4]

National Library
of Canada

i

du-Canada
Canadian Theses Service

Ottawa, Canada
K1A ON4

CANADIAN THESES

* NOTICE

The quality of this microfiche is heavily dependent upon the
quality of the original thesis submitted for microfilming. Every
effort has been made to ensure the highest quality of reproduc-
tion possible. .

if pages are missing, contact the university which granted the
degree.

Some pages may have indistinct print especially if the original
pages were typed with a poor typewriter ribbon or if the univer-
sity sent us an inferior photocopy.

Previously copyrighted materials (journal articleé, publivred
tests, etc.) are not filmed.

Reproduction in full or in part of this film is governed by the
Canadian Copyright Act, R.S.C. 1970, c. C-30. Please read
the authorization forms which accc npany this thesis.

‘

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

/

n(l339 (. 86/01)

Bibliothéque nationale

Services des théses canédienr\es

.

THESES CANADIENNES

AVIS

La qualité de cette microfiche dépend grandement de la qualité
de la thése soumise au microfilmage. Nous avons tout fait pour
assurer une qualité supérieure de reproduction.

S'il manque des pages, veuillez communiquer avec ['univer-
sité qui a conféré le grade.

La qualité d'impression de certaines pages peut laisser a
désirer, surtout si les pages originales ont été dactylographiées
a I'aide d’un ruban usé ou si l'université nous a fait parvenir
une photocopie de qualité inférieure.

Les documents qui font déja I'objet d'un droit d'auteur (articles
de revue, exame. . publiés, etc.) ne sont pas microfilmés.

La reproduction, méme partielle, de ce microfilm est soumise
a la Loi canadienne sur le droit d'auteur, SRC 1970, c. C-30.
Veuillez prendre connaissance des formules d'autorisation qui
accompagnent cette thése. '

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS REGUE

Canada



0-315-26839-5
I* National Library Bibliotheque nationale .

of Canada du Canada

Canadian Theses Division Division des théses canadiennes

Ottawa; Canada
~- K1A ON4

PERMISSION TO MICROFILM — AUTORISATION DE MICROFILMER

e Piease print or type — Ecrire en letires moulées ou dactylographie

Full Name of Author — Nom compiet de |'auteur

GARTH- Lowe-N VVAR NOCIC
Date of Birth — Date de naissance Country of Birth — Lieu de naissance
17 - /O - o . CANADA.
Permanent Address — Résidence fixe
o5 G T /4B AVE -
« EbMONTON . ALBERTA <AnNADA
TSY <

Title of Thesis — Titre de la these

—PA»NCRE;A/TTC ST m,qﬁ\)gpw—%r,orﬁo/\) - A
PRAMISING  METHOD FoR TREATING THE cemamapie
CHRonN I C CcomMPLICATIONS O DIABE TES  MELLTUS

University — Universite *

AT A .

Degree for which thesis was presented — Grade pour lequel cette thése fut présentée

MSc. .

Year this degree conferred — Année d'obtention de ce grade Name of Supervisor — Nom du directeur de these

lsg—= . ‘ RAY \/ . RAJOT T =
Permission is hereby granted to the NATIONAL LIBRARY OF L'autorisation est, par la présente, accordée a la BIBLIOTHE-
CANADA to microfilm this thesis and to lend or sell copies of QUE NATIONALE DU CANADA de microfilmer cette thése et de
the film. préter ou de vendre des exemplaires du film.
The author reserves other publication rights, and neither the {'auteur se réserve les autres droits de publication; ni la thése
thesis nor extensive extracts from it may be printed or other- ni de longs extraits de celle-ci .ne doivent étre imprimés ou
wise reproduced without the author’s written permission. : ) autrement reproduits sans |'autorisation écrite de I'auteur.
Date Signature

Q/@éé:/\. /.3/ /S8 = /é‘g( : Qt\R

NL-81 (4/77)



THE UNIVERSITY OF ALBERTA

PANCREATIC ISLET TRANSPLANTATION:
A PROMISING METHOD FOR TREATTING THE CHRONIC

COMPLICATIONS OF DIABETES MELLITUS
by
VAP .
K’f\,) Garth Loren Warnock
A THESIS
SUBMITTED TO:THE FACULTY OF GRADUATE STUDIES AND RESEARCH
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE
OF Master of Scier_lce
In
Experimental Surgery

DEPARTMENT OF SURGERY

EDMONTON, ALBERTA

FALL 1983



THELE UNIVERSITY OF ALBERTA

RELEASE FORM

NAME OF AUTHOR .. Garth Loren Warmock . P

TITLE OF THESIS ... . . . ol

----------------------------------------------------

....................................................

