografts soon lost much of their forrn, and as a result of their swoIlen nature, only major skin 

creases were identifiable. 
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B. Functional Capabilities of Allografted Tissues 

In the maJority of cases, to mmimize the potential for self-mutilatIon. the protecttve 

thermoplastic splint was only removed from the experimental forearnl whlle the anltllal wa~ 

either tranquilized or anesthetized. Due to the curious nature and dexterity of the haboons, 11 

was considered unwise to expose tissues which were potentially denervated (dllnng the flr~t 

three months of postoperatIve recovery), undergoing processes of active rejection, or which 

were unstable (m the recovery phase after rejection), since lt would increa~e the nsk of trauma 

and/or infection of the allograft. The functional capabilities of one HT (am mal #7) and two 

TNVFFs (animais #20 and 21), however, were studied extensively. 

1. Hand Transplants 

The allografted right ha'ld of animal #7 was observed for a period of several hours on 

postoperative day 251, while the animal was allowed to partially recover from ketanunc/ 

xylazine anesthesia. Although hand movements were weak, there was no doubt that tlf'xlon, 

abduction and adduction of the wrist were possible. A sm aIl degree of flexion and exten\lon of 

the fingers was il,:,O observed. Of most importance was the fact that the animal wa~ capable of 

spreading the fingers. The latter observation was the first mdICatlOn that there was voluntary 

control over at least some of the in trin SIC musculature of the allografted hand, and that 

allografted muscle had indeed reinnervated. 

2. Neurovascular Free Flap., 

The forearm splints on animaIs #20 and 21 were removed at approximately 4 mo after 

surgery (animal #20 at 120 d, animal #21 at 123 d). The arnlS remained unsplinted for the 

remainder of the course of sllrvlval for each of the allografts (about 2.5 010). Both the 

CNVFFs and TNVFFs remained intact and in excellent condition during this penod of time. 
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Upon splint removal, apparent curiosity was expressed towards the uncovered extremity 

(sniffing and licking) by the animaIs After a short period of time very liule further attention 

was paid to the experimental site, and the allografted tissues seemed to be accepted as 

autologous tissues. The TNVFF (02) and CNVFF (D4) were used in a comfortable manner 

throughout aIl the daiIy activities (cage swinging, food manipulation, grooming and foraging). 

On occasion, while eating, the animaIs would use the finger with the TNVFF in order to scoop 

out food (yogurt) from plastIC containers. 

In short, there was no apparent loss of function encountered in the use of the CNVFF or 

TNVFF after a suitable recovery period had elapsed and while the allograft remained ln the 

nonrejected state. 



II. Histology 

A. Integument Structure 

For the purposes of histology, the forearm integument of the experimental animaIs \Va" 

considered as two major tissue types: glabrous skin and hairy skin. No parucular empha~i~ 

was placed on the transitional zone of skin at the border between glabrous and hairy ~klll 

Comparisons were made between sampI es of glabrous or hairy skin of each of the 

experimental skin conditions: normal, autograft, nonrejected and rejected allograft. 

1. Normal Skin 

a) Glabrous Skin 

The glabrous skm of the olive baboon, like that of many mammahan specles, was 

characterized by a thick superficiallayer of keratinized ceUs, a disunct epidennal ridging pattern 

and a lack of hair follicles. The epidennal ridging pattern was apparent, upon gross inspection. 

as whorls or patterns of ridges on the surface of the skin, commonly referred to as papillary 

ridges or dermatoglyphic patterns. When parallel papillary ridges were sectioned perpendlcular 

to their axis of orientation, the physical nature of the deep structural elements was rcvealcd 

Each papillary ridge had deep to it a vertically oriented epidennal thickening (the intenncdtatc 

ndge) and was subtended at either edge by what is commonly referred to as the limitmg ndge 

In correlation to (but not a mirror image of) the superficial papIllary ridges, the<;e deep 

epidermal ridges were of uniform spacing, orientation and size (Fig. 7 A). 

The cellular layers of the epldermis were identified on the ba~is of keratll10cyte cell 

morphology (after Ham and Cormack [1979]). The most superfIcial layer of normal glabrou~ 

epidermis contained a highly keratinized zone, the stratum corneum, WhlCh wa<; often thlcker 

than aIl of the rest of the epidermis combined. Nex:, a layer of granulated cpithelium 1 to 4 

cells thick, the stratum granulosum, \Vas composed of roughly spindle shaped cells ahgned 

such that the long axis of each cel! was parallel to the overlying surface (as ~een in hl~tological 
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Figure 7 

Cross-sections cf baboon glabrous skin depicting the structural changes which occurred 

as a result of autografting or allografting. The light microscopie sections were cut approximately 

perpendicular to the skin surface and at a right angle to the epidermal ridging pattern. Each 

frame IS represented at the same magmfication (seale bar = 150 ~m) and spans the distance of 

approximately two epidennal ridges: (A) Normal (Experimental), (B) autograft (CNVFF), (C) 

nonrejected allograft (TNVFF), the large arrowheads indicate areas where inflammatory ceU 

lIlfIltrate caused crosion of the epidermis, (D) mildly rejected allograft (HT), showing thinning 

and megularity of the epldermal ridging pattern, (E) severely rejected allograft (TNVFF), the 

large arrowhead indicates an area of cell proliferation containing large cuboidal epidennal cells, 

(F) severely rejected aUograft (TNVFF), the small arrowheads point to Meissner corpuscles. 

The survival and location of these mcchanoreceptors mdicates that the loss of glabrous tissue, 

as a result of sloughing in cases of acute severe rejection, \\oas primarily epidermis. The 

structural separation of the layers of keratinized epidermis in frames Band C were due in part to 

an artIfact of histological preparation (H&E stain). 
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section). The stratum spinosum involved the bulk of the epidermis, and was composed of 

pleomorphic ~haped ceIls whose confIguration seemed to depend upon their location in the 

cpidcrmal ridgmg pattern. In gcneral, the ceUs of the stratum spinosum were almost circular in 

shape 111 reglOn~ deep to the papillary ridge, vertically ahgned and spindle shaped in the 

intermedlate ridge, and spindle shaped (the long axis of which was parallel to the overlying 

surface) in the limltIng ndge The stratum spinosum ranged from approximately 3 to 10 cells in 

thickness 10 the lumting ndges, to approximately 25 cells of vertical thickness 111 the center of 

the intennedlllte ridge. The stratum gcrm1l1ativum fomlcd the innermo~t layer of eridemlis, 

abutting the basement membrane (basal lam1l1a) at the border where the epidermis met the 

demlis. This layer was approxlmately 1 to 2 ceIls thick and was composed of cells which were 

quite tightly packed In a pseudocolumnar fasillon; the long axis of the cells being perpendicular 

to the basal lamllla. Melanocytes wlthlll the stratum gem1inativul11 of the intem1ediate ndges 

contained a dense packing of melanosomes. These, in addition ta the relative1y ~parse 

distribution of melanin granules III melanocytes wlthm the rest of the basal sU'atum, contributed 

to the dark brown pigmentation of fuiS sklll. 

The basallarnina appeared to follow the base of the stratum germinativum throughout its 

whole course. The basal lamina of the 1I1tem1ediate ridges appeared thmner and less prominent 

than that of the 11l1lltll1g ndges. In the latter case, the basal lamina was often observed to 

penetrate into the derrms In the forrn of short pegs or 'tongues'. 

Deep to the eptdermis of the gIabrous skin, was found the dermls. The thin outer 

(papillary) layer was composed of loose CGnnectlve tissue which was highly vascularizcd with 

capillaries. The papillary layer followed the COli tour of the underside of the epldcrmis, sending 

dem1al papillae upwards to surround the intermcdiate ridges. The inner (reucular) layer of the 

demlis was relatively avascular and was composed of dense irrcgularly arranged collagen 

bundles. The collagen bundles often formed cords which could be ~cen to extend upwards to 

the underslde of the limaing ndges in the form of pillars. Wlthin the dennis, sorne 

inflammatory cell infiltrate was always present, either closely associated with the capillary 
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loops in the dennal papillae or at the base of the intennediate ridges (especially near sweat 

duets) within the papillary layer. This presence of immunocompetent cells represented the 

baseline of the natural scave:lging and defense system of the host. Very lutle, if any, 

inflammatory ceIl infiltrate was observed wlthm the collagen matrix of the retlcular layer. 

Eeenne sweat glands were readdy Identifiable throughout the glabrous skin. Thelr 

seeretory structure was situated immediately below the derrnis 111 the ~ubculaneous ti~~ue ln 

each case, the duct of the gland travcrsed upwards from a fat pocket of the subclltaneoll!> 

tissues, through the demlÏs, and 1I1to the core of an lI1tennedlatc ndge whcre it pUl!>ucd a spiral 

course through the epidenms. Upon reaching the stratum corneum, the spiral became tighter, 

often reaclung 5 to 6 full turns before penetratir.g the surface of the skll1 at the crown of the 

papillary ridge. 

The observed pattern of epidermal ridging was very uniform for nOffilai glabrous skin if 

the tissue was sectioned in the proper plane. If a section happened to pass through a sweat duet 

traversing upward through the epidermis, or if the angle of the eut was not vertIcal and 

perpendicular to the papillary ndges, the formation of the intcrmedlate and hmiting ndges 

appeared irregular in shape. As well, in cases where the paplliary ridges were mergmg, the 

histologlcal epldel mal ridging pattern was hard to interpœt Ncvertheless, the fact that the 

stratum gerrmnativum of the intennediate ridges contalrwd a ~ub~tantially hlgher concentration 

of melanin granules than it did in the hmning ndges, helpcd in detimng the onentatlon of the 

tissue and subsequently the identlty of the surroundmg structures. 

b) Hairy Skin 

In contrast to glabrous skin, the epidennis of hairy skin lacked a unifonn pattern of 

epidennal ridges. The overall skin surface was fairly smooth with no obvious papillary ridge~, 

however, widely spaced shallow grooves were present which traversed the surface 111 4111 
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directions. As weIl, at the puint of exit of the hair shaft from each of the follicles was a steep 

depression of the epidermal surface, called the follicular orifice. 

Although the eptdermal surface was relatively uniform, the underside of the epidermis 

was irregular in contour. There was no apparent correlation of the ridging patterns of the basal 

epidermis to the superficial grooves. Instead, short dermal papillae, which appeared to project 

randomly into the epldermis, were the major contributing factors to the contour of the basal 

epidermal strata. 

The stratum corneum was thin and often became detached from the epidermal surface 

during the histologie al processing and sectioning of tite tissue. In contrast to glabrous skin, the 

stratum granulosum was not apparent as a distinct contmuous ~cliular layer. However, 

granule-containIng cells typlcal of thlS layer could be identified. The stratum spinosum was 

composed of a layer of rounded or spindle-shaped cells stacked 2 to 6 cells thick. The long 

axis of these ~ells was usually ahgned parallel to the skin surfa<:e. eeus of the stratum 

germinativum were not as tightly packed as those for glabrous Sklll, although they were still 

sufficiently packed to become cuboidal ln nature and to be stacked 1 to 2 cells thlCk. The 

melanocytes wnhin the stratum germinativum showed vanabiiity in their distribution as weIl as 

in the denslty and numbe. of their melanosomes. As a result, the apparent concentration of 

melanin pigment In normal baboon ha1ry skm was les5 than that of normal glabrous skin. but 

the di~tnbution of pIgn,lentation was relatively ul11form throughout the stratum germmativum. 

Melamn granules wer~ not onl) VISible in the depths of the eplden11ls, but were also spread 

throughout the stratum germinatlvum of the external mot sht'aths of the ha Ir fo1lides, The 

keratl110cytes of the epldem1i~, and the external root sheath of the haIr follic1es, lay 111 

contllllllty with each other. 

The demlls of hall'y sk1l1 was thinner than that of glabrous skin, pnmarily due to a 

thinner inner layer The outer layer was still predominantly more vascular than glabrous skin; 

havlIlg numerous capillaries. Irregularity 111 the appearance of the collagen fibers of the inner 

layer was accentuated 111 hairy skin, in comparison to glabrous skin, due ta the disruption of 



L 

79 

their course by the hair follicles. Arrector pHi muscles of the hair foUicles could be identificd in 

the dermis, but they could not be found in aIl tissue sections. As weIl, sebaceous glands wert' 

easily identifiable, although they were sparse in number and the point at whl<.:h thelr du'. ts 

opened to the skin surface were hard to find in hlstological section. 

2. Autografted Ski" 

The integument structure of the autografted tissues of the CNVFFs was not very diffcrent 

th an that seen in normal skm. The papillary ridges of autografted glabrou,> skin formed 

dennatoglyphlc patterns WhlCh were well defined. The layer of keratilllled epldenms was thlc~ 

and contained spiral sweat duets similar to those identifled 111 nonnal 'ibn. A:-. deplCled !n Fig 

7B, the thiekness and periodicIty of the epldermal ridgmg pattern were compamhlc 10 Iho.,c of 

normal ~issues. The structuial detail of the b?sal lamma was preserv~d, mc1U<.hng thl,! fille 

tongues which penetrüted the denms at the base of the !Ilnilmg ndges. The den.,tty and 

distributiop of melamn granule::. wnhin the stratum gelmmatlvum Wi\S ~1111l1ar ln thal ... ecn III 

normal glabrou', skm. In addItion, the dermu, was well-structured and contained only the 

baseline level of llltlammatory cell infiltratc WhlCh was ~('en to occur In nonnal glabrou., ... klll 

The distribution of thi~ cellUlar inflltrate 111 a circumferenual manner around the ba ... e of the 

intermedlate epidernml ridges was also charactensuc of 1I0rnlal glabrous '>"-ln. 

Autografted haIry skm was al::o slmllar in structure to normal halry "klll. The :-.urface of 

the epidermis contained steep follicular orifIces at the slle of exit of the ha1r :-.hafts. The 

underside of the epidermis, as dellll1lted by the :-.tratum genmnativum and ha:-.al lamina, wa,> 

similar in contour to normal skin. The dl~triblitlOn and dcn"Ity of melanl!1 pigment III the 

tissues was also rea:-.onably uniform. The skll1 c0ntained a dcll',c packing of well· ... truclurcd 

hair foUicles with intact external root ~heaths and hair shafts. The condItIOn of the dermis al,>o 

resembled that described above for normal hairy skin. 
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3. Nonrejected Allografts 

Upon gross inspection, the nonrejected TNVFFs appeared to maintain glabrous papillary 

ridging patterns which resembled those found in CNVFFs or normal skin. The periodicity of 

the epidermal ridging pattern was conserved and tht thiekness of the epidernlis \'vas similar to 

that seen in autografted or normal tissues. The stratum corneum was intact and supported spiral 

sweat ducts. As weIl, the stratum germinativum of the intermediate ridges contained 

melanosomes which were comparable in location and concentration. In halry skin, the hair 

foUicles were intact, and at a level of low magnification they appeared healthy. 

Closer inspection, however, revealed that sorne structural alterattons of the nonrejected 

allografts had occurred (Fig. 7C). The most notice able difference was the increased number of 

inflammatory ceUs present in the papillary layer of the dermis. The infiltration was most 

apparent in the dermal tissues which were circumferential to the intermediate ridges, and 

extended upward into the dermal ~apil1a. It was predominantly at the top of the dennal papilla, 

above the capillary loops, where inflammatory cell invasion of the epldermis led to lysis of the 

surrounding ceUs. As a result of these isolated patches of epidennal erosion, the intermediate 

ridges acquired a triangular appearance. There was surprisingly little inflammatory ecll 

invasion of the dermal tissues underneath the limiting ridges, however, thls tissue wa~ 

relatively avascular and contained a high density of collagen. Although epidermal pegs 

remained at the base of sorne limiting ridges, in general, there was an apparent thinning of the 

basal lamina in the se locations and very few tongues of basal lamina penetratmg into the demlis 

were observed. 

Although similar immunological events to those which were happening in nonrejectcd 

allografted glabrous skin were also present in hairy skin of the same TNVFF, evidence of 

epidermal erosion was less evident. For the most part, the structure of nonrejectcd allografted 

hairy skin resembled that seen for similar autografted or nonnal tissue. General thickncss and 

irregular contour of the epidermis, steep follicular orifices, confluent pigmentation in the 
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stratum genninativum, and healthy follicular structure, were aIl characteristics of nonrejected 

allografted hairy skin. 

4. Rejected Allografts 

a) Structural Changes as a Result of Mild Rejection 

Allografted glabrous ~kin which sustained numerous episodes of mild rejection without 

significant sloughing of tissues, was characterized by loss of definition in the papillary ridges 

and loss of dennatoglyphic patterns. As can be seen in Fig. 7D, there was a lack of correlation 

between the presumed papillary ridges and the epidennal ridging pattern. The stratum corneum 

was thin and unstable, and there was no continuous well-defined stratum granulosum. The 

intercellular spacing within the strata spinosum and genninativum of the intennediate ridges 

was increased, perhaps as a result of retraction of the finger-like cytoplasmic spines of the 

keratinocytes, cell lysis and edema. At the base of the intennediate ridges, the presence of 

melanin granules was greatly decreased. As weIl .hinn~ng and tilting of the intennediate ridges 

obscured the normal periodicity seen in the epidernlal ridging pattern when glabrous skin was 

cut in cross-section. The papillary layer of the dermis retained the predominance of the 

inflammatory cell infiltration, however, the reticular layer of the dennis also contained 

considerable infiltration. 

Even though the epidennal structure in mildly rejected glabrous skin remained relatively 

intact, rejected hairy skin of the same allograft underwent considerable transformation. The 

most striking feature was the lack of intact haïr follicles. Hair shafts were shed and the majority 

of the external root sheaths were destroyed. AIl that remained of the hair follicle was a bulbous 

epidennal thickeni ng (5-10 ceUs thick and similar to, but more spherical than, that seen in Fig. 

lOC) which was cup-shaped and formed a wide and deep follicular orifice (or in this case a 

depression) which was usually filled with a plug of dead keratinized cell<; and other debris. The 

majority of pigmentation in the basallayers of epidermis was lost, however, isolated patches of 
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melanin granules remained. The areas of epidennis between the hair foIlicIe remnants remained 

rel~tively intact, but the irregular folding of the basal tayers seen under nomlal conditions was 

less prorninent. The dermis of hairy skin which had undergone mild rejectIon contained 

pockets of inflammatory celI infiltrate primarily located under remnants of the hair follicIes, 

around sweat glands and in highly vascularized areas. 

b) Structural Changes as a Result of Severe Rejection 

Allografted skin which underwent episodes of severe reJection sustained the most 

drarnatic alteration in integument structure. The histological profile of allografted glabrous skin 

which underwent severe rejccti0n is presented in Figs. 7E and F. From these 

photomicrographs it can be appreciated that no papillary ridges remained. The stratum corneum 

which was originaUy very thick, was now represented by only a very thlll layer of fragile 

keratinized epidermis. No stratum granulosum was idenufled and the stratum spinosum was 

only one or two ceUs thlck in sorne places. The stratum germinauvum remall1ed as a smgle 

layer which was aligned by either spindle shaped or simple cuboidal ceUs, and thcre was hule 

indication of melanin granules. In the epidermis which remained, areas of active cell 

proliferation could be identified (Flg. 7E; large arrowheads). The regular epiderrnal ridgmg 

patterns which were seen previously, however, were nonexistent, and only remnants of the 

epidermal ridges (most likely intermediate ridges) remained. The survival and location of 

Meissner corpuscles in severely rejected allografted glabrous skm (Figs. 7F, Re and G), 

indicated that the sloughing of tissue took place predominantly at the 'jcrmal/epldermal 

interface, at a level which was primarily superficml to the tops of the dermal papillac. 

There were a large numbcr of inflammatory ceUs within the papillary layer of the dcrmis 

which, through processes of celllysis, contributed to conslderable tIssue eclcma. The papillary 

layer of the dermis appeared thicker than usual, in part because of edema but, pnrnarily 

because of the thinning and/or loss of the interrnediate ndges. Much of the basal lamina of the 
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intermediate ridges remained in situ and marked their criginallocation (Fig. 8C). There was 

also an increase in the inflammatory cell infiltration of the reticular layer of the dermis, but it 

existed prooommantly around blood vessels. 