YEAR THIS DEGREE GRANTED R R R R RIS
Permission‘is hereby granted to THE UNIVERSITY OF ALBERTA
LIBRARY to reproduce single coéiés of this thesis and to lend
or sell such covies for private, scholarly or scientific
researéh purposes only.
The author reser&és other publication rights, and neither
the thesis nor extensive extracts from it may be printed or

otherwise reproduced without the author's written permission.

(Signed)~.... T L AEEA e "2
*  PERMANENT ADDRESS:
3059 ~ 143 Avenue



THE UNIVERST1Y OF ALBEKIA

FACULTY OF GRADUATE STUDIES AND RESEARCH

The undersigned certify that they have read, and

recommend to the Faculty of Graduate Studies and Research, for

Pancreatic Islet Transplarcation:

acceptance, a thesis entitled ... 00000 0 T 0T oL U TUTIUTL TTITTL
A Promising Method For Treating The Chronic Complications -
e R R I P
Of Diabetes Mellitus ’ 1

- arth . : B
submitted by ..g ..... P?F??.W?%???g..; ............. eee e RSN

in partial fulfilment of the requirenénts for the degree of

Master of Science (Experimental Surgery) .

5, '
. /

Supervisor
€
> ........... /..TC.’ ........ Pl
/ 2(//

--------------------------



This text is dedicated
to my wife Féy, and our children,

Noelle and Willie

iv



ABSTRACT

l'Current methods of insulin.thefapy, however stringent, have not
prevented the microvascular complications of diabetes mellitus. New
methods of thefapy are redﬁiréd, Transpiantation of fresh or cryo- ’
preserved islets-of Langerhans can render diabetic féts of the same
inbred strain cliniéallf normalvand apoears to pfevent or reversé the
microvascular complications. The purpose of this thesis is to show
that it-is/feasible, in iarge mammals,lto prepare gra%ts of pancreatic
isletSJ isogréft them into the spleen as fresh or frozen-thawed tissue,

and preserve théir metabolic efficiency.

Thirty-one dogs were rendered'diaéetic by total pancreatectomy.
(The pancreatic ducts wére perfused.with collagenase ﬁo preparé a tissue
suspension which was isografted into the spleen. (mean gfaft volume was
10 ml,lcohtaininﬁ 24% of the B-cell mass/pancreas) . Avancreatic controls

(nz4) survived- 10%3 days; mean fasting\blood glucose (BG) was 343 mg/di

v

terminally. In 13 dogs, the tissue was implanted by reflux into terminal
"‘splenic veins: BG was < 150 ﬁé/dl for up to 5 montﬁ% (n=6) . quing; |
glucose tolerance testing 1 Qeek ?re— and 1 mo‘and;2—3 mdibqst iﬁplant,
mean values were respectively: k (decline in glucose concéntratioﬁ,
$/min) 3.4, 1.4 and 1.5, peak insulin (uU/ml) 50, 12 and 11. post
implanﬁ insulin leveis in gpienic veins peaked‘at 1 min,(SSS and 60 min
\(77). Diabetes enéued aftér splenectomy. Splenic histology showed
prominent islets. In 5 dogs, the tissue was injected into the splénic

pulp; BG rose to > 250 mg/dl (compéred with initial series, o < 0.001)

, vand remained elevated. In 5 dogs, when tissue was equilibrated_in the

v



cryoprotectant at OOC, then frozen to -196° for 48 h, diabetes ensued
‘after\impléntation; when‘ZSOC was used for equilibration, BG was < 125
mg/dl for 3 mo (n:=2). Collagenase verfusion of a large manmal pancreas
‘via the ducts provides sufficient viable islets to induce prolonged
normoglycemia (5 months) . Reflux of pancreatic‘fragnents into solenic
veins appears more efficient than intrapulp implantation. The graft
function does not appear to deteriorate during prolonged follow-up.
Insulin secretion from £he isografted intrasplenic islets i§ biphasic
in response to glucose challenge. After cryopréservation with a higher

temperature during exposure to the cryoprotectant; frozen-thawed iso-

grafts induce normoglycemia.

- vi
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I INTRODUCTION

Diabetes mellitus is a common chronic disease with, severe long-
term camlications. Its incidence is increasing by 6% per year, a
rate that will result in doubling of the number of diabetics in the

population every 15 vears (1).

The compliéations of diabetes,'whicﬁ include retinovathyv, neurcpathy,
macro-angiopathy, and micro-angiopathy, give rise to significant
morbidity and mortality. The 1975 report of the National Commission
on Diabetes to the United States Congress (1) included the following

-statistics. {

- Patients with diabetes are 25 times more vrone to blindness
than those without diabétes.‘

- Diabetic fetinopathy is the second-cammonest cause of b%}ndness

. overall and the leading cause of new cases of blindness.

- Compared with the general vooulation, diabetics are 17 times

more prone to renal disease, 5 times more prone to gangrene

of the extremities, and twice as prone to heart disease.
The diabetes-related mortality figures are similarly high:

- The life-expectancy of diabetic patients is two-thirds that
of the general population (1).

— Diabetes is estimated to be the fifth—ccnnonest cause of‘dcath
in the USA‘—vand it Has been suggested that incluéion of all
contributory and underlying causes of death (diabetes being
infrequently récorded as a cause), and correction for the large

. nurber of undiagnosed cases of diabetes, might indicate diabetes



mellitus as the third-camonest cause of death in the USA (1).
- Three-quarters « North America's diabetics will die of athero-
sclerotic disease, in contrast to one-third of the general

population (2).

Why do these devastating complications occur, despite the avail—\
ability of insulin for more than 60 years? Evidence indicates that the
micro-angiopathic lesions are secondary to persistent hyverglycemia -
and curfent methods of insulin therapy do not reliably prevent wide
fluctuations in blood-glucose levels even when so-called 'tight control
is maintained (3)- | |

- Tirst, prospective studies have shown a relationship bétween the

'
height of blood-glucose levels and the severity of camlications
" (4-7) .

- Second, the complications occur in patients with diabetes reéult—
ing from total pancreatectomy, and hemochromatosis (8-9). This
rules out a purely genetic vredisvosition of the micro—éngiopathy.

- Third, after the induction of diabetes in animals, micro-angiovathic

lesions hisﬁologically similar to those ih humans develop and their

severity reflects the acequacy of metabolic control (10) .

These findings have inténsified‘the search for better methods to maintain

norﬁoglycemia,



New Methods of Treatment

New methods of treatment can be grouped into two categories:
(a) systems designed to administer insulin continuwously; and: (b)

pancreatic transvlantation, of the whole organ, islet—containing tissue,

or isolated islets.

Insulin-secreting Devices |

Implantable devices that secrete insulin (artificial beta { B } cells)

. N
in response to the COn;inuous fluctuations in blood-glucose level are

\
\

expensive, and they involve cumbersome, complicated technology. Bio—
compatibility of materials to sense glucose fluctuations, éompute insulin

requirements, and secrete an appropriate amount of insulin is a problem.

Furthermore, the peripheral route of insulin delivéry does not offer
the phy;idlogical advantages of portal insulin delivery in maintaining
fuel homeostasis (11). If normoglycemia is achieved with open-loop
insulin pumps'that administer insulin systemically, peripheral hyper-
insulinemia results'(lZ). This may have undesirable.conseqﬁences on fuel
other than glucose; also, it seems that hyperinsulinemia is a signifiéant
factor in the development of atherogenesis in persons who have non-insulin-
dependent diabetes mellitus (NIDDM) (2). Certain insulin-delivery
systems create oroblems with hypoglycemic reactions, especially in persons

with insulin-dependent diabetes mellitus (IDDM) (12).