In hairy skin there was a further reduction in tissue structure from that described for 

grafts with mi Id rCJection. The epidennis was reduced in most places. to a unifonn coverage of 

ceUs layered 3-7 ceUs thlCk. The spindle shaped eells of the stratum spinosum were very thin 

and elongated In an axis parallcl to the skin surface. The stratum genninativum was composed 

of circular or euboidal ceIls stacked 1·2 ceUs thick. Th~re was very little evidence of epidennal 

ridging at the interface with the dennis, and pigmentation was isolated to small patehes. The 

widely spaced remnants of the external root sheath resembled inverted cone-shaped structures 

with the vertex pointing towards the dermis. U sing PAS staining techniques, the remnants of 

the basal lamina of the external root sheath could be ldentified in the dennis. In sorne cases, the 

basal lamina still sunounded c1umps of epidermal celIs which were discontinuous witl-} the 

epidennis covering the sk1l1 surface. In most cases, however it circumscnbed fibrous 

remnants of tissue and could he described as an empty envelope (Fig. lOC). The dennis 

contained patehes of inflammatory ceUs which were larger in size and number as compared to 

hairy skin which had only undergone mild episodes of rejection, but did not parallel that of 

glabrous tissues of the same aIlograft. 

B. Mechanoreceptor Survival 

Upon analysls of the transplanted tissues using light microscopy, it was c1ear that there 

was variability in the survlval of the several classes of sensory mechanoreceptors. Differences 

in morphology, physical orientation, reinnervation quality, and number were also noted for 

certain receptors wh en grafts were compared on the basis of histocompattbihty (autograft 

versus allograft) and/or the severity of rejection they undcrwent. In aImost aIl cases, the 

sensory receptor structures which survived in allografted tissues showed abnormal 
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morphological eharacteristtcs as compared to those of either the autograftcd or nonnal tissues. 

These differenees were most pronounced for tissues which underwent severe rejection and 

were not specifie to either the lIT or TNVFF model. 

1. Meis1'ner Corpuscles 

The Meissner corpuscles in allografted glahrous skin showed two very promment 

features: a decrease in number (as estimated by the number of Identifmble corpllsclcs per 

section) and a wide variation in the degree to which individual receptors were innervatcd by 

host axons (as evidenced by axonal contact). Although both of these featmes were ob~erved III 

the autografts, they were manliested in allografted tissue<; to a greater extent. 

Allografted glabrous skm, which had undergone mmor epl~odc~ of tI~~IIC rCJcctIO!1, 

showed marked alterations of the normal epidermal ridging pattcrn~ (see Rc\ults, ScctlOn 

II.A.1.a.) and in the location and orientation of the Meissner corpusclcs (FIg. 8A and B). 

Many corpuscles assumed an acute angle with respect to the skIn surface (FIg XB), al) 

compared to their normal (almost perpendicular) axis In most cases, the corpuscular ~tmclllres 

were shifted downward slightly from their normal positIon high 10 tÎle apex of the dermal 

papilla (Fig. 8A; asterisk). Since the latter phenomenon was also observed 111 alltograftcd 

tissues, the mechanism probably involved factors such as the swellIng of tissues after surgery 

(with or without the presence of rejectlon processes) and the atfophy of the mecha(loreceptor 

structure after nerve transection. 

Related to these findings was the observation (using PAS and silver stains on allografted 

tissues) that In some instances the corpuscular structure mUlOtamed compacted lamellae on the 

more superficial aspect of the corpuscle. This compacted dl<;k of basal lamina wa'i thought to 

represent a remnant of the atrophied state of the corpuscle during the umc pCllOd after nerve 

transection and before relllnervatlO/1. Although only obscrved infrequently for Meissner 

corpuscles in allografted glabrous skin (Fig. SA; between astensk and arrowhead), It wa~ 

, 
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Figure 8 

Survlval and relnnervation of Meissner eorpuscles ln primate allografted skin (A) A 

poorly remncrvated corpuscle in miIdly rejeeted skin. Note the single axonal Ioop (arrow) 

withll1 the lamellar structure, as weIl as the teceptor's downward displacement WIth respect to 

the apex of the dermal papilla (astensk). (SIlver slain, animal #7 at 311 d after surgery, seale 

bar = 30 Ilm). (B) A well-remnervated corpusc1e. The unusual angle of the mechanoreceptor 

WIth re~pcct to the ~kll1 surface is most probably due to the thll1ning and irrcgularities of the 

adjacent epldermal ndge, induced by minor eplsodes of rejection (Silver stain, animal #7 at 311 

d after surgery, scale bar = 30 f.lm). (C) An lI1tact Melssner corpusc1e (arrow) surrounded by 

perfuse lIlfiammatory ccllll1fIitration and extreme glabrous tissue rejectlon. Note that it remains 

ncar the top of what was once a dcrmal papilla, as indicated by the faint outline of epidermal 

basallamll1l\ remnants (coursmg downward to the nght; from the top of the arrow, to the corner 

of the lI1scrt). Th~ very large homogeneously staincd celIs just below the tissue surface are 

thought to be cngorged macrophage,> (PAS stain, ammal #13 at 188 d after ~urgery, scale bar = 

50 Ilm). (D) A Illgher magl1lfication vicw of the same corpusc1e (PAS ,>tain, animal #13 at 188 

d after surgcry, seale bar = 15 '.lIn). (E) A glabrous tissue section illustratmg the regenerative 

capab!lity of host axons (arrow) lI1 a severely rrjected histoincompatlble tissue envlronment. 

Note the structure which IS thought to be a growth cane at the tip of the most superficial axon 

(~mall arrows). (SIivcr sta1l1, animal #15 at 147 d aftef surgery, seale bar = 50 ~m). (F) A 

hlgher maglllflcatIon Vlew of the proposed ho st axon's '~rowth cone 111 near the allografted 

glahrous sk1l1 surface (SIlver St3In, alllmai #15 at 14/ ~ ',ùer surgery, seale bar = 10 /lm). (G) 

RClIlllcrvatIOn of an allografted Melssncr corpuscle by host axons, despite prolonged episodes 

of severe tl~sue re1eCtlOn Note the absence of any epidermal ndgll1g of the glabrous skm 

(SIivcr ~tal11, animai #15 at 147 d aftel sUïgery, scale bar = 30 )lm). (Reproduced, with 

pCr1l11"'~It'Il, from Samulack et al. [1986J. Copyngh~ © 1986 by Elsevier SClentific Pubhshers 

Ircland Ltd ) 
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presumed also to oeeur in aùtografted tissues for whieh regeneration and reinnervation 

occurred. 

The vanation in the degree to which host axons were able to re-establish the nonnal 

innervatIon pattern in the Meissner eorpuscles dunng the process of reinnervation of the grafts 

(autografts and allografts) IS also be~t exemphficd by Fig. 8. In contra st to nomlat Meissner 

corpu~cles whlch were often found to be Illnt'rvatcd by multiple axons or axon branches which 

coursed back and forth many urnes through the lamellar structure, reinnervated corpusc1es 

qUIte often had only a smgle axon loop (FIg. 8A), circumfcrential axon contact (FIg. 80), or 

had highly convoluted axonal penetration (Fig. 8B). These observations argucd strongly that 

very simple axonal contact by olle axon was sufficient to mamtain the corpuscular structure 

whlch 1<., thought to b~ lost lost In denervated eorpuscles. Yet, as late as 6l11t1 after surgery, in 

allografts as weil as autografts, Meissncr eorpuscles could be identlfied which had obvious 

lamellar structure, desplte the fact that no ObVlOUS axonal contact eOl,ld be identified (as 

determined by hght microscopie methods of sJ! "er stammg axons). 

Observations specIfie to allografted tI~sues were denved from grafts which underwent 

episode~ of severe tis~ue rejectlon. Meehanoreeeptor Joss was most pronounced in extreme 

cases of reJection, however, even ln ca~es of severe rejcetIon, some corpuscles survived. As 

depicted In Fig. 8C and D, despHe the sloughlllg of the glabroùs epldcmlls and cellular 

destruction as a lesult of mflammatory cellll1filtratIon mto the tIssues, a MeIs~ner corpuscle 

was able to survive and mamtain Ils general locatIon near the apex of what appeared previously 

to l)ave been a demlal papilla (a~ outhned by Iemnants of eplclcrmal basallamll1a). The fact that 

the corpuscle was able to survive !TI the presence of such cellular de~truction and maintam a 

moderately healthy lamellar appearancc (Fig. RD; PAS stain) wHh relatIvely little intlammatory 

cell inva:-"on of its stmcture, suggested the possibility of .ln immunologically pnvileged status 

for this class of mechanoreceptors. 

In the face of gross tissue destruction, host axons grew into a severely rejeeted (but still 

viable) histoincompatible tissue environment even when potential target mechanoreceptors or a 

1 
1 
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structured epidermis no longer eYJsted (Fig. 8E). An enlarged vlew of a hO:-.t axon's growth 

cone can be seen in Fig. 8F as It approached the 5urface of what remamcd of the allografll'd 

glabrous skm It IS noteworthy that the host axon apparently Jeft the rcmnanh of Ih f,l,>clcle 

and coursed 25-30 !-lm mto the reJected tissues wlthout Schwann ccli ~upport (a~ detcnml1l'd 

through hght InIcroscopic observatIons of silver-stained axons ln formalm-tJxcd pai,;:flll

mounted tissues). 

In allografted t15sues which had survlved epl~ode~ cf severe rejectlon, Mels~ner 

corpuscles were often found which were mnervated In most cases of allografted glahroll~ 

skin, wherc the de5tructlon of epldermis wa~ extensive, the long aXIs of the corptl';cles ,1111 

retained a relatively vertIcal orientatIon wlth re~pect to the skm surface even though lutle if any 

remnants of epldermal ndgmg patterns remamed (FIg. 8G). 

2. Pacinian Corpllscles 

The location of Pacinian c0rpuscles within the deep (relatively nonvascularizeà) retlcular 

layer of the dermis may have spared this class of mechanoreceptors from the destructive effects 

of allograft rejection. There were few differences encountered in the structure of the corpll..,cJe~ 

identified in allogl aftcd tissues as compared to those seen m autografted tt~~ue.., In gcncral, 

those corpuscles WhlCh were not remner\'ated by host axons 5howcd IITcgularly 'paccd 

lamellae, a dense flbrous core, and in sorne cases, collap5e of thc normal Oillon bulb 

appearance PaclIlIan corpuscles WhlCh wcrc remnervated, u~lIal1y had dl5tJnct lamcllae and a 

single axon which courseci to the core of tne structure (FIg. 9A) Tho,>c PaClnIan corpu'lclc ... 

WhlCh were not reinnervated, seldom had free axons coursmg ln thelr victnlty In the 

allografted glabrous skin of animal #20, a Pacinian corpuscle was Identifled wlth multiple 

innervation. As can be seen ll1 Fig. 9B, two axons (or two branches of the same axon) 

penetrated loto the core of the corpuscle. In the photomlcrograph, one axon C,Hl be ~een a, lt 

terminates in a bulb formation (withm the plane of focus), while the seco"d axon penetrated 
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Figure 9 

Remnervation of PacInIan corpuscles in allografted glabrous skin (TNVFF, an:mal #20 at 

193 d after surgery). Upon histological examination, those allografted corpuscles which were 

~ccn to be mnervated by host axons u<;ually had a sIngle central axon, however, a corpuscle 

wuh multiple InnervatIon wa<; also Identlfied. (A) A healthy reinnervated P<:.cinian corpusc1e. 

Notice the dlstlllct lamellar stmcture wlth a charactenstic sIngle axon (cut In tangential section) 

cour~ing through the core of the corpuscle. (Silver stain, scale bar:= 50 J...lm). (Reproduced, 

wlth permissIOn, from Samulack et al. r 1986]. Copyright © 1986 hy ElseVIer Scientific 

Publ!~hers Ireland Ltd.) (B) An allografted Pacinian corpuscle innervated by two axons (or 

branches of the ~ame axon). The rt'solution of the photomicwgraph is not optimal due to the 

lI1tendcd tlllcknc<;~ of the sectIOn (IOO /.lm), however, two axons can be seen as they penetrated 

the core of the corpuscle. One axon ends as a bulb formation within the plane of Cocus. while 

the ~ccolld axon extends further IIlto the corpuscle to end in a similar fashion. (Silver stain, 

scale bar = 50 Ilm.) 
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deeper into the section (approximately 20 jJ.m) and end~,d ill the same fashion. 

3. Hair Follicles 

The fturvlval of hair follicles and their associated strl ctures in allografted hairy ski:l 

depended upon the degree to which the tissues had undergone alteration due to the rcjection 

processes. In TNVFFs of animaIs #20 and 21, where th!'! signs of allograft rejectlOn were 

mInimal, the morphology of the f.oHic1es was well conserved (Fig. lOA) and resembled that of 

follicles in autografted ti::;sues. In both the autograft·) and the allografts, the follicles were 

poorly rcin:1ervated, although the quality of innervation was generally better for follicles in 

autografted rather than allografted halry skin. Axons which charactensticaily envelop the entire 

neck reglon of the external foot sheath of nonnal autologous hair folhc1es with lanceolate, 

Ruffin! and frce nerve tenninals, appeared to remnervate the grafted follic1es only to a 

rudimentary debTfee, If at aIl. This faet is exemphfied 10 FIg. lOB, where an allograftcd folIic1e 

is shawn ~o be mnervated only by sparse lanceolate terminaIs probably being derived From one 

axon. In thiS case, as weIl as for most other hair follicles in allografted skin, the normal 

palisade of lanceolate terminaIs and the envelcj:l1ng Ruffim complex are not present. 

(n the other allografts In which rejection took place, structural damage to the hair follicles 

occurred. The period of time over which tilt" damage evolved was proportion al to the overall 

intensity of the reJ~C'tlOn processes. However, in the case where ail allograft underwent 

rejectlon, the eventual result was that the hair shafts were shed and only remnants of the 

extemal root ~hcaths <;urvlved (Fig. 10C\ In the less extreme cases, the basal lamina of the 

external root sheath remall1ed as an empty ~nvelope circumscribing the area where the intact 

hair follIcle once stood. In more severe cases, thr, only trace of the folliLlc was a pit-like 

depression on the epidermal surface and/or a thickening of the remaining epidermal cells in the 

foml oi .. cuneo 
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Figure 10 

Reinnervation and possible fate of hair follicles in allografted primate hairy skin. (A) A 

low magnification view of an allografted hair follicIe in non-rejected hairy skin, indicating the 

approxima te location (asterisk) of the host axon terminaIs shown in B (Silver stain, animal #21 

al 196 d after surgery, scale bar = 500 flm). (B) Lanceolate terminaIs (arrowheads) at the neck 

region of an allografted hair Îollicle (Silver stain, animal #21 at 196 d after surgery, scale bar = 
30 flm). (C) The remains of a hair follicle following rejection episodes in allografted hairy 

skin. Note the empty envelope of basal lamina (arrowhead) which outlines the remnants of the 

external root sheath (boid arrow) of the remaining foIlicIe (PAS stain, animal # 13 at 188 d after 

surgery, scaie bar = 100 Ilm). (Reproduced, with permission, from Samulack et al. r 19861. 

Copyright © 1986 by Elsevier Scientific Publishers Ireland Ltd.) 
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Although single host axons were observed to course through the dermis near the 

remnants of the external root sheath, there was no evidence ofaxon differentiation into a 

dimension al structure like lanceolate termin~J:;, or other structures nonnally associatcd wlth 

hair foUides. No t!vidence was found to indicate that an allografted hair foIlicIe whlch was 

di<;rupted as a result of severe rejection processes could be reinnervated or cou Id reconstruct 

any normal semblance of its prior self. The remnants of the external root sheath remained 

simply as an epidermal thickening without innervation. 

4. Merkel Cell . Neurite Complex 

Merkel ceUs were not observed in any specimen of allografted glabrous skm. The 

concentration of melanin granules within the basal layers of the healthy allografted glabrous 

skin of the baboon may have obscured their positive identification under light mlcroscopy, but 

axons were only rarely observed near the base of the intermedlate ridges; the normal ~ite of 

Merkel cell - neurite complexes. 1 he preliminary electron microscopie studles to date have 

shown no evirience of Merkel cell survival in the allografted skin. These observations suggest 

that allografted Merkel ceUs (epidermal origin), in contrast to Melssner corpuscles (dermal 

origin), are very susceptible to the destructive processes of tissue rejectioll (evell in cases 

where the tissue disruption was minimal), since they are located in the epidermis at the primary 

site of allograft rejection. 

C. Quality of Graft Reinnervation 

At the time of surgery there were fe'N animaIs in which there was a major size 

discrepancy between the nerve stumps of th ~ ho st and the graft, and the nerve repairs yieldcd 

apparentIy good results. Desplte this acceptable appearance of the nerve at the ume of repair, 

innervation densities varied between, as weIl as within, the grafts. 
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Figure 11 

Low magnification cross -sections of peripheral nerves at the level of the proximal digit: 

(A) normal (02 from the contralateral hand to the experimental site, animal #7), (B) 

autograftcd (CNVFF; carried by animal #21 at 196 d after surgery), (C) nonrejected allograft 

(TNVFF; carried by animal #20 at 193 d after surgery), (D) rejected allograft (TNVFF; carried 

by animal #15 at 147 d after surgery). Regenerated axons travelling through autografted or 

allografted tissues were fewer in number and generaUy were of sm aller axon diameter than 

those found in nonnal nerves serving adjacent tissues. Axons in autografted nerves showed a 

broader spectrum ofaxon calibers than did those in allografted tissues. Inflammatory eells were 

more prominent In extrafascieular rather than intrafascicular allografted tissues, and were 

present in nerves serving nonrejeeted as we1J as rejeeted allograft tissues. Each frame is shown 

at the same magnificauon; frame C, se ale bar = 30 ~m. The tissues were formalin-fixed in situ, 

embedded in epon plastIC and cut as semithin sections. (Methylene blue stain) 
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In Fig. Il, it can be seen that the nerve segments from the autografted CNVFF (Fig. 

lIB; carried by animal #21) and the allografted TNVFF (Fig. llC and D; carried by animaIs 

#20 and 15, respectively) contai.1ed fewer axons than was found in normal nerve (Fig. lIA; 

left hand of animal #7) at the same anatomlcallevel. As weIl, the diameter of the host axons 

distal to the site of nerve repair and within the grafts was generally smaller than the dlameter in 

normal nerve of corresponding sites. The number of axons contained in allografted nerve 

segments which were part of TNVFFs was similar to that of CNVFFs, however, electron 

microscopie views showed that there were substanually fewer small dia me ter rnyelinated and 

unmyelinated axons in the allografted nerves. 

The photomicrographs of Fig. Il represent cross-sections through nerve fascicles of 

formalin-fixed tissues. Although each of the tissues showed histological artifacts associated 

with the method of fixation (the extent of which is best appreciated in the section of normal 

digital nerve represented in Fig. lIA), the nClve segments within the graft components of the 

CNVFF and the TNVFFs contained axons which also showed evidence of Willlerian 

degeneration as indicated by dismtegration of the myelin sheaths. The anatomie al processes 

which led to the latter observation may have been (in part) a consequence of the nerve 

transection associated with the electrophysiologieal nerve recording session which took place 

during the days priOf to tissue fixation (sec Methods, Section II.B.). 

It is noteworthy that although allografted nerve segments within rejccted TNVFFs (Fig. 

Il D) contained a similar number of ho st axons as those nerves which served nonrejected 

tissues (Fig. IIC), the rejected TNVFFs conta.ined host axons for which very few identifiable 

RFs could be found (see Methods, Section II.C.l. and Fig. 12). 

-1 
1 
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III. Electrophysiology 

A. Synopsis of Fibers Sampled 

ElectrophyslOlogical studies were performed on seven of the animaIs which received 

allografts (animaIs #5, 7, Il, 13, 15, 20 and 21; 5 TNVFFs. 2 HTs, and 2 CNVFFs). As was 

detailed in Table l, tcsting of sensory mnervatIon was carned out in ail scven of thc~e al1lmals 

Testing of motor innervation 1Il HTs was donc on two grafts (carried hy al11l11al'1 #7 and 1.1). 

In total, data was recorJed for five hundred and nmety ·.,cven axons scrvl11g cither ~klll or 

subcutaneous tissues of the forearrn and hand of Immllnosllpprcs<'ed b,-lboons A summary of 

the distribution of the fihers which were stlldied is prcsenteJ 111 Tables 2 and:3 The al11mais 

from which the fibers were sampled are lIsted at the top of each table, and are sq.,rrcgated on the 

basis of allografted skin condition at the time of test1l1g. The total numbcr of axons '1tudlcd in 

each animal, or for each conùmon, are statcd at the bottom of the coIllmns. On the left margll1 

of the tables, the axons are grouped wlth reference to the type of tissue thcy scrved The total 

number of axons studied in each group of fihers IS locatcd 111 the far nght hand marglO. For 

fibers which served sInn, specîal groups were provlded for axons whlch served RF'I whlch 

were primanly confined to scar tissue (IncI~ional Scar), and for those axons for WhlCh an RF 

was either not ldcnufied, or for which documentation was neglrctcd (Unchs~Ifled) A~ weil, a 

special group was reserved for the IdentIfication of PaCInlan corpu,>c1e'\, '1mcc in .,ome ca.,c'l, 

due to the sensitlvity of the mechanoreceptor, one couid not be sure of the exact location of the 

corpuscle. The flbers from the latter thrce groups were not incluùcd 1I1 any analy~l1. of 

thresholds of activation, or axon conductiOn velocitJe~, when companng glabrous and hairy 

skin. 

Of special 1I1terest is the observation that the sampled flbers whlch ~erved tis.,ues of 

animaIs #20 and 21 had a significantly higher incidence of spontaneous activity ln compamon 

to axons sampled in the other animaIs. For skin, this was retlected by a 6-fold increa'ie 111 

occurrence when ammals #20 plus 21 were compared to the rest of the animais ~tudied (31.6% 



Fibers Studied Serving Skin 

Animal Specimen 
RClcctcd Nonrelected 

Mlld Scvcrc 

Normal (Experimental) 
-1tL .JL -tUL -1ill... --1!1L J1JL ....,!gL ....I2l&.. 

GIabrous SA 14/0 2/0 18/4 7/5 41/9 

RA 19/0 11/0 5/0 35/0 

? 5/0 1/ 0 6/0 

Hairy SA 2/0 6/3 8/3 

RA 1/ 0 11/ 3 12/3 

? 1/0 1/0 
Surgical Control 

GIabrous SA 6/ 1 16/14 22/15 

RA 5/ 1 7/0 12/ 1 
? 1/ 0 1/ 0 

Hairy SA 3, 1 3/ 1 

RA 4/1 4/ 1 
Allograft 

GIabrous SA 9/ 1 10/ 1 26,2 6/ 1 31/13 25/17 107 (35 

RA 510 12/0 32, 0 9/ 0 19/ 0 8/ 3 85/3 
? 2/0 2/0 

Hairy SA 1/ 0 17/ 4 3/0 4, 0 1"/3 13/2 53/9 
RA 7/ 0 31/ 3 8/ 0 7/ 0 3/0 10/ 0 12/ 2 78/ 5 
? 1/ 0 1/ 0 2/0 

Incisional Scar SA 41 1 5/3 9/ 4 
RA 2/ 0 2/ 0 
? 2/0 1/0 3/0 

Pacinian RA 2/ 0 1/ 1 3/1 

Unclassified SA 2/ 1 21 1 
RA 1/ 0 1/ 0 2/0 

---------
71 /2 72/8 11/0 65/2 27/ 1 120/22 127/56 

493f)1 
246/13 247/73 
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Table 2 

A summary of the axons sampled which served cutaneous tissues in immunosuppressed 

baboons. The animaIs from which the fibers were sampled are listed at the top of the table and 

are segregated on the basls of the condition of the allografted skin at the time of testing. AnimaIs 

#20 and 21 had been receivmg very high levels of CsA. 

The respective groups into wIuch the sampled axons were classified are represented on the 

left margin. Normal (Expenmental) fibers are those which served nOffilal tissues on the 

experimental hand which dld not undergo direct (mtended) surgical manipulatIOn. SurgIrai 

Control flbers served skin of the CNVFF. Allograft flbers served skin of the TNVFF or HT. 

Incisional Scar fibers had RFs WhlCh were primarily assocIated wnh scarred tIssue. Flbers for 

WhlCh RF location was identified, but which had adaptauon characteristics that were unclear or 

110t documented, were consldered as fibers of questlonable (7) submodality. AXOI1S WhlCh had 

Pacinian-like responses are grouped by themselves. Axons which were partially characterized 

during the experiment, but for w:üch documentation as to the location of the RF was neglected, 

are referred to as Unclassified. 

Numbers in bold type refer to the quantity of axons sampled. The numbers to their 

immediate lower right, represent the quantity of axons within that sample WhlCh were observed 

to be spontaneously active. 
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Table 3 

A summary of axons sampled which served deep, unresponsive or unidentifiable tissues 

\Il the immunosuppressed baboon. The animaIs from which the fibers wert' sampled are Iisted at 

the top of the table, and are segregated on the basls of the conditIon of the aIIografted skin at the 

ume of testIng Anrmals #20 and 21 had been receiving very hlgh levels of CsA. 

The respectIve groups mto which the sampled axons were cIasslfied are represented on the 

lcft marglll. NOiTIlal (Expenmental) flbers are those WhlCh served nom1al tIssue deep within the 

cxperimcntal hand or wn~t, WllICh dld not undergo dIrect (mtended) ~urglcal manipulation. 

Allograft flbcrs served deep tIssues WhlCh were part of the HT model. The group Unknown is 

reserved for those flbers which were identifiable electrophysiologically on the basi:; of their 

~pontaneIly, or through retrograde electrical stimulation, but for which a RF could not be 

dctenmncd. 

The submodality MuscIefJoint/Tendon refers to those fibers which could he activated 

through natural manipulation of the musculoskeletal axis. The submodality Tap refers to those 

axons whose response properties were not easily defined and not considered to he of cutaneous 

origll1, but which could he activated by very intense mechanical stimulation. 

Numbers in bold type refer to the quantity of axons sampled. The numbers to thelr 

immediate lower right, reprcsent the quantity of axons within that sample which were observed 

to he spontancously active. 

î 
..il 



Fibers Studied Serving Deep Tissues 

Anima' Specimen 
RClcctcd Nonrclcctcd 

Mlld Scvcre 

#5 #7 #11 #13 #15 #20 #21 Total -- -- -- --- -- -- --
Normal (Experimental) 

Musclc / Joint / Tendon 10/ 0 2/ 0 7/ 5 3/ 0 22/ 5 

Tap 5/ 0 3/ 0 8/ 0 10/4 26/ 4 

Allograft 
Muscle / Joint / Tendon 9/ 0 7/1 16/ 1 

Tap 15/ 0 3/ 0 18/ 0 

Unknown 4/1 9/ 5 1/ 0 4/ 4 4/3 22/11 

--------------
19/1 35/ 5 10/1 4/ 0 19/ 9 17 !7 

104/21 

68/7 36/16 
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versus 5.3%). For axons \\ hich served deep tissues, the difference was also significant in a 

similar comparison, yidding a 4-fold differenee (44.4% versus 10.3%). 

In cutaneous tissues It was primariIy the SA l'bers which served glabrous skin of the 

CNVFFs and TNVFFs WhICh had the highest perccntage 0f spontaneously active fibers 

(68.2% for CNVrFs and 53.6% for TNVFFs). These axons, having undergone nerve 

transection and repair, had regcnerated and reinnervated their target tissues. The fact that the 

TNVFF s of anImaIs #20 and 21 showed few signs of rejection upon gross visual inspection 

and resembled the CNVFFs In thIS regard, coupled with the faet that the axons which served 

the Nonnal (Experimentai) tissues of the same animais also had a very higher percentage of 

spontaneou<;ly active fibers (360% for Glabrous SA fibers), suggests that the abnonnally high 

Incidence of spontaneou!' actiVIty was not directly related to processes of regenerauon aione. 

ThIS observation i'i further supported by the fact that tIssues from animaIs #5, 7, 11, 13 and 

15, which had undergone denervation and remnervatlon, as well as vanous degrees of 

rejectlon (whlch possibly led to further denervation and remnervation processes), were not 

served by axons WhlCh had an cxcesslvely high incidence of spontllneous activity. Within the 

sampled axon~ for ammals #20 and 21, the dIfference in the percentage of spontaneollsly active 

SA neuron~ found tn glabrous skll1 (36%) aS compared to those found in hairy skin (37.5%) 

was not sigmficant. however, a simtlar comparison withm the allograft group showed a 3-fold 

difference (53 6% for Glabrous SA versus 17.8% for Hairy SA) In both cases, the proportion 

of spontaneously actIve fibcrs was greater than that sam pIed In other animaIs. 

Not only dld the sampled SA fîbcrs whlch served glabrolls ~km of nonrejected TNVFFs 

show a higher percentagc of <;pontaneously active axons !l1 comparison to those of other 

groups of axons (or animaIs), but of the ftbers sampled, there was conslstently a higher 

percentage of SA versus RA flbers ll1 the glabrous skin of ::mlmals which rcceived high levels 

of CsA (amBlaIs #20 and 21) as compared to the other ammal;;. The SA fibers sampled WhICh 

served Normal (Experimentr.l) glabrous skin of anImaIs #20 and 21 were approximately 1.5 

times more numerous than the RA fibers sampled in the same tissue, and In allografted 
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glabrous skin of these animais the SA fibers sampled represented over 2 times the number of 

RA fibers sampled. This is m contrast to the collective group of animaIs WhlCh carried rejected 

allografts and WhlCh generally maintained lower levels of CsA, whcre the reverse was truc (a 

greater number of RA versus SA fibers were sampled). The conslslency of tlm ob~crvatlon 

(although no~ ail compansons were statistically slgnificant) is interestll~g to note, ~lIlce Iherr 

was no special priority given to the SA submodality when samplmg the axons (see Methods, 

Section ILe.). 

The identIfication of axons which served muscle, joint and tendon sensory organ\ 111 the 

deep tissues of the allografted hands was an imponant indication that the afferent 11mb of the 

motor circuitry to allografted muscle had reinnervated and was at least partJally mtact. It IS aho 

notewonhy that the relllnervated fibers WCIC still func!H)nal m the aftennath of pmce""e~ of 

severe rejectlon of the cutaneous tissues of the allogl ;tft camed by al11mal #13 In additIOn, the 

electrophysiological identification of axons whlch servcd severely rCJccted allografted U\\lIC\ 1\ 

one indication that the dIsruptIve force of t!"le reJectlon proces~es, at the \evel of 

iœmunosuppresslOn induced, was confined to the cuta>1eous tissues and was not .1ccessanly 

disruptive to the underlying neural tissues. 

B. Identification of Receptive Fields 

Despite the dlfferences in the outward appearance of the rejected allografted tissue~ as 

compared to those of nonrejected allografts or control tissues (Fig~ 4 and 5), host axon~ were 

still able to grow lIlto, locate and functlonally mnervate th eu target tissues. An extremc 

example of this capability was observed ln ammai #13. At the t;me of sensory te'itlllg, even 

though the HT had undergone major cplsodes of 'ievere rCJectlOn (<,tartll1g at day 60 of 

postoperativc survlval), several RF~ of reasonable 'iIZe (up to 1 cm) and of hoth the RA and 

SA submodalities were Identlfled on the volar aspect of the fingertlp~ (15 cm dl\tal 10 the ~ltc 

of nerve repair). Not aIl axons innervating the grafts reached target tis~lIes, however, and thcre 
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were important differences in the quality and quantity of reinnervation observed in the rejected 

allografted tissues as compared to that observed in nonrejected allografts or control tissues. 

Figure 12 Iilustrates the approxlmate shape and location of the cutaneous RFs studied in 

glabrous ~kin of the TNVFFs and CNVFF of animaIs #15 and 21. The radial extent of <he RFs 

were detenmned usmg the W -S monofIiament which elicited a OF value of approximate1y 5 g 

(M = 4.56; see Methods, Section n.c.l and 2.). The two diagrams in the upper panel. 

represent the right hand of animal #21 (seen prcvlOusly In Fig. 4B). The upper left diagram 

depicts the RFs for the RA fibers identified which served the CNVFF (D4) and the TNVFF 

(02). The dIa!!:-dm on the upper nght, depicts simllar information for SA axon RFs. The 

diagrams in the lower pane! :lre drawn to represent the right hand of animal #15 (seen 

prevlOusly \11 Figs. 5B and 6), [ID' show the outlines of the RFs for the RA and SA fibers that 

were Idenufied on its TNVFF. 

ft IS easily appreciated from FIg. 12 that the location of the identified RFs for the CNVFF 

and TNVFF of anImal #2 L tended to be patchy; although the RA and SA RFs were roughly 

isolated to the same innervation temtories. The location of the identified RFs for the TNVFF of 

animal #20 (not shown) were more evenly dispersed, and covered the whole glabrous surface 

of the flap. In any of the animaIs, if the location of the identified RFs was patch), the 

distribution rerlected the mnervation terri tories of the lateral or medial components of the digital 

nerves, a cutaneous branch of the median nerve (WhlCh served the D2 palmar digital pad), or a 

cutaneous branch of the radial nerve (which served the hairy skin overlymg the proximal 

knuckle of 02). This terntonal distribution of innervation was best displayed by the 

distribution of the RF~ found in the grafts of ammal #21 (Fig. 12, upper panel), where RFs 

resided pnmanly along the ulnar margin of the CNVFF and TNVFF glabrous tissues, and on 

the 02 palmar digital pad, even though aIl of the nerve reattachment were between nerve 

stump'; with 111lmmal ~Ize dlscrepancles and met the criteria for a good microsurgicai repair at 

the time of surgery. The faet that the sampled RFs along the ulnar margin of the TNVFF of 

ammal #21 was only represented by SA characteIistics was purely by chance. 
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Figure 12 

The approximate shape and location of cutaneous RFs for RA and SA fibers which served 

allografted (TNVFF; D2) and autografted (CNVFF; D4) tissues. Note the lower distribution 

1ensity of identifiable axon RFs serving rejected allograft tissues (ammal #15; lower panel) 

compared to those serving nonrejected and control tissues (animal #21; upper panel) for a 

similar number of sampled axons. The dashed lines on the palmar aspect of each hand identifies 

the extent of the flap as determined by the scars of the surgical incisions. The number of days of 

postoperative recovery refers to the time at which the electrophyslOlogical recording was 

fini shed. (Reproduced, with permission, from Samulack et al. [1988]. Copyright © 1988 by 

Grune & Stratton, rnc.) 

'-
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In Fig. 12 (upper panel), after taking into consideration the patch y nature of the 

innervation, it can he appreciated that the RF diameter and distnbutIon den~ity (as dcfll1cd hy 

the number of identified RFs per area of tissue, basf'd uron a similar number of dl~seetl'd 

fibers) for sampled axons in nonrejected glabrous skin of the TNVFF, were snnilar ta those of 

axons whlch served the autografted glabrous tissues of the CNVFF. Yet, the idenufiable RFs 

of a similar number of dissected axons that served rejected allografted glabIOus ~kin (a1lll11al 

#15; lower panel) were noticeably reduced in dlameter and dlstnbution density whcn comparcd 

to either nonrejected TNVFFs or CNVFFs. Aithough animaIs #15,20 and 21 carried TNVFFs 

with allografted nerve segments which supported what appeared ta he a simllar number of hŒt 

axons, in animal #20 the iàentified RFs covered virtually the w~101e glabrous surface of the 

flap, while ammals #15 and 21 showed very patchy RF dlstnbutions. Dcsplte the faet that 

nerve segments from the TNVFF of animal #15 supported many hOSl axon~ (sec Fig. 11D; 

digital nerve froOl the ulnar side of 02), there were vast areas on the flap wnhlll the innervation 

territory for whieh RFs could not he identified. A reduced mechanoreccptor population In 

rejected allografted tissues, or the faet that rejection processes may have disconnected axons 

from their targel mechanoreceptors in the superficial cutaneous tissues, may account for these 

latter observations. 

The majority of the RFs studied which served cutaneous tissues of the two HTs were 

similar to each other in size and distnbution denslty (data not shown), despite the fact that one 

HT (animal #7) had undergone repeated mlld reJection proce~se", while thc other (ummal #13) 

had undergone severe rejection processes. The HT of al1lmal #7 expenenccd ('lrculatory 

problems in the digits which led to their paI11al mummificatlon (sec Appendlx 1). The faet that 

aIl of the cutaneous RFs observed for this latter HT were proximal to the digIts, with the va~t 

majority of them being located proximal to the mid-palmar crease,>, wa~ prohahly a 

consequence of the poor clrcula';nn the graft was expenenc1l1g. The size of the RF~ for the 

HTs were generally larger than .:le shown for anImal # 15, wlth ~ome fleld~ being 

comparable in size to the larger RFs of the nonrejected TNVFFs and CNVFF~. 
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For aIl of the grafts studied, the RFs in hairy skin followed similar patterns of shape and 

distribution density as those for the glabrous tissues of the same graft, with a tendency for the 

RFs to appear ~lightly larger in diameter. 

C. Thresholds of Activation 

Four hundred RFs sampled JO glabrous or hairy skin were tested for their threshold of 

activation in response to punctate cutaneous stimuli applied to their most sensitive spot. The 

threshold values obtained are represented in Figs. 13 and 14. Wahin each experimental group, 

the data is dlvided into two histograms on the basis of the axon's adaptatIOn charactenstics. It 

is important to rcmember when c0mparing these data, that the 1bscissa is nonhnear, and that 

bins 1-3 (as do bins 4-6) have very similar GF values in comparison to bins 7-12 (see 

Methods, Section II.C.2.). The data IS pre<;ented in this way, because many of the RFs were 

able tG dearly differenùate between probes with M values from 1.65 to 3.22 (bins 1-6). 

1. Fibers which Served Glabrous Skin 

For glabrous skin, the statistics of location (SOL) and distribution characteristics for RF 

thresholds were very similar between RA and SA samples for each experimental group (Fig. 

13). Only in the Allograft (Nonrejected) group was there a moderate difference (although not 

statistically slgmflcant; P < 0.1) between the RA and SA fIbers with respect to SOL. In this 

latter case, the SA submodality had a t:,rreatcr proportion of lower threshold values. 

The distribution of sampled RF thresholds for the RA fibers in each of the experimental 

groups was bimodal, wlth the modes of the dIstributions bemg approximately 2.5x 10-1 g and 

1.3 g. The peaks of the bimodal distribution were more pronounced for the allograftcd tissues, 

with the Allograft (Rejccted) dIstributIon showmg a wider peak in the hlgher threshold values. 

The SOL and distrIbutIOn of thresholds for RA fibers were similar in the Normal 

(Experimental) and Surgical Control groups, but the SOL for these two groups differed 
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Figure 13 

Histograms representing the thresholds of activation of axons sampled from four 

experimental groups of glabrous skin in immunosuppressed baboons; Normal (Experimental), 

Surgical Control, Allograft (Nonrejected) and Allograft (Rejected). The threshold (in grams) 

was measured for axons serving glabrous skin, using an array of twelve nylon monofilaments 

of various cali bers. The average GF value for eaeh probe IS shown on the longItudinal seale at 

the bottom of the figure; note the nonlinearity in the increment of the values The histogram bins 

numbered 1 to 12 correspond to the 12 probes utilized. The total sample from each category IS 

divided on the basis of the adaptation characteristies; rapidly or slowly adaptmg. In additIon, the 

histograms for the category Allograft (Rejected) indicate which portion of the sample came from 

tissues which had undergone mi Id or severe rejection. The value N for each histogram 

represents the respective sample size. Note the change in the ordinate scale for the histograms 

designated by an asterisk (>le). 
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significantly from the SOL of both allograft groups. The sampled RF thresholds for RA tïbers 

which served nonrejected allografted glabrous skin did not have signiflcantly different SOL 

from those of the Allograft (ReJcctcd) group; cven If the sampled fibers wlllch scrvcd milJly 

rejected or sevcrcly rejected tissues \Vere comparrd separately. Thcrc WOlS a ùcfïnitc tendency 

towards lllgher threshold values for RFs 1I1 rcjected allogtaftcd tissues, as compan::d 10 Nonmll 

(Experimental) or Surgical Control tissues, sinee more than 50% of the fihers which served 

rejected glabrous skin h,id thresholds of activatIon equal to or greater than 0.7 g. 