In sunnary,'insulin—delivery systems are unlikely to be.as efficient

,

as functioning B cells.



Transplantation of Pancreatic Tissue

"Total endocrine replacoment therapy”,la phrase coined by Dr. D.
Sutherland, is the objective of pancreatic transplantation. In other
words, transplanted functioning B cells should permit precise gluco-—
regulation and fuel homeostasis, not only in resmonse to ingested carbo-
hydrates but also in dyngﬁic states such as stress, fasting, exercise

and injury.

B cells are integrators of multiple stimulatory and inhibitory sig—
nals arising both within and bevond the islets of Langerhans. Internal
signals refer to interactions between A cells (glucagon*oroducing), D
cells (somatostatin-producing), and B cells (insulin-producing) . For
example, somatostatin may inhib%t both insulin and glucagon secretion
locally, glucagon may stimulate the secre#ion éf both insulin and Sonéto-
statih, énd insulin may inhibit the releasé of glucagon and somatostaﬁin
{13) . Tight junctions, termed 'gap junctions', and constant non-random
diétribution of cells within the islets, orovide histologic evidence
of the importance of these internal signals (14).

External signals that stimulate secretion include glucose, amino acids,

fatty acids, beta-adrenergic catecholamines, acetylcholine, and
intestinal peptide hormones. Those that inhibit insulin secretion

include prostaglandin—E (14).

\

.-Resuits of pancreatic transplatation in animals have proved that
ndcrovascﬁiar lesions can be prevented by maintaining strict normo-
glycemia (15-17). Also, strict control of the bloodd-glucose level
reverses the increased agg;egaﬁion and decreased.defornabiliéy of the

erythrocytes, the increased aggregation of platelets, and the altera-



tions in plasma proteins, that may alter blood viscosity and flow and

thus favor the development of atherogenesis in diabetics (2).

But strict metabolic control gbes beyond simply controlling the
'blood-glucose level. An increased érowth—hormone level, implicated
in the pathogenesis of diabetic retinopathy, has been normalized in
persons who have the insulin-dependent disease by the implantat%on bf
artificial B cells that secrete insulin continﬁously (18,195. Hyper-
glucagonemia, Sy causing gluconeogenesis, is responsible for full expres-
sign of uncontrolled diabetes and its attendant coﬁplications. This,
too, is suppréssed during fasting and after meals, by artificial B
cells, and in.?nimals by pancreatic transplantation (20,21). Structural
renal abnormalities, namely thickening of the glomerular mesangium .uid
baser.nt nenbréne; result in increased rates of glomerular filtration
and albumin excretion. Strict control withAinsulin normalizes both of
these functions, and islet transplantation in aniﬁals reverses the
structural abnormalities (17,22). Somatostatin is an inhibitor of
insulin release. -The number of somatostatin-oroducing D cells is in-
creased in patients who have insulin—dependent diabetes, and somato-
statin is secreted in increased amounts in experimental diabetes;
Panéreatic transmlantation reverses increased somatostatin in diabetic
rats (23). Cyclic GMP, possibly a second messenger for insulin action
on the liver to controi hepatic gluconeogenesis, is increased in diabetic

rats but reverts to normal after islet transplantation (24).
First suggested by Ssabelew in 1902 (25) as a treatment for diabetes
mellitus, pancreatic traﬁsplantation is of two tyves: iﬂnediatély

vascularized whole or segnénfal pancreas grafts, and, free grafts of



islets of Langerhans. The first experimental pancfeatic transplants
were whole-organ allografts (26), attempted in éhe late 1920s by ‘
Gayet and Gaillaume and by~HouSsay: lewis, and Foglia The results of
these experiments, were dlscouraglqg, and interest soon shifted to

therapv with 1nsulln dlscoveled by~ Bantlng and Best in 1921.