For SA fibers WhlCh served glabrous skin, the sampled threshold~ of RFs 111 the Normal 

(Experimental), Surgical Control, and Allograft (NonreJected) expenmental groups, ail nad 

similar SOL. The SOL for SA fibers which served RFs in rejected allografted glahrou-; skin 

were signiflcantly different (P < 0.001) from any of the SA flber samplc<; for the other 

experimental conditions. The latter was truc even when SA flbers whlch served mildly, or 

severely rejccted allof,lTafted glabrous tissues were considercd 1I1dcpendently. A~ was the ca-;e 

for sampled R/', fibers whlch served glabrous skin, more than S()% of the sampled RFs In 

rejected allografts served by SA fiber~ hnd a GF value equal to, or grcater than 0.7 g. 

Sirnilar to that of the RA fibcrs, :he distnbutions of the thresholds for the sampled RFs of 

the SA submodality was bimodal in nature, except for the Surgical Control group where the 

mode of the dl~triblltion in the upper threshold values was not welJ-dcfined Although the 

mode values for the region of the dIstributIOn 10 the lower thresholds (2.5 x 10-1 g) was simllar 

to that of RA fibers in each of the experimental groups, the mode 111 the reglon of higher 

thresholds for SA flbers changed from approxlmately 0.5 g 111 Normal (Experimental) 

conditions, to 1.3 g in the Allograft (Rejected) group, in contrast to a stable 1.3 g for RA fibers 

in each experimental group. 

The SOLs for the sampled fibers which served mildly rejected or severely rejected 

allografted glabrous tissues were not significantly different, whether they were compared to 

each other within their submodality, or between submodalities (RA versus SA). 
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2. Fibers which Served Hairy Skin 

Thresholds of activation for axons which served cutaneous RFs in hairy skin were 

determined for one hundred and fony-eight fibers; the majority of which were sampled from 

allografted tissues. As seen in Fig. 14, the dIstribution of thrcsholds for RA fibel's which 

served hairy ~klll tended to be unimodal in character with the GF values gencrally being quite 

low. This contrasts with the tendency towards a bimadal distribution of threshalds for the SA 

fibers, where bath the lower and higher GF values were always represented. Stattstical 

comparisans between the sampled RA and SA fibers withm each of the Nanna! (Experimental) 

and Allograft (Nonrejected) groups for hairy skin shawed SOLs which were significantly 

different (P < 0.02). Although for the SA fibers of the Surgicai Control group, there was 

representation in the lower as weIl as the hi~her threshold ranges, and the sampled RA fibers 

had values only in the lower threshold ranges, judgernent is reserved as to the significance, 

since the sample sizes were small. Based upon the Mann-Whitney U-test which compares 

ranked sum differences and has ta bled critical values for tests among such small sample sizes 

(see Methods, SectIOn IV.), the Surgical Control samples did not have signifïcantly different 

SOL in comparison to any of the other experimen.ul groups. For the Allograft (Rejected) 

experimental group, the SOLs were not significantly different between the RA and SA fiber 

samples; even when fibers which served either mi!dly rejected or severely rejected tissues were 

tested separately. 

The sensory thresholds for RA axons which serv.·o RFs in Normal (Experimental) hairy 

skin were extremely sensitive, showing a significant T'llmber of RFs with GF thresholds of 

activation less than 10 mg. A comparison of these flbers to those which served reinnervated 

tissues (CNVFFs, TNVFFs, or HTs) revealed a tendency towards elevated thresholds for the 

fibers which had undergone nerve transection. Although the RA fi bers sampled which served 

Surgical Control tissues did not have significantly different SOL whcn compared to Normal 

(Experimental) tissues, the sample for RA fibers which served the CNVFFs showed larger 

• 
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Figure 14 

Histograms representing the thresholds of activation of axons sampled from four 

experimental groups of hairy skin in immunosuppressed baboons; Normal (Experimental), 

Surgical Control, Allograft (Nonrejected) and Allograft (Rejected). The threshold (in grams) 

was measured for axons serving hairy skin, using an array of twelve nylon monofilaments of 

various cali bers. The average GF value for each probe is shown on the longitudinal scale at the 

bottom of the figure (note the nonlinearity in the increment of the values). The histogram bins 

numbered 1 to 12 correspond to the 12 probes utilized. The total sample from each category is 

divided upon the basis of the response characteristics of the axons studied: RA or SA. In 

addition, the histograms for the category Allograft (Rejected) indicate which portion of the 

sample came from tissues which had undergone mild or severe rejection. The value N for each 

histogram represents the respective sample size. Note the change in the ordinate sc ale for the 

histogram designated by an asterisk (*). 
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mean, median and mode values and had distribution characteristics WhlCh were statistically 

different (P < 0.025; based upon the table values for the Kolmogorov-Smirnov test) than that 

for the Normal (Experimental) sample The SOL for sampled RA ftbers WhlCh served 

nonrejected allografted tissues were ~ignificantly dlffercnt (hlgher) than those for the Nonnal 

(Experimental) group, but were slmilar ta those for cannai tI~sues. 

The RA fihers which served RFs ln rejected allografted h,ury skm, however. had 

noticeably higher GF values ihan any of the other group" The SOL for the total Allograft 

(Rejected) samplc for RA flbers V/as slgniflcanlly diffcrcnt than thm.c for nonrejected 

allografted tissues, as well as fOI Normal (ExperImental) tis<;ues. Although the SOL for the 

Allograft (Rejected) group were not significantly dlfferent than that for the Surglcal Control 

group (P < 0.1), the dIstributIOn was ~igmflcantly differcnt (P < () (1), WIth an ObVIOll'i 

tendency towards hlgher GF threshold values (Fig. 14). lt was mtere<;ting to note that the GI' 

values of sampled RA fibers which served RFs in ~everely rejected h:ury skm, ~howed simIlar 

SOL (P < 0.1), as compared to those which served skm WhlCh had only undergone mlllor 

rejection episodes. 

SA fibers which served hairy skir. showed similar SOL for threshold values when each 

of the experimcntal groups was comp.,red (Fig. 14; right column). Thcre was no significant 

difference in the SOLs between Normal (Expenmental), Surgical Control, Allograft 

(Nonrejected) and Allograft (Rejected) groups. For the first thrce groups (taktng lOto 

consideration sample size), each of the samples indicated a bimodal dl~,tnbutlon of GF valllc~ 

with modes at approximately 0.2 g and 1.3 g. For the Allograft (ReJceted) sample, however, 

there was an apparent shift in the distnbution of the GF value~\ in the lowcr thre~hold range 

(values in bin 4 may have shifted towards bins 5 and 6), showing a tendcney for a ummodal 

distribution of the sample. In faet, the distribution of the total sample for SA fibers which 

served rejected allografted tissues was significantly different than that for Allograft 

(Nonrejected) tissues (P < 0.(05) as weIl as the others. 
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Like that for RA fibers which served rejected allografted hairy skin, the SA fibers which 

served mildly rejected tissues showed similar SOL in comparison to SA fibers which served 

severely rejected tissues. 

3. Comparisons between Glabrous and Hairy Skin 

In general, the RFs (RA and SA) in hairy skin were served by a larger percentage of 

axons which had very Iow thresholds of actIvation as compared to those for glabrous skin (OF 

< 50 mg; 30.4% for glabrous versu.s 6.0% for hairy skm). As weIl, the SOL for each sample 

of RA fibers WhlCh served halry skin were significantly lower than each respective sample 

which served glabrous tissues, except for a comparison between the RA fibers of the Surgicai 

Control samples; the small samplc size wIthin the RA Surglcal Control group of HaifY skin 

may have contributed to the latter findmg. In contrac;;t, only the sampled SA fibers which 

served haIry skin m the Allograft (Rejected) tissues showed slgnifIcantly different SOL when 

comparisons were made between glabrous and hairy skm. 

For both glabrous and hairy skin, sampled axons whicL served rejected aIlografted 

tissues showed a tcndency towards higher threshold values (as indicated by single bin shifts) 

when comparisons were made to nonrejected or control tissues; although SOL were not 

significantly dlfferent in each case. 

D. Submodality Response Characteristics 

The response characteristics of several RA or SA fibers which served either glabrous or 

hairy skin were studied with the use of a computer controlled stimulus paradigm (described in 

the Methods, Section ILC.3.). The data are presented in Figs. 15-18. While the data 

represented by 'thtck' curves in graphs A and B of each figure were derived from 

immunosuppressed animaIs in the pres{!nt study, the thinly drawn curves were constructed 

from the onginal data of Dykes et al. [1984] (baboons which were not immunosuppressed), 



Il H 

and are included wah penmssion for comparative purposes. The autografts from the pre~ent 

study were NVFFs, whereas the autografts from the study of Dykes ct al. 119R41 were full

thickness skin gralts. 

1. Rapidly Adapting Fibers 

a) RA Response C:haracteristics in Glabrous Skin 

Normal RA fi bers WIth their RFs in glabrous skm (Fig. 15A, thm curves) showed a wide 

range Qf sensrtivity to repetitive stimulI. The most sen~ltive of the flbcl~ entramed tn 

frequencies b~tween 10 and 40 Hz Rt stimulus amplItudes which rangcd from 17 to 40 J.lm. ln 

comparison, a fiber which served Normal (Expenmental) glabrolls siun (thlck clIrve) had Its 

lowest tuning points between 8 and 30 Hz at stimulus amplItudes of 42-50 !lm Takmg \Ilto 

consideratIon that the lcss sen~ltive fibers WhlCh served Normal skm had curve~ wlth 111ll1llnUl11 

tuning points rangmg in stImulus amplitude from 0.2 to 1.1 mm (one order of magllltudc 

higher than the sensitive fibers), the RF in Nom1ul (Experimental) skm dl\played a range of 

sensitivlty comparable to the moderately sensitive RA fihers whlch ~erved Nonmll skln. 

The tuning curves for RA fibers which served autografLcd !l'lsues di~played a range of 

s.!nsitivities simllar to those for Normal skin. As weIl, the shape of the tumng CUïVCS were 

similar, Wlth th~ minimum tuning pOints being located al frcquencies between 10 and 40 Hz ln 

contrast to fibers which served Nonnal tissues, however, those axan,> WhlCh ~ervcd RF~ III 

autografted full-thlckness glabrous sklp grafts (Fig 15B, thlIl cllrve~) <;howed a larger 

percentage of sampled axons with tuning clirves having mllumum tUlllng p01ll1<., bctween 100-

1000 J.lm (75% for full-thlckncss grafts versu.s 35.7% for normal tJ"'~uc~) At ail of the 

frequencies tested, axons whlch served glabrous skin of the CNVFFs (FIg. 15B, thick clIrve,,) 

had RFs with tuning curves showing lawer vibratory thrcsholds than the r.laJonty of the flbcr~ 

which served full-thickness skin grafts. As weIl, the curves for RA flber<; which ~erved 
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Figure 15 

Tunil.l;, curves for RA fibers which served glabrous skin. As described in detail in the 

Methods ~ection, tuning points (the minimum amplitude in micrometers of a mechanically 

tnduced sinusoïdal VIbration that would elicit one AP for every cycle of a sine wave for 0.5 s) 

were obtatned for a series of frequencies between 2 and 200 Hz and connected by a line to form 

the tuning curve. The curves were plotted on a log-log axis. The flbers which were most 

~en~itivc to VIhratlon had the lowest tuning point. (A) An axon which served Normal 

(Experimental) skin (thlck curve) is compared to axons which served Nonnal skin (thin 

curves). (8) Axons WhlCh served autografted CNVFFs (thick curves) are compared to those 

w/llch served autografted full-thickness skin grafts (thin curves; one-half of the fibers were 

chosen to represent the range of thresholds found). (C) Axons which served nonrejected, and 

(0) rejected allograft tissues are also presented. Those axons which served allografted tissues 

which had undergone mmor episodes of rejection are depicted by dashed lines, while axons 

which scrved sevcrely rejected allografted tissues are represented by solid lines. The curves 

represented hy th in lmes in (A) and (B) were constructed from the original data of Dykes et al. 

119841 (baboons which were not immunosuppressed), and are included with permission for 

comparative purposes. 
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glabrous skin of the CNVFFs had tuning points comparable to those of the most sensitive 

fibers which served glabrous skin in Normal and Normal (Experimental) tissues. 

The RA fibers whieh served RFs in allografted glabrous skin had tuning curves with a 

range of sensitivities comparable to that for nonnal or autografted tissues, however, the eurves 

were more shallow for fiDers whieh served allografted glabrous skin (Fig. ISe and D), 

indieating that the y had a more unifonn sensitivity across the range of stimulus frequencies. 

This tendeney was most pronounced for RA fibers which served rejected allografted glabrous 

skin (Fig. 150). It is interesting to note that the curves which were derived from axciI1s which 

served mildly rejected glabrous skin (dashed lines) had minimum tuning points which were 

comparable to the more sensitive of the fi bers which served normal or autografted tissues. As 

weIl, the tuning curves were more sensitive for the majority of the RA fibers which served 

allografted glabrous sldn of the TNVFFs than for fibers sampled WhlCh served full-thickness 

glabrous skin grafts. This latter observation indicated that the physical nature of the fu11-

thickness skin grafts may have contributed to the relatively poor sensitivity of their sensory 

units to vibratory stimuli. 

For nonrejected tissues, two very sen5itive axons were studied which showed minimum 

tuning points in the 60 to 130 Hz range (Fig. ISe), although these two curves resemble 

closely those which might have been derived from axons which served Pacinian corpuscles, 

the fibers had well-defined RFs (5-8 mm in diameter, as measured with monofilament M = 

4.56) on the finger of the TNVFF (animal #20), and axonal threshold of activations of 

approximately 0.3 g. The possibility that these fibers represent immature reinnervation of 

Pacinian corpuscles is discussed later in this report (see Discussion, Section III). 

b) RA Response Characteristics in Hairy Skin 

The tuning curves of sampled axons which served RFs in hairy skin (Fig. 16) generally 

had shapes which were less uniform and less U-shaped than those derived from glabrous skin. 

ft 
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Figure 16 

Tuning curves for RA fibers which served hairy skin. Plotted on a log-log axis in a 

similar manner to those of Fig. 15, the fibers most sensitive to vibration had entrainment 

thresholds at the lowest amplitudes. The graphs represent axons WhlCh served: (A) normal 

skin, (B) autografted full-thickness skin grafts, (C) nonrejected allografted tissues, and (D) 

rejected allografted tissues. Dashed lines depict axons which served allografted tIssues that had 

undergone minor episodes of rejection. Solid line depict axons wInch served severely rejected 

allografted tissues. The curves represented by thin lines in (A) and (B) were constructed from 

the original data of Dykes et al. [1984] (baboons which were not immunosuPJiressed), and are 

included with pennission for comparative purposes. 
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For each experimental group From hairy skin there were fibers wah tuning curves which had a 

nearly horizontallimb in the lower frequencies and/or minimum tUl11ng pOInts below 10 Hz. 

The majority of the sampled RA fibers which served hairy skin were clearly more sensitive to 

low frequency stimulation (2-10 Hz) th an were fibers which served glabrous ~kin In the samc 

experimental position. 

For the Normal and both Allograft experimental groups (Fig. 16A, C, and D), there were 

sorne fibers which were very sensitive (requinng stimulus amplitudes of only 10-30 !lm), but 

the majority of the flbers had minimum tuning points with amplitudes between 40 dnd 400 ~lm. 

The sample which servcd full-thickncss skll1 grafts (from the ongInal data of Dykes et al. 

[1984]), although having sorne very sensitive flbers, generally had tunIng curves WIth 

minimum tuning points that reqmred more than 400 !lm stImulus amplItude for entrainment. 

Therefore, the fIbers WlllCh served autografted haIry Ussues were ~igmficantly les,; sensitive 

than fibers which served nonnal or allografted hairy skm. 

There was very littlc difference, betwecn the sensitivity of the sampled flhers which 

served rejected or nonrejected allografted halI'y skin. As weIl, of the axons studied III rejccted 

tissues, those fibers serving RFs in mlldly rejected skin were similar in sensitivIty to those 

serving RFs in severely rejected skin. 

2. Slowly Adapting Fibers 

a) SA Response Characteristics in Glabrous Skin 

Stimulus-response curves are presented for SA fibers WhlCh served RFs In glabrous skin 

(Fig. 17). Axons in each of the Experimental !>kll1 condulOns di~played a wide range of 

responsiveness to the mechamca) lI1ductlOn of a ~tep indentatIOn (sec Method,>, Section 

H.C.3.), except for thŒe axons wmch served rejected allografted glabrou~ skm. The ~ampled 

fibers which served Normal (Expenmental), and Surgical Control ~kin (Fig. 17 A and B; thick 

curves), as weIl as the sampled fiber~ which served Allograft (NonreJected) tissues (Fig. 17C) 
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Figure 17 

Stimulus-response curves for SA fibers serving glabrous skin. The points on each curve 

represent an axon's mean firing rate (APis) dùring the first 1 s of a step indentation of the skin 

(amplitude 111 mm) induced by a mechanical stimulator. (A) Axons which served Normal 

(Experimental) skin (thlCk curvcs) are compared to those serving Normal skin (thin curves). 

(D) Axons whlch served autografted CNVFFs (thick curves) are compared ta those which 

served autografted full-thlckness skll1 grafts (thin curves; one-third of the fibers were chosen to 

Illustrate the range of thresholds found). (C) Axons WhICh served nonrejected, and (D) 

rejccted allograft tIssues. An axon whl'::h served allografted tissues that had undergone minor 

episodes of reJection IS depicted by a dashed Hne, while axons which served severely rejected 

allografted tissues are represented by sohd lines. Curves represented by thin lines ifl (A) and 

(B) wcrc c0nstructed from the origmal data of Dykes et al. [1984] (baboons which were not 

Immunosuppressed), and are included with pennission for comparative purposes. 

. 
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displayed S-R curves whic:l were comparable in shape and slope. to those curves which were 

derived from normal glabrous skin or full-thickness skin grafts (from the original data of 

Dykes et al. [1984]). 

Axons which served glabrous skin of the rejected TNVFFs (Fig. 17D) had S-R curves 

which were considerably less sensitive (stimulus necessary to initiate a response) and less 

re:;ponsive (decreased slope of curve) than the majority of the fibers in each of the other 

experimental skin conditions. Even though one of the axons (Fig. 17D, dashed !ine) served 

glabrous skin which only underwent minor episodes of rejection (TNVFF, animal #5), it also 

had S-R characteristics which were less sensitive and/or responsive than the majority of SA 

fibers which served glabrous skin of nonrejected allografts. 

b) SA Response Characteristics in Hairy Skin 

The SA fibers which served RFs in normal or autografted hairy skin (Fig. 18A and B, 

both sets of curves constructed from the original data of Dykes et al. [1984]) were generally 

more responsive than those which served glabrous skin (Fig. 17). Sorne of the fibers were 

extremely responsive, as indicated by the very steep slope of their S-R curves, and by the fact 

that they exhibited onset responses in the order of 20-40 AP during the first 1 s of a step 

indentation of only 100-300 IJ.m. 

The S-R characteristics of SA axons which served allografted hairy skin were mixed; 

sorne fibers showed very responsive S-R curves with steep slopes, while others were quite 

insensitive to step indentation and responded by giving only 2-10 AP during the first 1 s of the 

stimulus. None of the fibers sampled in allografted tissues showed S-R curves with extremely 

steep siopes, as did sorne of the highly responsive fibers in nonnai and autografted skin. 

Similar findings as those for nonrejected allografted hairy skin were seen for rejected 

allografted hairy skin. The fiber which served an RF in mildly rejected skin (Fig. 18D, dashed 
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Figure 18 

Stimulus-response curves for SA fi bers which served hairy skin. The points on each 

curve represent an axon's me an firing rate (APis) during the first 1 s of a step indentation of the 

skin (amplitude in mm) produced by a mechanical stimulator. The CUlves are divided into those 

axons which served (A) Normal skin, (8) autografted full-thickness skin grafts, (C) 

nonrejected and (D) rejected allografted tissues. One curve representing an axon which served 

allografted tissues that had undergone minor episodes of rejection is depicted by a dashed line. 

Axons which served severely rejected allografted tissues are represented by solid lines. Curves 

represented by thin lines in (A) and (B) were constructed from the original data of Dykes et al. 

[1984] (baboons which were not immunosuppressed), and are included with permission for 

comparative purposes. 
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Hne), had a cmve which showed S-R characteristics similar to those for the average responding 

fibers of Nonnal hairy skin, as weIl as those for the sensitive fibers which served nonrejected 

allografted hairy skin. 

In nonrejected and rejected tissues, the axons with S-R curves resembling those From 

Nonnal hairy skin, had medium to large well-rounded RFs (6-10 mm in diameter). The CUIVes 

in Figs. I8C and D, which showed poor sensitivity and responsiveness to step indentations, 

were derived from axons whose RFs were sm aIl « 5 mm in diameter) or very small (punctate, 

1-2 mm in diameter), but for which SA response characteristics were clearly defined. 

E. Conduction Velocitics 

The CYs of three hundred and forty-nine axons which served either Normal 

(Experimental) skin, CNVFFs, or allografted skin were studied and compared. The data is 

presented in histogram fonn in Figs. 19-23. In addition, histograms descnbing the CYs of 

axons which served Nonnal skin were constructed From the original data of Dykes et al. 

[1984] (baboons which were not immunosuppressed), and are mcluded wlth permissIOn for 

comparative purposes in parallel with the data derived from axons which served Normal 

(Experimental) tissues. 

1. Normal (Experimental) as a Special Group 

The axons sampled From Normal (Experimental) tissues had RFs in areas of skin which 

had not intentionally been surgically manipulated, but which were on the sa me hand as the 

TNVFF and CNVFF. There was a chance that sorne of the axons which served RFs on normal 

skin near the sites of surgical intervention might have been interrupted inadvertently. Data 

presented in Fig. 19 are an attempt to clarify whether there was any effect of thls surglcal 

procedure on axons in nonnal tissue, by asking if there was a significant difference in the SOL 

and distribution between the CV values obtained From axons with RFs which were withlll 1 cm 
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Figure 19 

Frequency histograms illustrating the sampled values of CV for axons serving Nonnal 

(Expenmental) skin. In each histogram, the data is divided into two subsets; those axons 

serving RF~ in 'close' proximay to surgical incisions and those serving RFs 'far' removed 

from IncisIOns. The total sample for the Normal (Experimental) group is segregated into the 

categories (rows) Glabrous, H~ury, or Glabrous + Hairy, based upon the type of skin in which 

the RFs were located. Each category Total is then further subdivided into samples depicting 

those axons whkh were characterized as RA or SA (columns) based upon their rate of 

adaptation to a sustained stimulus. Note the change in scale of the ordinate axes marked by an 

asterisk (*). 

In only one histogram (Glabrous + Hairy, RA) were the CV subsets (close versus far) 

determined to be significantly different (P = 0.05) and to come from populations having 

different SOL (Mann-Whitney U-test; see text for details). 
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(close) of a surgical incisiOn and those fibers whose RFs were further than 1 cm (far) from an 

incision. To detennine whether the group of sampled ::lxons truly represented a homogeneous 

samp1e, the two parts of the sample were compared with the Mann-Whitney U-test. 

In most comparisons, there was no significant difference in SOL or distribution between 

the CYs of axons located close or far from surgicaI incisions. For SA fibers, both sample 

subsets in each of the histograms showed similar SOLs and dIstributions. In contrast, the 

sample for RA fibers which served RFs in glabrous skin close to incisions, showed a moderate 

shift in SOL (P < 0.1) towards lower CV values, as compared to those which were located far 

from surgicalmCÎslOns, however, tl1ere was no significant difference in the distribution of the 

two samples (P == 0.1). In only one histogram (Glabrous + Hairy, RA) was the CV subsets 

(close and far) determined to come from populations having significantly different SOL (P = 

0.05), however, the sample distributions of the two subsets were similar (P > 0.1). 

The statistically sIgnificant differences between the SOLs of the two subsets of RA fibers 

which served the combined sample of glabrous plus hairy skin probably arose from four 

factors: (1) the rIght-hand tail (larger Cv values), within the distribution of the combined 

sample for gIabrous skin, was predominantly represented by axons with RFs which were far 

from surgicai tncision~, (2) the distribution of sampled CVs for RA fibers which served 

glabrous skin r:onsistently had larger mean and median values, as compared to those for hairy 

skin of the Nonnai (ExperImental) group as weIl as for cach of the other experimental groups 

studled (~ee FIg. 22), (3) the SOL and distribution of CV~ for the two subsets of RA fibers 

which served hairy skm, aithough slmilar, ~howed a tendency for CV values of 'close' fibers 

to be lower than thnse for 'far' flbers, and most importantly, (4) the pooling of data from 

axons which ~erved glabrous skin wah that of axons which served huiry skin, is done so, 

knowing that thcse axons serve dlfferent types of mcchanoreceptors, and that this aione may 

account for heterogeneity in the sample. 

As is shown below in Fig. 20, the sample of RA fibers which served Normal 

(Experimental) glabrous skin had SOL which were significantly different (lower) than those 



134 

for the Nonnal group (P < 0.01). This was true, as weil, for the SA fibers which served hairy 

skin. The fact that three of four samples (Glabrous SA, Hairy RA and SA) showed no 

statistically significant differences in the SOL or distribution of CV s denved from fibers which 

served RFs in close or far proximity to surgi cal incisions, indicates that location alone was 

unlikely to be the reason for the differences seel1. 

It was therefore concluded for the purposes of further comparisol1s in this 3tudy, that 

although proximity to surgical manipulation may have had an effect on the SOL for RA fibers 

which served glabrous skin (although not statistically significant), that for a11 intents and 

purposes, the axons which served RFs in Normal (Experimental) skIn of the 

immunosuppressed baboons composed a homogeneous group of fibers slmilar in nature to 

those which served Normal skin of baboons which were Ilot immunosuppressed. 

2. Comparisons among Glabrous Skin Samples 

When the sampled axons which served glabrous skin in each experimental group were 

compared on the basis of their CYs (Fig. 20), several patterns were apparent. The arithmetic 

mean and median of each sample decreaseO in a regular progression from Normal to Allograft 

(Rejected) withll1 each category (Total, RA, or SA). As weIl, when these same parametcr~ 

were compared betwecn RA and SA flbers, the values for RA tibers were consl~tently ~mallcr 

th an those for the SA flbers in each experimental group. Although the se pattern~ wcre 

consistent, not aIl of the samples showed ~ignificantly different SOL when adjacent hlstograms 

were considered 111 paIrs using the Mann-Whitney U-te~t. 

When the CV values for the RA fibers in each experimental group were compared to the 

neighboring group (verucally 111 the center column of Fig. 20), only the compamon betwcen 

Nonna! and Nom1al (ExperImental) groups ~howed a statbucally ~ignificant dlfference In SOL 

(P < 0.01). Each RA sample, however, did have a slgmficantly dlfferent SOL whcn compared 

to the sample at least one histogram removed (vertically) from it. For example, dlfferenccs 
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Figure 20 

Frequency histograms represenung the CV of single axons serving cutaneous RFs in 

glabrous ~kJn. The total number of axons sampled for each pxperimental group (N; left column) 

IS subdlvided into categories on the basis of their response properties to cutaneous stimulation: 

rapidly adaptlng (RA; center column), slowly adapting (SA; nght column). The bin heights in 

each hl~tobram arc expre'ised as a percentage of the tetai sample size (N) for each experimental 

group. The value N represents the total number ûfaxons for both the RA plus the SA samples. 

Note that N for Surgical Control and Allograft (Re je ct cd) is larger than the sum of the values of 

n for the RA and SA samples. The difference represents fIbers within th~ c~tegory fùr which 

~lIbrnodahtles were not defined, but for which CVs \Vere obtained. Note the change in scale of 

the Oldmate axes marked by an astensk (*). 

The location of the arithmeuc mean of each distribution is indicrted by an arrowheaà. The 

values of the me an and median for each distribution are presented in the following chart. 

Glabrous Skin 

Experimental Conduction Velocity (mIs) 
Condition 

Total RA SA 
1-----------------1-----------------1------------------1 

Normal 39.4 ± 10.2 39.2 ± 10.1 39.5 ± 10.4 
37.8 36.8 38.7 

1-----------------1---------------- -1------------------1 
Normal (Experimental) 31.5 ± 11.8 27.6 ± 12.0 33.9 ± 11.3 

31.5 28.9 32.6 
1-----------------1-----------------1------------------1 

Surgical Control 26.0 ± 8.9 25.0 ± 7.7 26.7 ± 9.8 
27.1 25.6 28.6 

I-----------------I-----------------i------------------1 
Allograft (Nonrejected) 21.3 ± 5.8 20.6 ± 4.4 21.7 ± 6.4 

21.0 21.0 21.0 
1-----------------1-----------------1------------------1 

Allograft (Rejected) 19.9 ± 6.5 19.0 ± 6.2 20.6 ± 6.6 
19.8 19.4 20.2 

1-----------------1-----------------1------------------1 
me an ± 1 S.D. 

median 

Refer to the body of the text for a description of the differences between the sampi es 

based upon their SOL (Mann-Whitney V-test). The histograms which describe the CV of axons 

wlll(:h served Normal sk.in were denved from the original data of Dykes et al. [1984] (baboons 

which were not I!nmul1osuppressed), and are included with permission for comparative 

purposes. 
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between the RA samples of Surgical Control and Allograft (Rejected), or between Normal 

(Experimental) and either of the allografted tissues were significant. 

In contrast to the RA fibers, the CVs of SA fibers in the Normal and Normal 

(Experimental) groups did not have significantly different SOL (P < 0.1), however, the me an 

and medlan CV values for the Normal (Expt.·rimental) group was lower than that for Normal 

skin. The SOL for SA fibers which ~erved the Surgical Control group was significantly 

different than that for the SA fibers of euher of the groups of nonnal glabrous skin, as weil as 

from each Allograft group. 

The CVs of fibers of the RA and SA submodaliues were simIlar, in that there were no 

statistical differences in SOLs between the samples which served rejected or nonrejected 

allografted glabrous skm. In addition, although samples of RA fIhers had means and medians 

which were consl~tently lower than those for SA fiber samples in each of the expenmental 

groups, the SOL~ were not slgnificantly differenl between the RA and SA samples. Only in the 

Normal (Expenmental) group was there a moderate shift 111 SOL (towards lowcr values) for the 

RA sample as comparcd to the SA sample (P < 0.1). 

When Total sample~ were eompared between each of the experimental groups, each 

vertical paIrwise comparison 111 SOL for ~he samples In adjacent histograms was significantly 

different, except for a comparison betwccn the LWO groups of allografted skm ThIS may have 

been a reflection of the faet that the same results were true for u1C RA and SA fiber samples. 

The Total samples for the expenmental groups which lIlvolved allografted tissues were 

significantly dlfferent than comrol or Homml values based upon SOL. 

3. Comparisons among Hairy Skin Samples 

When the mean and medlan values were compared for each of the CV samples for axons 

which served hairy skin, patterns were nouceable WhlCh were similar to those seen for axons 

which served glabrous skm. The mean and median values of samples in each category (Total, 

ft 

--
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Figure 21 

Frequency histograms representing the CV of single axons serving cutaneous RFs in 

hairy skin. The total number of axons sampled for each experimental group (N; left column) is 

subdivided into categories on the basis of their responst: properties to cutaneous stimulation: 

rapidly adapting (RA; center column), slowly adapting (SA; right column). The bin heights in 

each histogram are expressed as a percentage of the total sample slze (N) for each experimental 

group. The value N represents the total number of axons for both the R A plus the SA samples. 

Note the change in scale of the ordInate axes marked by an asterisk (*). 

The location of the arithmetic mean of each distrIbution is indlcated by an arrowhead. The 

values of the mean and medmn for each distribution are presented In the following chart. 

Hairy Skin 

Experimental Conduction Velocity (mis) 
Condition 

Total RA SA 
1-----------------1-----------------1------------------1 

Nonnal 31.0 ± 9.8 25.0 ± 9.3 36.1 ± 7.0 
30.6 24.5 36.8 

1-----------------1----- -------- . ---1- -----------------1 
Nonnal (Experimental) 26.7 ± 5.8 25.8 ± 5.0 28.0 ± 7.1 

28.2 28.2 29.0 
1-----------------1--- --------------i------------------1 

Surgical Control 15.0 ± 4.1 14.5 ± 3.9 15.8 ± 6.0 
12.5 12.5 15.8 

1-----------------1-----------------1------------------1 
Allograft (Nonrejected) 18.1 ± 7.1 17.5 ± 7.1 18.5 ± 7.3 

17.7 17.0 20.0 
1-----------------1-----------------1------------------1 

Allograft (Rejected) 13.1 ± 8.6 13.5 ± 8.5 12.5 ± 9.0 
10.8 . 13.4 10.1 

I-----------------I-----------------I------~-----------1 
mean ± 1 S.D. 

median 

Refer to the body of the text for a description of the dlfferences between the samples 

based upon their SOL (Mann-Whitney V-test). The histograms which describe the CV of axons 

which served Normal skin were derived from the onginal data of Dykes et al. [1984] (baboons 

which were not immunosuppressed), and are included with permission for comparative 

purposes. 
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RA, and SA) showed a progressive decrease when compared from Nonnal to Allograft 

(Rejected) in Fig. 21 (top to bottom), with the exception of the Surgical Control sample. The 

fact that the mean and median values for the Surgical Control group were out of sequence and 

smaller than those for nonrejected allografts, may have been a result of small sample sizes. 

When the mean and median values were compared betwcen the RA and SA categorIes, 

the values for the RA samples were generally less than those for the SA samplcs, as they had 

been for fibers which served glabrous skin, except for the comparison within the Allograft 

(Rejected) experimemal group, where the values for the SA sample were les~ than trose for the 

RA sample. There was variability, however, In the statistIcal slgniflcance of the se patterns. A 

comparison between RA and SA submodalities in hairy skin showed that for Normal skin, the 

sampled RA fihers had CV values with SOL which were sigmficantly different than those for 

SA fibers (P < 0.001), however, for the rest of the experimental groups, the differences in 

SOL between RA and SA samples were nOl statistically significant. In the cases of Normal 

(Experimental) and Surgical Contrr:>l groups, the small sample size hkely influences the 

significance of the differences between the SOL for !he samples. 

For the RA fibers which served hmry skin, the SOL of the sampled CYs for Nonnal and 

Nonnal (Experimental) groups were slmilar, and each was significantly different than that of 

fibers which served Surgical Control tissues. Although the SOL for axons which <;erved 

CNVFFs were similar to those for either the Allograft (Nonrejected) or Allograft (Rejected) 

groups, the two samples which served allografted tissues were significantly different than each 

other (P < 0.05) and were also significantly dlfferent than either nonnal group. Similar patterns 

were seen in comparisons among Total samples. 

Cornparisons among samples in the SA submodality paralleled those of the RA and Total 

samples in most cases. The only two exceptions were that the SOL for the CYs of SA fibers 

which served Normal hairy skll1 were significantly different than that for Normal 

(Experimental) skin, and that the SOL for the Surgical Control sample was not slgnificantly 

different than those for the Nonnal (Experimental) group. In OOth of these latter cases, sample 
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size was a eontributing factor. Of most interest was the faet that, although the SOL for the 

Surgical Control sample was not significantly different th an those for either of the Allograft 

samples, the sampled CV values for the Allograft (Nonrejected) and the Aliograft (Rejected) 

experimental groups had SOLs which were significantly different than each other (P < 0.01), 

as weIl as those of the normal groups. 

4. Comparisons between Glabrous and Hairy Skin Samples 

As cau be seen in Fig. 22, for sampled CYs of both the RA and SA submodalities, the 

arithmetic mean and median of the samples which served glabrous skin were consistently 

higher than those for the respective samples in hairy skin, however, these differences were not 

a11 statistically significant. 

For RA fibers, the sampled CYs of Nonnal, Surgical Control, and Allograft (Rejected) 

groups had SOLs which were significantly different wh en fibers which served glabrous skin 

were compared to those which served hairy skin. In contrast, the RA fibers which served 

glabrous skin of the Nonnal (Experimental) group did not have SOL which were significantly 

different than those for similar fibers which served hairy skin. Within the Allograft 

(Nonrejected) group, hairy skin was served by RA fibers with CYs which were moderately 

lower in value than those for glabrous skin, however, the difference in SOL was not 

significant (P < 0.1). 

When SA fibers were compared in a similar fashion, only the samples of the Allograft 

(Rejected) group showed a signifieant difference in SOL, while samples in each of the other 

experimental groups had similar SOLs. The CYs of SA fibers which served nonrejected 

allografted hairy skin showed SOL which were moderately lower than those for similar fibers 

WhlCh served glabrous skin, however, the differenee was not significant (P < 0.1). 

It is interesting to note that for both the RA and SA fibers, sample comparisons between 

glabrous and hairy skin of nonrejected allografted tissues showed CYs of axons which served 

&3,# e 
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Figure 22 

Frequency histograms, similar in nature to those presented in Figs. 20 and 21, are 

represented for ease of comparison between sampled axons which served glabrous or hairy skin 

on the basis of submodality. For each experimental group (rows), the histogram bin helghts are 

expressed as a percentage of the total number of axons sampled (N; center column). Note the 

change in scale of the ordinate axes marked by an asterisk (*). 

The location of the arithmetic mean of each distribution is indicated by an arrowhead. The 

values of the mean and median for each distribution are presented in the following chart. 

Rapid!y Adapting 

Glabrous Hairy 
1------------------1------------------1 

39.2 ± 10.1 25.0 ± 9.3 
36.8 24.5 

1------------------1------------------1 
27.6 ± 12.0 25.8 ± 5.0 

28.9 28.2 
1------------------1------------------1 

25.0 ± 7.7 14.5 ± 3.9 
25.6 12.5 

1------------------1------------------1 
20.6 ± 4.4 17.5 ± 7.1 

21.0 17.0 
1------------------1------------------1 

19.0 ± 6.2 13.5 ± 8.5 
19.4 13.4 

1------------------1------------------1 

Experimental 
Condition 

Normal 

Normal (Experimental) 

Surgical Control 

Allograft (Nonrejected) 

Allograft (Rejected) 

Slowly Adapting 

Glabrous Hairy 
1------------------1------------------1 

39.5 ± 10.4 36.1 ± 7.0 
38.7 36.8 

1------------------1------------------1 
33.9 ± 11.3 28.0 ± 7.1 

32.6 29.0 
1------------------1---- ----------- ---1 

26.7 ± 9.8 15.8 ± 6.0 
28.6 15.8 

1------------------1------------------1 
21.7± 6.4 18.5± 7.3 

21.0 20.0 
1------------------1------------------1 

20.6 ± 6.6 12.5 ± 9.0 
20.2 10.1 

1------------------1------------------1 
mean ± 1 S.D. 

median 

Refer to the body of the text for a description of the differences between the samples 

based upon their SOL (Mann-Whitney U-test). The histograms which describe the CV of axons 

which served Normal skin were derived from the original data of Dykes et al. [1984] (baboons 

which were not immunosuppressed), and are incIuded with permission for comparative 

purposes. 



~ III a. 
E 
~ 
o 
Cl 

1 
~ 
~ 

RAPIDL Y ADAPTING 
Glabrous Hairy 

Il ,.'.,.,1111,11, 
e '4 ~ ~ ~ ~ ~ ~ ~ • 

y y 
n-9 1 

Il .111111111111.11111 
l e 14 ~ ~ ~ ~ " ~ ~ + 

y 
r,.3. 

11111111 111111 
2'1~31""50"+ 

Y 

't n· 19 

'"1111111"1,,,,, III" 
2 a 14 :i!I 21 32 38 44 50 5& + 

Conduction Veloclty (mIs) 

NORMAL 

N_B8 

NORMAL 
(Experimental) 

N-55 

SURGICAL 
CONTROL 

N-39 

ALLOGRAFT 
(Nonrejected) 

N-116 

ALLOGRAFT 
(Rejected) 

N-137 

SLOWL y ADAPTING 
Glabrous 

n ·21 

,. 

n.6 

y 
n.2 

y 

Conduction VeloCity (mis) 

~ 
~J:.".~ S 

Hairy 
y 

y 



144 

hairy skin to be moderately lower (but not significantly different; P < 0.1) than for glabrous 

skin. In addition, A110graft (Rejected) samples showed similar comparisons to be significantly 

different (P < 0.001) with a high degree of certainty that the CYs for axons which served hairy 

skin were lower. 

5. Comparisons among Sample Totals 

AU of the axons whose CYs were studied are represented in Fig. 23. For each of the 

experimental groups, the sampled tibers which served glabrous skin (center column) welc 

combined with those which served hairy skin (right column) to fonn the category labelled Total 

Oeft column). Once again, in each category, the arithmetic mean a"', medlan of the respectIve 

samples for each experimental group decreased when compared from Normal to Allograft 

(Rejected), except for the Surgical Control sample in Hairy skin which had values smaller th an 

those for the Allograft (Nonrejected) sample. As we11, the me an and medlans for the Glabrous 

samples were larger in value than those for Hairy samples. In every case, the vertical 

comparisons of Total sample SOLs were statistlcally significant (P < 0.0(1) As weil, almost 

a11 the differences in SOL between Glabrous and Hairy samples were sigmficant CP < 0.0(1); 

the one exception being the comparison between the SOLs for the CYs of axons which served 

Glabrous skin and those which served Hairy skin in the Normal (Experimental) group (P < 

0.1). 

The SOL for the Glabrous sample which served Normal (Experimental) skm wa~ 

significantly different than that which served Normal skin, with the Normal (Experimental) 

group having more axons with slower CYs (P < 0.01). The same comparison for the CY of 

axons which served hairy skin showed no significant difference between the SOLs (P < 0.1), 

although Nonnal hairy skin was served by sorne axons with considerably higher CYs. 

It is also interesting to note that although for hairy skin, the Total, RA, and SA sample~ 

had SOLs which were significantly different when the Allograft (Rejected) group was 
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Figure 23 

Frequency histograms representing the CV of single axons serving cutaneous RFs in 

glabrous and haIry skin. The total number of axons sampled for each experimental group 

(Total; left column) lS subchvided into categories on the basis of the type of skin that the axons 

servcd; Glabrous (glabrous total; center column), or HaIry (hairy total; right column). The bin 

hClghts in each hl~togram are expressed as a percentage of the sam pie total (N) for each 

cxpcrimental group. The value N represents the total number of axons for both the glabrous 

plus the hailY ~kll1 ~amples. 

The location of the arithmetlc mean of each dIstributIon is 1I1dicated by an arrowhead. The 

values of the mean and median for each distribution are presented in the following chart. 

Glabrous + Hairy Skin 

Experimental Conduction Velocity (mIs) 
Condition 

Total Glabrous Hairy 
1----------~-- -- --1-----------------1------------------1 

Normal 35.7 ± 10.8 39.4 ± 10.2 31.0 ± 9.8 
35.2 37.8 30.6 

1-------- ---------1-----------------1------------------1 
Normal (Experimental) 30.2 ± 10.7 31.5 ± 11.8 26.7 ± 5.8 

29.8 31.5 28.2 
1-----------------1---------------- -1--------------- ---1 

Surgical Control 24.7 ± 9.2 26.0 ± 8.9 15.0 ± 4.1 
22.8 27.1 12.5 

1-------- ---------1-- -------------- -1--- ---------------1 
Allograft(Nonrejected) 20.1 ± 6.5 21.3± 5.8 18.l± 7.1 

20.3 21.0 17.7 
1-----------------1-----------------1------------------1 

Allograft (Rejected) 17.2 ± 8.1 19.9 ± 6.5 13.1 ± 8.6 
16.9 19.8 10.8 

1-----------------1---------------- -1------------------1 
mean ± 1 S.D. 

rnedian 

Refer to the body of the text for a descrip~ion of the differences between the samples 

based upon their SOL (Mann-Whitney U-test). The histograms which describe the CV of axons 

which served Normal skin were derived from the original data of Dykes et al. [1984J (baboons 

which were not immunosuppressed), and are included with permission for comparative 

purposes. 
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compared te the Allograft (Nonrejected) group (Fig. 21), the exact opposite was true for 

glabrous skin (Fig. 20), where the SOLs were similar in each case. This latter point illustrates 

that tis~ue necrosis as a result of rejection processes in hairy skin significantly reduces the 

conduction vcloclty ofaxon~ which served that tissue, while the same processes do not reduce 

axon CV to a significant degree in glabtOus skin. 

F. Motor Unit Characterization 

Although the primary emphasis in the electrophysiological characterization of the 

allograft'i was on observatIOns related to the sensory innervation of skin, the retum of motor 

function was examined in the allografted hands. HTs carried by animaIs #7 and 13 wcre tested 

for motor innervation by stImulatl11g the median or ulnar nerve and recording EMG responses 

from the mtrimlc muscles of the allografted hand. Examples of the EMGs recorded from the 

abductor poIhcis brevis muscle in the thenar emmence of the HT carried by animal #13 is 

shown in Fig. 24. EMGs were also recorded from the abductor digiti minimi, adductor pollicis 

and each of the lumbricalis muscles. At each recording site, several motor units were 

identified. 

In Fig. 24, the EMG traces ehcited by three different stimulus intensities are 

superimposed. The stimulus artifact on the left side of the trace marks the onset of stimulation. 

There was generally a 4-5 ms delay between the onset of nerve stimulation and the onset of the 

EMG. The trace wIth the lowest amplitude waveform rcpresents the first EMG elicIted at 

thre!lhold !IdHlldadon. The wavcforrn of medium amplItude represents a summatlon of two 

motor unit re!lponscs; the unit chcited at thre<;hold, plus an addltional unit which was r~cruited 

when the stnnulu<; Inten~lty was increased by 18 mY. The waveform of largest amplitude 

reprcsents the recnntrnent of ail five of the motor Uluts identified at this recording site. 

ThroughoUl the stmllllatll1g and rccordlIlg session, movements of the hand which were 

noted included fleXion of D2-D4, flexion and oppositIon of Dl and D5, and the adduction of 
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Figure 24 

The innervation of allografted muscle was verified electrophysiologically through the 

identification of motor units which contributed to the EMG response of the intrinsic musculature 

of the HTs. Electric stimulation of a bundle of axons in the median nerve elicited an EMG 

response and contraction of the abductor pollicis muscle in the allograft carried by animal #13. 

The oscilloscope trace shows three superimposed EMGs recorded at three dlfferent levels of 

stimulus intensity. The waveform with the lowest amplitude represents the threshold activation 

of a single motor unit. With a 15 mV increase in the stimulus intensity over threshold, a second 

motor unit was recruited and the summation of the two motof units gave fise to the EMG of 

medium amplitude. The waveform with the largest amplitude repres~nts the recrmtment of aIl 

five motor units which were identifled at the location of the recording electrode. The large 

stimuh!s ~üfi.:lct at the left of the trace indicates the time of stimulation and shows that there was 

a 5 ms delay between the onset of nerve stimulation and the initiation of the muscle contraction. 
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D2. As a result of the nature of the nerve stimulation, synergistic and antagonistic muscle 

groups were stimulated simultaneously, hence, the finger movements were transltory and wlth 

no coordination. They did, however, correspond to the types of finger movements observed 

for the HT of animal #7, while the animal was allowed to parti ail y recover from anesthesia. 
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DISCUSSION 

This report represents a study of physiology in its most traditiondl sense, in that it 

describes the form and functIon of a blOlogical phenomenon. As ~~u i of a multidisclplinary 

study, it required the presentation of anatomical, hlstological and electrophyslOlogical data in 

order to adequately descnbe the survlval and rein nervation of sensory mechanoreceptors in 

al10grafted tissues. In addition, the success of the study required work1l1g knowledge of 

immunology and pharmacology. The primary emphasls 111 thls report, however, is on the 

documentation of forrn and function of the afferent fibers whlch served nonrejected and 

rejected allografted SklO and the morphological rharactenstics of the sensory mechanoreceptive 

structures contamed therein. 

This study showed that host axons wIll innervate allografted adult pnmate extremity 

tissues and that this mnervation WIll ta!~e place, in sorne cases, dcspite the lack of integnty of 

normJ.1 mechanoreceptlve target structu:-e~. As well, the açuvity of axons innervating 

allografted tissues have sinlllar ~ubmodality re'iponse charactenstics to those of nonnal or 

autografted tIs~ue~, however, thresholds of activatIon increased for th,., majority of fibers 

servmg reJected allografted tissues. The SA flbers servmg reJeçted glabrous skin of the 

allografted tl~sues showed the most slgnificant change 111 S-R charactenstic5. and experienced 

both an Increase in thleshold as well as Li decrease ln responslvenes'i. As well, glabrous 

allografted tIssue~ which had undergone proce~ses of rejection supported axons with 

significantly slowel cone' !CHon veloclties as compared to normal or control tI~sues 

There was a slgmflcantly higher proportIOn of SA verws RA flbers sampled from 

anImaIs recelvmg hlgh levels of CsA In addition, a hlgher th an normal percentage of these 

flbers were spcmtancously actIve It IS sllspected that CsA therapy may have played a role ln 

altenng the axonal respon"e cha-acteri~tIcs in these animaIs, however, the mechamsm through 

which 'l11s alteratIon took place is unknown. The influence of Cs at the axon membrane or in 

axon-Schwann cellmter.,ctlon is suspected. 
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1. Experimental Design 

With adequate immunosuppressive protocols, long-tenn survival of allografted upper

extremity composite tissues was achieved. Two TNVFFs remained ln excellent condition for 

more than 6 mo and showed every mdication that survlval could have been extended 

indefinitely; had they not bcen used for sensory nerve tc~ting and 11lStology. The longe\t 

survlving allograft (TNVFF, anImal #11) was harvested from the ho st after 413 d. Tllls 

transplant survlved even though 1t had undergone an cplsode of scvere reJcctIon after 4 1110 of 

postoperative recovery. Two HTs survlved long-term, and although both expenenced dlffering 

degrees of rejection, one of the allografted hands (animal #7) survlved for 31 1 d after 

transplantatIOn. 

Allograft rejection presented ltself in one of four modes: acute rejectlOn during early 

postoperative recovery, sev 're rejection Involvmg tissue sloughmg, ml Id rejcctlon mvolvmg 

epidermal ero~ion, and vasclilar compromise a~ a result of persistent but mild rejecuon 

processes. Mmor differences between rejection processes which resulted 111 epldem1al ero~lon 

or slough, ob~;erved ln HTs and/or TNVFFs, were more hkely a functlOn of the lcvel of 

immunosuppresslon that the host was expcnenclOg, rather than ImnIunologH.:ally dlffcrcnt 

approaches to tlssuc dpstfllclÏon. There were, however, ObVIOU~ dlfferences betwccn glabrou\, 

hairy and transltlonal sklll with respect to their durablhty In the face of reJectlOn proce~\e\ 

Two of the problems which masked the onset of rejectlon m baboon glabrolls ~kin, and hence 

delayed diagnosl~, were the thlcknes!:. of the keratm17cd layer of eplùenms and the darkne ...... of 

the pIgmentation. Hairy skll1 did not express elther of the~e charactcn"tlc\, and thercforc, 

momtonng rejectIon processes in this tissue was easler. Tran!:.ltlonal skll1 111 the web~pace\ 

between the hngers, and glabrolls skin of the volar aspect of the hand, were both more 

susceptIble to rejectio'1, and although rednes~ in halry skin wa" u"ually the fmt "Ign of the 

onset of tissue rejectlOn, these two zones of tIssue were usually the flr"t to "how dramatlc 

tissue disruptlon. Although the expenment was no! de"lgned to speclfically address thl\ 



153 

question, one possibility exists that this may have been a reflection of different antigenic 

phenotypes in the three cutaneous tissues. 

The seventy of tissue necrosis dunng a flfst-time major rejeetion episodc in glabrous skin 

was probably accelerated as a consequence of serous fluid leakage from ruptured sweat ducts 

in the intermcdwte ndgcs, maceration of the epiderrms underlying the keratmized layer, and 

teanng of the epldenms along the epldermal/dermal border. Glabrous skin which underwent 

epidem1al thinning pnor to the onset of major rejection, experienced patchy tissue dlSnlptIOn, 

but did not ~lough a large expanse of superficial eridermis. In retrospect, steps taken to redu:::e 

the production or presence of sweat within the rejecting allografts might have limited the extent 

of tissue di~ruptIon. Once glabrous or transItlOnal skin had sloughed, the bnIha"1t redness of 

the underlywg tissues was a refleetion of the depth of tissue dlsruptIon, but aIso, it signified 

the proximity of dense capillary plexi to the underside of the epidermis. This latter 

eharaeterisue was less prominent 10 hairy skin. 

AIl of the tJ~sues transplanted among random (unknown) source ammaIs underwent sorne 

degree of physlcal change related to allograft rejection. There is no certainty as to wh ether the 

IOcreased pereentage of survlval for those allografts transplanted among animaIs whleh were 

tIssue-typed is a reflectIon of the faet Ùlat they were obtamed from a sint.: ~ breeding colony. or 

whether it was a re~ult of Improved monitoring and immunosuppressive protocols. It is 

important tl note, 10 dus regard, that the animaIs supplied by the SFBR were deslgnated as 

hlstoincompauble donor pair,; with the most sophhtIcated serological test1l1g methods for 

baboons WhlCh were available at the tIme. In addition, of the four allografts attempted using 

these al11mals, one TNVFF (carned by al1lmal # 19) underwent severe tissue rejection at 

approxlmately 1.5 mo after a 5-10 d penod of madequate immunosuppression (Cs 12 h serum 

trough ievels < 1000 ng/ml, RIA) This was more than enough tlme to mount an 

Immunological response m a sensttized host. As weIl, histologicaI assessment of the tissues 

carried by ammals #20 and 21, mdlcated that epidermal eroslOn had occurred, even at very 

hlgh circulatmg levels of Cs. Furthermore, aIl of the allografts among random source animaIs 

. 
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underwent rejection while their Cs-RIA levels were below the estimated therapeutic level for 

these animaIs (1000-1200 ng/m1, RIA 12 h serum trough levels at room temperatllre). Of thesc 

tissues, once adequate immunosuppression was re-established, rejectlOn processes were 

cunailed and the allografts remained vIable In a stable condition for prolonged penod~ of ume. 

Therefore, Il is the InterpretatIon of the author, that aIl of the allografts provldcd sufficlent 

immunological challenge to cla~slfy them as havmg been ImtOlncompatible. 

The antIgenic characteristIcs of the skIn component of the allografts appeared to be a 

greater stimulus to the host's immune system than any of the other components of the 

composite tissues. This may account for ~he very high levels of CsA which weIl!' necessary to 

control the Immune response as compared to conventional therapy in humans for internai organ 

transplants. The admimstration of large amount of C~A (circa 40-50 mg/kg/d), although 

tolerated reasonably weIl by the baboons in this stùdy, could not be used 111 a clinIcal -;etting 

for prolonged immunosuppressive therapy. For internai organ transplants In human-;, 

prolonged CsA therapy at blood levels in excess of 250 ng/m1 (RIA, serum trough) may result 

in nephrotoxic side-effects, which although reverslble, cannot be tolerated for extended peT1od~ 

of time [Kahan, 1985a; Kahan el al., 19821. Although there were signs of nephrotoxlclty and 

other sIde-effcets associated with extremely high Cs leve1s (> 1500 ng/ml, serum 12 h trough; 

RIA) in the baboons utihzed in this study, the y were controllable by adJusting the CsA therapy 

and prolonged immunosuppression was possible with minimal metabolic consequences. 
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II. Histology 

Histologic changes were observed in all the grafted tissues in this study as a consequence 

of transplantatIon and/or nerve transection. Changes in the autografted NVFFs were limited to 

the quahty of nerve regeneration and the relnnervation of target tissues, inc1uding the sensory 

mechanoreceptors. In contrast, the allografted NVFFs and HTs experienced additional changes 

involving the epldermal structure of the tissues and its constituents. The most dramatic 

alterations took place m allografted glabrous skin, where structural modIfIcation to the 

epidernlls occurred mvolving the thmning of the keratinized layer, thinnmg and tIlting of the 

epidermal ridges. and/or depigmentation and the reduction of the epidennis to a umfonn 

thlckness of only a few ceUs. These structural changes appeared permanent; once a 

charactenstic was altered, there was little evidence found to indicate that it would revert to its 

fonner structure. 

Two events in allografted glabrous skin whic~ were not prcdicted by previous nerve 

transection and regeneration models were (1) the structural modification and poor innervatIon 

experienced by the hair foUic1es in severely rejected allografted halry skin, and (2) the 

reduction in number (and possibly the selective destruction) of identifiable Merkel cells in 

allografted glabrous skm. Since both of the se mechanoreceptor structures are thought to be of 

epithehal cell ongin, it IS conceivable that their composition and location wcre factors which 

predisposed them to Irreparable damage. WiL~ respect to the lack of identifiable Merkel cells in 

allografted glahrous skin, a negative result is not easily illustrated, and hence, judgement is 

reserved as to their fate until funher electron microscopie analysis of the tissues is completed. 

No evidence was seen 10 light microscopie sections to verify their presence, however, the 

concentration of melanin pigment in baboon glabrous skin may have prevented their 

identification. 

The fact that host axons were seen to innervate severely rejected glabrous skin of a HT 

(carried by animal # 13) as far as 15 cm distal to the anastomotic site of the allograft (as 

_.- ft 
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indicated by the identification of its cutaneous RF) argues strongly that while seriolls tissuc 

disruption occurred in epidennis, the presumed target tissue, the immunological response was 

not as disruptive to the supporting elements of the allografted nerve located deep to the 

rejecting tissues, during the same time frame. 

No evidence exists in these studies to state uneqUlvocally that axon-mechanoreceptor 

continuity can he maintained throughout the processes of active rejection. It is hypothe~ized 

that if the processes of tlssue rejection are severe enough at the site of the target ti~suc. tha' 

host axons would undergo sorne degree of degeneration and would retract as a result of thc 

loss of the supporting tissues (target mechanoreceptor and/or Schwann cells. both of w}1\(:h 

would he foreign tissues). In cases where mechanoreceptors survived a major episode of tIssue 

rejection in allografted skin and were seen later to be innervated by host axons, it i~ proposed 

that the innervation which was observed took place followmg the reJe.::tion episode. In support 

of this latter hypothesis, IS the fact that within severely rejected allugrafted glabrous skm, the 

focus of inflammatory cell infiltrate was primarily located lJ1 the most superficIaI 200 ~m of 

dermis. Since others have shown in the rat that axons can penetrate as far as 1 cm mto a once 

successful but later severely rejected allografted nerve segment contaimng very few support 

cells [Zalewski et al., 1982], it seems likely that axons could easily reach the epldennal surface 

even after their retraction 10 th\..- face of active rejection processes. Indeed, axons were 

identified as they grew freely through areas of inflammatory cel! infiltrate wlthin gros!>ly 

rejected but stabillzed allografted glabrous skm (see FIg. 8F). It IS con~l.,tent wlth the 

histological data that because the axons are autologous tissue and tolerated by the hml\ 

immune system, they continue to search for, Identify, and innervate survlvlng 

mechanoreceptors (or other target structures), or survive in the remamlOg tis~ue!> a., free nerve 

endmgs. Although in rejectcd allografted nerve segments, axons which have penctrated into the 

tissues have hmited survlval, this survlval is primanly dependent upon the e.,tabli~hmt . f 

contact to target tissues on the other side of the nerve segment [Agllayo et al., 1977, 

Mackinnon et al., 1987]. Once axons 10 composite tissue allograft~ have elongated acro<;., the 
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short expanse of rejected tissues, trophic influences as a result of their contact to a target 

structure cou Id conceivably help to main tain their union, despite the temporary lack of 

Schwann ceIl support in the area of rejection. 

. 



158 

III. Electrophysiology 

The growth of an axon across the site of nerve repair and its elongatlon through remnants 

of pre-existing nerve fascicles which determines Its innervation terri tory , lS an observatIOn 

reported many times in the literature, dating back to the studies of Ram6n y Cajal 11928]. The 

present study is unique, in showmg that host axons were capable of growmg up to 15 cm into 

histoincompauble nerve tissue to locate and functionally innervate thelr target stmctures 

Although cutaneous RFs of the nonrejected TNVFFs were simllar In di~tnbutlon, shape 

and size to those of the CNVFFs, the RFs of axons WhlCh served rejected TNVFFs had slze~ 

and shapes resembling the immature lOncrvatlon described by TerZ1S and Dykes [19801. They 

showed that axons which recently arnved at the skin surface had small, megularly ~haped 

RFs. Irnrnaturity of the innervation in rejected allografted skin is the slmplesl explanauon of the 

small or punctate RFs seen in rrjected tissues. These observatIons are also consistent wllh the 

idea that intense rejection processes surrounding the axon tip temporarily prevent ho~t axon~ 

from innervating mechanoreceptors and dlsconnect those axons WhlCh had innervated 

mechanoreceptors previous to rejection. 

Due to the extent of tissue disruption in rejected allografted tissues, however, other 

considerations also have to be taken mto account in order to explain phenomena observed for 

these tissues. In rejected allografted skm, for example, sorne SA flbers had large RFs that were 

similar in shape and diameter as those for CNVFFs, yet they had elevated thresholds. One 

possible explanation is rclated to the physlcal character of the tissues. The ly .... l~ of epldermal 

ceUs and destruction of the epidermal ridging pattern led to a dramatic alteratlon of the 

structural mIlieux, and hence to changes in the mechanics of the tissue. Ir lS po~slble that the 

RA mechanoreceptors in glabrous skin (primarily Melssner corpuscles in thlS ~tudy) are le .... " 

sensitive to the structural alteration of its physical surroundings than Merkel (SA-I) or Ruffilll 

(SA-II) mechanoreceptive structures, since there was no siglllficant difference in the SOL for 

RF thresholds of RA fibers, while there was for SA fibers which ~erved rejected glahrou ... 
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skin. Dynamic mechanical propenies in rejected allografted tissues have not yet been studied in 

this context and therefort' the answer to this question is presently unknown, however, it has 

been shown that ~ubtlc changes to the physical çharactcr of a normal epidennal tissue can 

dramatically alter mechanorcccptor respon~e properties in raccoon glabrous skin [Pubols and 

Pubols, 1983; Rasmusson and Tumbull, 1986J. 

Another possible explanatlon of the increased threshold of activation and the reduced 

responsiveness of sorne of the SA fibers Idcntified 10 rejected allografted glabrous skin is that, 

as a result of the physlcal dl5rupuon of the tissues, free nelve ending~ continue to ~hclt SA

type response~, and that the quality of these responses depends upon the degree of Schwann 

cell myehnation and the ablhty of the ho~t axons to cffIcicntly propagate a high frequency train 

of APs. Although there 1.., no conclUSive cvidence 10 this study to indicate that the generation of 

SA-type respomes l~ pos~lble once an axon ha!-l become dlsconnected from its 

mechanorec~ptive structure, 11 was shown that free nerve t'ndmgs do eXlst 111 rejected 

allografted tl"sue~ and that SA-I and SA-II type re~ponses ale Identifiable (as defined by the 

critena for mechanoreccptor classification by Horeh et al. [1977]) for axons whieh served 

rejected or nonrejectcd allografted tissues. In addition, these attnhutes cXIsted even though 

Merkel cclls wcre Ilot able to be IdenufIed 111 the allografted tissues dunng prehminary electron 

microscop!C ~tudic,> [Samulack et al.. 1989 J. Thcse find1l1gs support the view suggested in the 

literature that Merkel cells may not be necessary for the transductIon of me mcchanical stimulus 

1I1to electncal cnergle~ wnhm the axon [Diamond et al., 1986; Gottschaldt and Vahle-H1I1z, 

1981; Munger, 1977]. The poor responsivcness and ll1crea<;ed thre~hold of the SA fibers 111 

rejected glabrous ~kin versus nonrejected tissues, may reflcct the Impact that tl~<;ue structure 

has on SA response characteristi....s. Poor SA responslvenes<; may also be a result of the 

dlsruption of the electrical insulation properties of the supportmg tis~ues (Schwann cells) and 

hence, poor propagation or integratlOn of generator potenuals and/or APs ehcitcd near the tip of 

the axon. This Issue of the quality of myelinauon and/or foreign Schwann ccII contact to host 
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axons is a central theme in the discussion of CYs and the levels of ~'pontaneous actlvity 

exhibited by axons which served allografted tissues (sec below). 

The quality of reinnervation in nonrejected allografted hairy skin, as detemlined by the 

threshold ofaxonal acuvatlon and characterization of axonal responses to controlled stlll1uh, 

was very similar ta that of autografted NYFF control tissues which ulIJerwent nerve 

transection and regeneration under comparable circumstances It was remarkable, that dcspitc 

the loss of haIr shafts and almost total destruction of the morphology of the external root ~hcath 

in rejected allografted hairy skin, both RA and SA responses as weIl as clearly defined RFs 

were sampled 111 these tIssues. Onl)' the thresholds of actIvation for RA fibers WhlCh ~erveJ 

rejected haIry skin '.Vas signifIcantly hlgher th an those fOI slmilar nonre.lccted tl~~llC~ In 

addition, the RA tuning curvcs for axons WhlCh scrved rejected allografteJ hatry ~kln, as weil 

as those for nonreJectcd halry sk1l1, resembled those of the majonty of axons WhlCh ~ervcJ 

normal halry skin. Yet, therc was no hlstological evidence that the nom1al receptor ~tluctures 

were present, nor that axon's were mnervatll1g their rcmnants Tl-te mmt reasonahle 

interpretation, is that even wlthout the mechanical apparatu<;, these axons are still carahle of 

transducing localized mechamcal stimuli 111 a fashion WhlCh re~emble" that of normal ncural

epithel.al sensory mechanoreceptor complexes. 

The role of the mechanoreccptor stmcture 10 adult tIssues and dunng cmbryogcne~l~ may 

be to glllde axons to their locatIOn 111 the skll1, ta ensure morphological speclahzatlOn of the 

growing axon tlp when contact 1~ made, and to nurture the axon lhrough trophlc factor" to 

maintain the connectlOn. Thi~ que~tlOn has a1so an~en 111 another context. Dlamond et al 

[1986] has shown that the Merkcl ccli of the salamander 1~ the target for cutaneou" axon<; that 

are rapidl)' adaptll1g. Yet the same worker<; have conflrmed the oh~ervatlOn of Iggo and MUlr 

[1969] and other~, tl1at the Mcrkel ceUs in mammals serve axon~ that are ~Jowly adapting. It 1<., 

possible that once matur<Jtio/1 of the mechanoreceptor I~ complete, the <.,tntctural elcmcrlt~ of the 

receptor may serve only to lower the thle~hold of activation for the axon, and the memhrane of 

the axon may be capable of transducing mechanical energle~ mto a generator potentlal on lt<., 
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own. These concepts are not new; Loewenstein [1960] showed, in an elegant set of 

experiments, that the electrical characteristics of the generator potential and AP of an axon 

innervating a Pacinian corpuscle remained virtually unchanged after removal of aIl the outer 

lamellae of the corpusc1e and even arter portIOns of the inner core of the corpuscle had been 

rernoved. He was able to show that the axon tenninal was Ïrself rapidly adapting and produced 

only a transient generator potential in response to a sustained pressure. 

For Pacinian corpuscles id:!ntified morphologically in this study, it was established that 

multiple innervatlon of the cotpuscle can occur in allografted tissues as a result of host axon 

regeneration. Multiple innervation has been carefully charactenzed by Zelenâ [1984], through 

histological studies of the crural interosseous membrane in autologous hindlimb tissues of the 

rat. AIso, in the present stUdlCS, Pacinian-like responses were identified electrophysiologically 

in nonrejected allografted glabrous skin on the bas1s of tuning curves having mInImUm tuning 

points at frequencles grcater than 100 Hz. They had medium sized well-defined RFs on the 

finger (5-8 mm in diameter). Thresholds of activation were approxim:nely 0.3 g. These are not 

like normal Pacinian responses, which are usually extremely sensitive (vibratory threshold at 

100-400 HL, amplitude> 1 Jlm, very large RF [Dykes, 1983]), yet it remains that the two 

curves are clearly different in tumng characteristics from the others collected in this study. 

Unfortunately, tuning curves derived from 'ldentified' Pacinian corpuscles which have been 

reinnervated after nerve regeneration, have not been descnbed in the literature. Although 

simllar re~ponses to the ones described herein, have been recorded from axons serving 

mechanoreceptors of llnknown ongin in pnmate fllIl-thickness skin grafts [Dykes et al., 1984] 

or after nervc cmsh in rat glabrous skin [Sanders and Zimmermann, 1986J. It is reasonable to 

suspect, and con~lstent wnh the observatIons of Sanders and Zimmemlann [19861. that on the 

basls of the re'>ponse charactenstics of thcse axons, and on the experimental conditions in 

which they were obsel ved, that they may represent the functional characteristtcs of 

reinnervated PacInian corpuscles. 

• 
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The CYs of axons studied in this report were indicative of the amount of tissue 

manipulation experienced by the tissue that they served. Although not necessarily statlstlcally 

significant in each case wh en one mean was compared to another, when the experimental 

groups were ranked In order of severity of tissue manipulation and/or rejedlon from Nonnal 10 

Allograft (Rejected). therc was a consistent trend for both the mean and mcdian of each samplc 

to be progressively smalle!" In value. Exceptions to this pattern occurred pnmanly in samples 

for which there was less than nine axons. 

In most cases, except for when the sample size was small, the CYs of samples of axons 

which served the CNVFFs or either of the allografted tissues, had SOLs whlch were 

significantly lower than those which served either of the normal tissues. The small diameter of 

the fibers whlch served the grafts, as a result of nerve transectlon and regeneratIon, I~ helieved 

to be the main reason for these differences. Comparisons of sample SOL~ between nonr::Jected 

allografts and Surgical Control autografted tissues showed no consistent statIstically slgmftcant 

differences. Small sample sizes of axons whirh served CNVFFs may have contnbutcd to the 

inconsistencies, but even when RA and SA samples were grouped together, only the Glahrom, 

total showed sigmfIcantly different SOLs between Surgical Control and Allograft 

(NonreJected) tissues; primanly as a result of the significant dlfference observed for the SA 

fibers in tins tissue. This suggests that under nonrejected COlldltiC,11S, allografted Schwann cell~ 

provide the myelination and trophic support necessary for host axons 10 plovide <;altatory 

conduction in a similar manner as they would in reinnervated autologou~ tissues. 

The CV of host axons in allografted hairy skin which had undergone reJectIon wa,> 

significantly different th an for axons which served nonœjected haIry sk1l1 For both the RA and 

SA axons, the SOL of sampled CVs was significantly les<; in reJected hmry ~kIn than the SOL~ 

of a comparable sample was in nonrejected hairy skin. Thi~ wa~ not the ca,>c for allografted 

glabrous skin, where the exact opposite was truc; samples of RA and SA flber,> whlch scrved 

nonrejected and reJected sk1l1 were similar in SOL. It IS consistent wIth the electrophY<'lologlcal 

data, that as a result of the loss of structure in the target tissues of halry ~kln, the axons 
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although retaining the submodality specifie functional properties, reyuire the further support 

available from healthy target tIssues in order to provide efficient propagation of the electrical 

signal. The necessary tIssue support may be in the form of trophIC influences from mtaet target 

mechanoreceptors, however, mechanoreceptor support alore IS not necessary to attract axons 

into adult sUn, nor IS it necessary for these axons to generate submodality specifie 

mechanoelectnc transductIOn of cut~neous stimuli. 

The poor performance ofaxom innervatIng halry skm grafts have been previously 

reported by Dykes et al [1984] and by Ridley [1970], for full-thlckness skin grafts. It is 

apparent from the present study t1ldt the poOf performance of the RA fibers in the full-thlckness 

haIry skm graft~ reported by Dykes et al. [1984], with respect to thclr frequency tumng eurves, 

may have been due to physical parameters involved in the de!-.ign of the graft and/or how It 

became attached to the underlying tIs~ues, rather !han aspects of remnervatJOn, smce axons 

from TNVFFs in this study responded as well as the majority of the RA fibers whieh served 

nonnal ~kll1. 

In addItIOn to a trend towards a reduction of CV in allografted tissues, another 

observation suggesting that neural function was compromised was the si3niflcantly increased 

Incidence of spontancously active fibers, and the increased proportIon of SA fïbers !-.ampled 111 

ammals whlch recelved very l11gh levels of CsA for prolonged periods of time Climcally, and 

111 an increasing number of ammal studies, neurotoxIC side-effecls of CsA h,lve been reported; 

trcmor, psychologIe dlsturbances, ::-ei7dres, paralysis, paresthesIa and temperature ~ensItivity 

IAng et al., 1989; AtkInsoll et al., 1984; Krupp et al., 1986; Najanan et al, 1985]. Wh ether 

the neurotoxic slde-cffects in the climcal settmg are the re~u1t of CsA thcrapy alone rNajarmn et 

al., 19851. or a~ a result of dual therapy lIlcluding \/IP rDurant et al., 1982], has yet to be 

resolved. S0111e neurophysIOlogical effects have been noted 111 expenmental arillnal~ when large 

doses of MP (30-60 mg/kg) are administered int:avenously at the time of nerve recording 

1 Hall, 1982 J, but no reports have been found to indlcate that the lM injectIOn of low do~es of 

MP distant lo the experimental site would elicit the abnormal electrophYSIOlogical effects 

. 
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reported here. There is however, a report which suggests that CsA significantly Increases Ihe 

frequency of spontaneous contractIon of the vascular smooth muscle In pOrlal veins 1 Lamb and 

Webb, 19i 7]. In the latter report, it was hypothesized that CsA toxlClly altered vasl.:ular 

adrenergic neurotransmission. The data presented in the present report IS <:onSI~tent \Vith such a 

hypothesis, and suggests that the neuwloglcal symptoms seen during prolonged hlgh do~e 

CsA therapy may be related to wide-spread alteration of the conduction and signalling 

characteristics at the smgle axon level. 
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IV. Concluding Remarks 

These expenrnents indicate that long-tenn survival of upper-extremity allografted tissues 

(skin, muscle, nerve and bone) is possible in a primate species. Anatomical data showed that 

host axons are able ta grow mto a histoincompatible tissue environment, locate and innervate 

target structures in the adult animal Electrophysiological data showt!d that the quality of 

innervatIon, although potentially .;;;mIlar to that of autografted tissues with the conservatIOn of 

submodahty speclflc mechanoelectric transduction of cutaneous stimuli, was related to the 

structural characteristlc~ of the allografted tlssue. These stuèles indlcate that the quali ty of 

innervation in allografted glabrous skin (whether nonrejected or rejected) surpasses that of 

comparable halry skin, however, hairy skm allografts had a greater likelihood of long-term 

survival and expenenced less dlsrurtive structural alteratlOns dunng reJectlon. It is uncertain at 

this time, what sort of sensation the reinnervated allografted glabrous or hairy skin would 

impart to the host, since (ven in nonrejected allografts there is the possibihty of increased 

spontaneous firing rates for the innervaung axons, as weIl as an alteration in the spectrum of 

sensory mechanoleceptors. For rejected allografted skin, the loss of mechanoreceptors below 

that which provides adequate tacule acuity would be crucial, however, the innervaung axons 

will still be able to provid ~ sorne degree uf mechanosensory transduction of environmental 

stimulI. 

At the present time, extremity composite tissue allografts do not appear feasible as a 

surgic.ù alternative in reconstructive surgery, since clinical indications suggest that the levels of 

immunosuppression which were required to maintain the grafts in the nonrejected state in this 

study wou Id not be well-tolerated by humans. With the possitility of revised therapeutic 

protocols using new and mo;c: specifie immunosuppressive drugs or techniques, the future of 

the transplantation of extremit)' composite tissues looks encouraging. These studles indicate 

that sensory and motor mnervation and the potential for functional recovery of allografted 

extrenuty tissues will occur. In additIon, the se studies predict that areas of skm which have 

. 
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survived extensive thennal in jury and have been surgically covered with artificially cultured 

epidennal cell allografts (which have been rendered histocompatible) will reinnervate and that 

the innervating axons may provide useful tactile sensation despite the lack of superficial 

mechanoreceptive structures. 
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APPENDIX 1 

Animal Maintenance Records 

Animal #1 

Utilization: Acute surgical exploration of baboon neurovascular structures; design of the index 

finger NVFF. After euthanasia, the carcass was perfused with neutral-buffered 

fonnahn and used as a reference specimen. 

Animal #2 

NVFF: Replantation of the total soft tissue coverage of the right 02; excluding the fingertip, 

nail and nail bed. 

Autograft Survival: 6 d; no surgical complications. 

Case HlstOry: 

Recovery from surgery and autograft survival was uneventful. The NVFF was 

detennined to be a surgicai success and potential long-tenn survival was predicted. At 6 d of 

postoperative survival the tissues of the left D2 were utilized as donor tissues for animal #3, 

and euthanas13 of the animal was perfonned. 

Animal #3 

TNVFF: Transplantation of the total soft tissue coverage of the left 02; excluding the 

fingertip, nail and nail bed. 

Donor: Animal #2; unknown source. 

Allograft SUiVival: 20 d; underwent severe rejection. 

Nerve Recording: Not possible due to msufficient time for mature reinnervation. 

Me:m Measured Weight During Study: Il.3 kg. 

CsA Dosmg: 18-21 mg/kg/d; most commonly circa 20 mg/kg/d (lM). Temporary regimens 

involvlllg PO administration were also utilized. 

Mean Sampled Cs Blood Levcls (RIA, serum 12 h trough): 225 ± 91 ng/ml; approximately 

200 ng/ml at onset of pnmary rejection, most commonly circa 250 ng/ml. 

MP Dosing: None. 

Other Drugs Admimstered: 

Penlong S® (regular; > 50% of the time). 

Acetylsalicylic add (frequent, < 50% of the time). 

ft 
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Meperidine hydrochloride, netilmicin (intennittent; < 25% of the dme). 

Case History: 

At the time of the frrst change of dressings, 6 d after surgery, the allografted tissues were 

slightly swollen, but reasonably healthy. The edge pf the flap was dry and secure, wlth only a 

couple of loosened sutures. Of concem, was a reddlsh undertone in the nonnal light brown 

colour of the allografted halry skin overlying the proximal phalanx and its mterphalangeal 

knuckle. By day 13, the hairy skin overlying the proximal phalanx was overcome by severe 

rejection processes which led to massive tissue necrosis. The structure of the affected tissues 

changed from that of healthy hairy skin, to orangy-red unpigmentt:d tissues, with no eVldence 

of hair follicles. The damage to the allografted tissues was most apparent on the dorsal and 

radial aspects. Mild maceration and general loosening of the glabrous tis<;ues on the volar 

aspect of the affected area was also apparent. Healthy circulation was still intact as evidenced 

by the colour of the blood which was brought immediately to the skin surface VIa a punctate 

stab wound to the volar aspect of the mid-finger. The rejection processes continued through to 

day 15, by which time the glabrous skin of the whole volar aspect of the Index finger, wa<; 

whitened and macerated. Most of the allognfted halry skm succumbed to necro~ls except for 

the most proximal 1 cm2 area. The autologous tIssues which comprised the mmt distal aspects 

of the digit (glabrous fingenip, nai! and nai! bed) were still intact and reasonably healthy. By 

day 20, fluids which leaked a~ a result of the rejection processes and tissue necrosis, caused 

the bandages to become wet. Subsequently, aIl of the glabrol!s tissues of the allograft (as wcll 

as those of D3 and D4) were macerated. The glabrous tissues of the allograft were loo~e and 

wrinkled. The tissues on the dorsum of the finger remained much as they were on day 13. No 

indication was apparent that the allograft would recover, !>o eutl-)anasla of the ammal wa~ 

perfonned. 

Animal #5 

NVFF: Transplantation of the total soft tissue coverage of the right D2; excluding fingertip, 

nail :md mil hed. 

Donor: Animal #4; unknown source. 

Allograft Survlval: 161 d; underwent mild rejection. 

Nerve Recording: During postoperatlve days 160 to 161. 

Mean Measured Weight During Study: 10.8 kg. 

CsA Dosing: 19-46 mg!kg/d; most commonly circa 32 mg!kg/d (lM). Temporary regimcn~1 

invoiving SC admimstration were aiso utilized. 
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Mean Sampled Cs Blood Levels (RIA, serum 12 h trough): 808 ± 315 ng/ml; approximately 

350 ng/ml at onset of primary rejection, most commonly drca 900 ng/rnl. 

MP Dosing: Postopuative; starting at day 15 

125 mg/d for 3 d, tapered to a maintenance dose of about 4.4 mg/d by day 26. 

Other Drugs Admimstered: 

Netilmicll1, Penlong S® (regular; > 50% of the time). 

Dimenhydrinate (frequent; < 50% of the time). 

AcetylsaIicyhc acid (mtermittent; < 25% of the time). 

Furosemide, levorphanol tartrate, prednisone (when needed; < 10% of the time). 

Case History: 

The quantity of tissues comprising the proximal portion of the ~iNVFF was slightly in 

excess of thuse removed from the ho st to prepare the bed for the allograft. Hence, at the 

completion of surgery, the palmar pad and the hairy tissues overlying the knuckle were 

bulbous. As in the previous cases, the tissues of the host's fingertip (the nail and naiI bed) 

were left intact. During postoperative days 6 through 15, in addition to swelling, there was a 

moderate maceratIon of the tissues of the flap as weIl as the surrounding host's tissues. By day 

15, it was obvious that rejectlon processes were most likely the cause. The hairy skin 

overlying the proximal interphalangeal joint were macerated, broken and reddened. The 

Incision hnc along the radIal aspect of the graft opened at several sites. Whether as a result of 

surgery, or a result of inflammation due to local rejection processes, the proximal 

interphalangeal Joint became fixed at a 90° angle. At day 18, al though the rejection processes 

had slowed, much of the hairy tissues along the length of the finger were now dlsrupted. The 

hair of the affected area had fallen out and the tissues left behmd were a broken mosaic of 

QI lnge, yellow and reddened tIssues. The hairy portion of the flap overlying the knuckle and 

dorsum of the hand appeared relatively unaffccted. The same was truc for the allografted 

glabrous tissues, despite the whitened appearance due to maceration. The tissues of the 

aIlograft, as weIl as those of the host, began to dry around day 20. For the most part, rejection 

had stopped. The hairy skin on the dorsum of the hand remained intact. The broken, relatively 

unpigmented and scarred hairy tissues of the finger were dry and the fingernail was easily 

removed on day 23. AIl of the glabrous tissues of the flap remained pigmented, but were dry 

and leathery ll1 both appearance and texture. By day 39, the surface of the allografted glalJrous 

sklll of the palmaI' pad V/as smooth and hardened. The skin overlying the dorsal surface of the 

proximal phalan~eal joint was not healed but remained fleshy and granulated. AlI of the dried 

keratlllized superflclal glabrous tissue was removed in the form of a single hardened 'cap' on 

day 42. The underlying glabrous skin had a heterogeneous appearance and was composed of 

hoth plllk and light brown tissues. The skin which was rcvealed was otherwise healthy, and 
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had well-defined epidermal ridges with no lesions. At this point in time, the original site of 

autologous glabrous tissues at the tip of the finger remained intact. However, one could not he 

sure that the autologous tissues were in fact still present, since the hairy component of thesc 

tissues appcared to undergo similar, if not the same rejection processe:; as those of the 

allografted hairy tissues adjacent to them. Evidenced by the loss of the nail and scarnng of the 

autologous tIssues, it was likely that the macerauon and possible compromised blood supply 

led to their demise. By day 49, the granulating tissues on the dorsum of the proximal 

interphalangeal joint had not healed and a split-thickness autograft from the proximal forearm 

of the animal was used to coyer the site. On day 74, most of the lesions on the index finger 

were healed. The index finger's glabrous palmar pad was a mixture of light pink, beige and 

dark brown tissues; the darkened pigment now covered approximately 70% of the area. Most 

of the allografted hairy skin on the dorsum of the hand remained unaffected and supported 

luxuriant hair growth. The glabrous and hairy tissues of the finger (but not the palmar pad) had 

regressed to the point of tough whitish-pink scarred tissue with small patches of dark 

pigmentation. The tissues on the tip of the finger had become pointed and showed htt\e 

evidence that autologous tissues once occupied that area. The allograft remained in this 

condItion until day 96, when prucesses of rejection once again took their to11 on the glabrous 

and hairy portions of the distal tïnger. The tissues became fragile and covered in small 

reddened 1 sions. There was sorne bleeding; primarily where gauze bandages stuck to the 

wounds. by day 110, the tissues healed much like they did around day 74. The pigment of the 

allografted glabrous skin on the palmar pad had become unifonnly light brown in colour. The 

tissues remained intact, wlth few changes, untll nerve testing and removal of the graft 161 d 

after surgery. At that pOlOt in time me palmar glabrous skin of the allograft was not as weil 

keratinized as that of the host, but it had well-developed epidermal ridging pattern~, light 

pigmentation and was pliable. The halry skin on the dorsal surface of the hand had nornlal 

uniform pigmentation and supported good hair growth. The tissues of the finger, however, 

were heavily scarred, relatively ullpigmented and tough in texture. 

Animal #7 

HT: Transplantation of the total right hand; inc1uding wrist. 

Donor: Animal #6; unknown source. 

Allograft Survival: 311 d; underwent mild rejection. 

Nerve Recording: During postoperative days 309 to 311. 

Mean Measured Weight During Study: 12.7 kg. 
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CsA Dosing: 26-60 mg/kg/d; most commonly drca 28 mg/kg/d (lM). TempomI)' regimens of 

lM, SC or mixed routes of administration were also utilized. 

Mean Sampled Cs Blood Levels (RIA, serum 12 h trough): 1202 ± 581 ng/ml; approximately 

800 ng/ml at onset of primary rejection, more commonly circa 900 or 1700 ng/ml. 

MP Dosing: Postoperative; starting at day 6 

125 mg/d for 3 d, tapered to a maintenance dose of about 4.4 mg/d by day 27. 

Rejection; starting at day 140 

125 mg/d for 3 d, tapered to a maintenance dose of about 4.4 mg/d by day 

14ï. 

Rejection; starting at day 186 

125 mg/d for 4 d, tapered to a maintenance dose of about 4.4 mg/d by day 

235. 

Prophylactic; starting at day 255 

125 mg/d for 3 d, tapered to a maintenance dose of about 4.4 mg/d by day 

284. 

Gther Drugs Administered: 

Dimenhydrinate, Penlong S® (intermittent, < 25% of the time). 

Acetylsalicylic acid, levorphanol tartrate, netilmicin, prednisone, ticarcillin disodium 

(when needed, < 10% of the time). 

Case History: 

The allografted hand was slightly smaller th an the hand which it replaced, however, 

surgical attachment was without major problems. On day 5, there was mild redness in the volar 

hairy skm of both the allograft as weIl as the host's tissues adjacent to the attachment site. 

There was considerable swelling in the hand but circulation \Vas fine. By day 20, sorne of the 

~welling had subsided. The col our of the host's forearm had returned to normal. The 

allografted hairy skin of the volar aspect of the wrist was healthy, but maintained a light pink 

chafed appearance. The hair growth on the graft was less than that on the reciplent's forearm. 

As time passed, the survlval of the transplanted extremity was relauvely uneventful. The 

swelling of the tISSUèS reduced significantly by day 50 and evidence of mu~cular atrophy 

became apparent. Pmkness of the volar wnst soon faded and left little evidence of its 

occurrence. The hair growth on the hand was reasonable at day 70, but was still conslderably 

less than that of the host's forearm. The darkly pigmented keratinized tissues of the glabrous 

palm had thlckcned to the point of cracking. Crevasses were formed along the major crease 

lines of the palm and the general trends In epidermal ridging patterns were
l 
defined by thin 

cracks. There was no gross evidence of any ongoing rejectIon processes until around day 140. 

At that pOll1t in time, there was a general fragility of the superficial epidermal layers in the 

. 
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allografted hairy skin. The dorsal and lateral margins of the fingers, including the skin 

overlying the knuckles, were the areas most affected. A full sloughing of the tIssues did not 

occur. Instead, the superficlal layers underwent a process of shreddmg and shedding; reveahng 

raw reddened tissues underneath. During the initial onset of rejection, hair loss seemed 

primarily constrained to the affected areas of the fmgers. The dorsum of the hand was 

relatively unaffected. As weIl, the allografted glabrous tissues showed !iule or no out ward slgn 

of involvement. As ume progresscd lowards day 170, the lesions cau~ed by the InItial reJecuon 

processes healed, however, the tissues dld not remain stable. There was a further loss of h:ür 

on the dorsum of the hand and the keratinized layers of glabrous skin thinned. Of intere~t wa<; 

the fact that these latter events occurred even though there was little or no overt undertones of 

redness in the tissues. Around day 186, rejection started once again. ThiS time the glabrous 

tissues of the distal palm and fingers were the main (if not the only) site of rejection. Like 111 

the previous episode, there was no sloughing of tissues. The thmned glabrous ~kll1 bccame 

fragile and upened as small reddened lesions. Within a few days the lesion ~Ites healed and left 

behind shiny (but still pigmented) areas of tissue with hule excess keratinIzauon. By day 215, 

the allografted hand had stabilized. Both the glabrous and halry ti~sue" showed near normal 

pigmentation and texture. The hand appeared thin and elongated because of muscle atrophy. 

While sphnted, there was little opportunity for useful physiotherapy. During the change of 

dressmgs on day 308, lt was noticed that the distal tips of D2 and D3 were starting to become 

mummified. In confirmation of funher ongomg rejection processes, the hairy skll1 overlyll1g 

the distal joints of the first three digits were easlly removed; revealing small patches of raw 

reddened tissues. Evaluation of nerve rein nervation was completed and the allograft was 

removed, 311 d after surgery. 

Animal #9 

HT: Transplantation of the totalleft hand; including wrist. 

Donor: Animal #8; unknown source. 

Allograft Survival: 26 d; underwent severe rejection. 

Nerve Recording: Not possible due to insufficient time for mature reinnervation. 

Mean Measured Weight Dunng Study: 13.3 kg. 

CsA Dosing: 33-45 mglkg/d; most commonly n'rca 38 mglkg/d (lM). 

Mean Sampled Cs Blood Levels (RIA, ~erum 12 h trough): 932 ± 700 ng/ml; approximately 

600 ng/ml at onset of primm'y rejection, most commonly circa 550 ng/ml. 

MP Dosing: Post.operative: starting at day 4 

125 mg/d for 3 d, tapered to a maintenance dose of about 8.8 mg/d by day 22. 
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Other Drugs Administered: 

Acetylsalicylic acid, dimenhydrinate, netilmicin sulfate, Pen long S® (regular, > 50% of 

the time). 

Levorphanol tartrate (intermittent, < 25% of the time). 

Case History: 

Immedlately postoperative, the allografted hand showed reddened haÏI)' skin on the volar 

and radial aspects of the wnst. The surgical closure was awkward and there may have been 

tension in the flaps of skm at the attachment site. On day 4, the hand was observed to be 

severely swollen. The host's haity skin, just proximal to the attachment site, had pinkish-red 

tones, but for the most part, appeared healthy. The allografted hairy skin on the volar and 

radial aspect of the hand was far from healthy. The tissues were orangy-red in colour and 

covered with small fluid-filled vesic1es. The glablOus ~km bordenng the se tissues appeared . 
unaffected. The hairy skin on the dorsum of the hand, although darker brown (normal pigment 

for the dL.lor), had no obvious abnormalitles. There were two blisters (one large, one small) in 

the web space between Dl and 02. These latter blisters, unlike those of the wrist, were more 

than hkely pressure sores caused by increased tension in the bandages as a result of the 

swelling of the hand. By day 7, many of the vesicles on the volar aspect of the wrist had 

merged; giving the tissues of the volar wrist a translucent jelly-like appearance. As weIl, the 

colour of the tissues had tur.led more of an orangy-grey. The host's hairy skin adjacent to the 

allograft site was no different than that seen at day 4. There was still no apparent damage to the 

surface vi the glabrous tissues or to the hairy skin on the dorsum of the hand. The large 

blIsters between Dl and 02 increased in size to about 1 cm2. From day Il through to day 19, 

the area of hairy skin on the volar wrist dried and took on a reddened chafed appearance. The 

blisters in the first web space started to dry and collapse. Yet, the center of the palm and much 

of the dorsal hairy tissues began to develor red undertones. On clay 23, the hand, still very 

swollen, did not (upon first visual inspection) appear to be any worse than on day 19. 

However, the true story on the state of the tissues was quite different. After a short period of 

soaking, roughly 85% of the keratinized glabrous epidermis was easily removed; leaving raw 

rcddelled tissues underneath. This sloughmg of tissues extended circumferentially around the 

fingers. Ollly small patches of superficial epidermis could be easily removed from the hairy 

tissues on the dorsum of the hand or in the volar wrist area. There was only a loss of 

approximately 50% of the hair. By day 26, mummification of the digits had begun and 

euthanasia was perfomled. 

------------------------"'------------



Animal #11 

TNVFF: Transplantation of the total soft tissue coverage of the right D2. 

Donor: Animal #10; unknown source. 

Allograft Survival: 413 d; underwent severe rcjection. 

Nerve Recording: During postoperative days 210 to 211. 

Mean Measured Welght Dunng Study: 10.6 kg. 
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CsA Dosing: 25-43 mg/kg/d; more commonly circa 28 mg/kg!d or 40 mg/kg/d (lM). 

Temporary regimens of lM, oral, SC or mixed route& of administration were also 

utilized. 
Mean Sampled Cs Blood Levels (RIA, semm 12 h trough): 1342 ± 938 ng/ml; approxlmately 

900 ng/ml at onset of primary rejection, more commonly drca 850 or 1900 ng/ml. 

MP Dosing: Postoperative, starting at day 3 

250 mg/d for 1 d, 125 mg/d fOi 2 subsequent days, tapered to a maintenance 

dose of about 4.4 mg/d by day 16. 

Rejection; starting at day 122 

125 mg/d for 3 days, followed by 1 d at 25.6 mg. 

Rejection; starting at day 126 

125 mg/d for 3 d, tapered slowly to a maintenance dose of about 4.4 mg/d by 

day 185. 

Rejection; starting at day 228 

125 mg/d for 3 d, tapered slowly to a maintenance dose of about 4.4 mg/d by 

day 285. 

Other Drugs Administered: 

Penlong S® (intermittent, < 25% of the time). 

Acetylsalicylic acid, cimetidine, dimenhydrinate, levorphanol tartrate, netlhmcm 

sulfate, prednisone, ucarcillin disodium (when needed, < 10% of the time). 

Case History: 

At the time of the first splint and dressings removal on postoperative day 3, there was 

considerable swelling of the TNVFF and mmor bleeding along the pa\mar lI1CiSlOn \1I1C<'. 

Towards day 6, the hau)' portiOn of the allograft showed pmklsh-red undcrtOi. ~~ 111 

compari50n to the surrounding host tIssues. Due to further swelling, much of the allograftcd 

tissues appearcd to be underconslderable tension (especially along the radIal cc1ge). By day \4, 

sorne of the sVvelling in the flap, as weIl as the redness of haIry skln. had ~lIh~ldcd. The 

keratinized gIahrous surface of the allograft took on a glos~ed leathery appcarancc. Thi~ trend 

towards thick keratinization of glabrous tissues continued for both the allograft a<, weil as the 



175 

host tissues. In addition, the allografted hairy skin surface became more dry and wrinkled; 

giving the surface appearance of a sausage. By day 26, because of the thickened keratinized 

layers, there was very little epidennal ridging patterns seen on the surface of the host's palm. 

The keratinization of the allografted glabrous skin did not reach levels as marked as those for 

the host tissues. However, on day 33, a 'cap' of hardened dry keratinized epldennis could 

easily be peeled away from thr- radial edge of the tip of the finger. Healthy dry pink, 

unplgmented, nonridged tissues were revealed from underneath; an area of skin measuring 

approximately 1 cm2. The reason for this event was unknown, but may have been related to 

the reddened tl~sue~ observcd around day 6. During days 63 through 69, the dark brown 

keratinized ~uperflcial tissues of the allograft's glabrous skin cracked and was able to he picked 

off the fInger surface like pieces of a jig-saw puzzI::. The underlYll1g tlssues, although heaIthy 

and hghtly plgmented, had pink undertones. The fll1ger was slender and stIll considered 

healthy. The area on the tip of the finger was still pink and relatively unchangcd S1I1ce day 33. 

From tlus pomt onward, towards day 104, therc \Vas a progressive and generalized thll1l1lng of 

the keratll11lcd layer of allografted glabrous epidermis, while the keratinized of the host's 

glabrou~ tl'\sues wa:: ~tIlI very thick. The vd10lc flap had very lIght pink undertones, but 

showed no IesIO!1";' Allografted halr" ~kin supportcd luxuriant han growth. On day 106, the 

glabrous surface was about 50% hght pmk instead of light brown, and there was slight surface 

fragility and blœding where gauze bandages stuck to the surface. Tlm î.hmrJmg of glahrous 

tissue contlllued further unttl day 118, when althou~h there were ~llll no le'ilOnS or major 

sloughmg of ;,kin, the gwtt was now esscntwlly 70% pink 10 colour and hall a dry glo"sy 

appearance. The ~heen was due to the fact that there \Vas hale If any glabrous epidennal ndging 

patterns. Gros~ rCjectlOI1, as detcnmned by breakage of the glabrous epldennal surface 111 areas 

whidl were euher raw or fragile, started around day l22 Dllring the early stages, halry skin 

was sparcd. it was mteresting to note that wIth immunosllppressive interventIon, at any one 

time, only about 25% of the glabrous skin surface was raw. The affected area cha.lged every 

couple of days. Sorne raw areas would he al and return to the pInk condition, while other areas 

became raw. By day 128, much of the hair shafts had fallen out and there were minor lesions 

in hmry skm. Towards d,!y 134, mo~t of the active rejectioll processes had subsided, although 

there were stIll a few pllnctate leslOlls. AppIOXlmately 80% of the allografted glabrous skin 

surface was at sorne point In time activcly lIndergoing processes ofrejection. At day 160, the 

allograft wa~ stable. Most of the volar ~)llrface was now pmk In colour. The remainder hdd 

dark hrown (a!most black) pIgmentation. Almost aIl of the hair was absent from the flap. Areas 

of hait y ~kl11 on the ulnar and radial curvatures of the flap were unpi gmented, while the 

dorsllm of the flap was darkly pigmented hke that of the glabrom skin surfaces described 

above The tc\ture of both hairy and gwbrous skin was smooth and tough; much like Hs 

. 1 
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condition at day 118. The finger was slender, but the digital palmar pad for D2 was bulbous 

The allograft remain\!d stable in this condition thfoughout the period of nerve recordll1g and 

onwards towards day 228; when similar rejection processes starte-d again. At that tIme. the 

fragilt> areas were much sm aller and more diffuse. By day 245, the areas of dark. pigmentation 

had faded. The finger gradually lost mu ch of lts slender form. to the point that only JOllll 

creases remaincd easily ide:itifiablc. On day 277, the glabrous skin surface was no longer 

smooth, and was very fragile. Thin white flakes of dried keratmized epldemll~ encm",tcd the 

surface of allografted glabrous tis~ues. The hmry skm of the TNVFF became tmlky-whuc Hl 

appearanc~ and had very little form. The flap survived in thi~ condition, with periodic mild 

episodes of surface breakdown, until day 4 î 3: when it was removed. 

Animal #12 

HT: Transplantation of the total right hand; inc1uding wrist. 

Donor: Animal #13; unknown source. 

Allograft Survival: 71 d: undef'vent severe rejection. 

Nerve Recording: Not possIble due to in~uffic!ent time for mature reinnervation. 

Mean Measured Weight Dunng Study: 11.7 kg. 

CsA Dosing: 17-51 mg/kg!d (hlghest doses were given during perioperative days); most 

comm::mly Clrca 17 mg/kg/d because of the animal's poor chnical tolerance to the 

medications administered. Temporary rcgll11enS of lM, SC or mixed routes of 

administration were also utilized. 

Mean Sampled Cs Blood Levels (RIA, serum 12 h trough): 1260 ± 778 ng/ml; approximalely 

900 ng/ml at onset of pnmary rejcction, mOSl commonly circa 1050 ng/ml. 

MP Dosing: Postoperatively; starting at da~1 0 

125 mg/d for 3 d, tapered to a ma;ntenancc dose of about 4.4. mg/d !Jy day 

24. 

Rejection; starting at day 55 

250 mg/d for 1 d, 125 mg/d fur 2 subsequent days, tapered to a maIntenance 

dose of about 8.8 mg/d by day 64. 

Other Drugs Administered: 

Netilmicin sulfate, Penlong S® (regular. > 50% of the time). 

Acetylsalicylic acid, dimenhydrinate (frequent, < 50% of the time). 

Levorphanol tartrate, prednisone (when need~d, < 10% of the time). 