Transplantation thus entered a relatively dormant phase, while
medical therapy forged ahead. However, as diabetics lived longer,
:‘conplications of the disease became apparent, and this led to a resur-

gence of interest in pancreatic transplantation.

In the mid 1960s, Kelly, Lillihei and associates began trials of
human transplants with whole-organ grafts. Though these grafts proved
to be metabolically efficient, techhical complications and allograft
fejection denied long-term success: the problems, coupled with immuno-
suppression of a host who had multisystem disease; gave rise to very
high moxbidity rates and mortality. Modifications of the procedure
for tréﬁsplanﬁing the whole organ or segments were introduced; but,
more importantly, the concept arose of transplanting free grafts of
islets of Langerhans. This was prinarily to avoid the dangeroué con-

secuences of inadequately controlled exocrine pancreatic secretions.

Experimental islet transplénts have now been studied for about 20

years, ignficiant advances have been made. It is these grafts that
havs de ted the‘ability to preveﬁt ér reverse diabetic micro-
angiopath wll animals. Hdwever, although the problems encountered

with exoc. - “~r2tions have zeen less than with whole-organ grafts,
islet tr ~sple " - .as enjoyed little success clinically.

Appreisa. -7 che experience 1 large mammals provokes several



questions. First, is allograft rejection as much a problem as with
whole-organ grafts? 1In fact, it has been suggested that free grafts

of islets may be more immunogenic (27) . Second what is the yield of
viable islets from a single donor pancreas? Current isolation techniques
are not very satisfactory, the yieid being less than 10% of the original
islet-cell mass of the gland; this often precludes successful transplant-
ation (28). Third, what is the optiﬁal transplant site and tranSplaht—
ation method? Portal drainage of the graft site is desirable, to ensure
that high insulin concentrations reach the liver during glucoregulation;
the liver and splecn satisfy this requirement (29). Yet is has not been
possible to establish the optimal clinical site. Furthermore, islet~
containing tissue that is contaminated with exocrine enzymes ~an produce
disseminated intravascular coagulation and portal hypertension if it
embolizes into the liver (30). Fourth, how can harvested islets be
stored, té allow tissue-typing and for shipment to the location of re-

‘ cipiepts? Short-term culture, cold storage, and cryopreservation have
been studied (31), but the role‘of each has not beén clearly established.
finally, if sufficient islet tissue could be harvested, would it be

metabolically efficient in maintaining fuel hameostasis?

The criteria for successful islet transplantation have been sum-

marized by Kretchsmer et al. and Brooks (32,36) as follows.

a2 Successful transplantation of pancfeatic islet tissue -
depends upon the same factors essential for transplantation
of other endocrine tissue as a free graft: (1) tissue
fragments must be small enough to survive by nutrient

. diffusion until neovascularization occurs. (2) The site

of implantation must be well vascularized. (3) A critical
mass of tissue must be transplanted. A unique and critically .
important requirement for islet transplantation relates to
the need to protect the transplanted tissue and the host
from the destructive effects of pancreatic exocrine enzymes.

-



Each of these criteria will be appraised, with a view to support-
ing the contention that islet transplantation will be the method of
choice for treating the complications of diabetes mellitus and perhaps,
in time, preventing them. A reviéw of the experience Qith islet
transplantation is now in order, as this defines the problems and future

clinical apolications.



IT REVIEW OF THE LITERATURE

1

Historical Perspectives

Pancreatic islets were first described by Paul Langerhans (1847—
1888) in his doctoral thesis of 1869. He had cbserved, at low magni-
fication, tiny vellow spots (0.1 to 0.2 mm in diameter) in rabbit pan-
creas, and found them to be camosed of small, reqgular, nolygonal cells,
9. to 12 um in dianeterf Zellhaufen (heap of cells) was thg.tenn he

apvolied, in confessing ignorance of their function (33).

It was not until late in the nineteenth century that diabetes
mellitus and the pancreas began to be linked in the developing concept
of the disease (34). In 1889, Minkowski discovered accidentally in dogs
that symptohs of diabetes develoved after he had verformed total pan-
createctomy. This finding was fortunate, as J.C. Brunﬁer (1653—1727),
performing similar experiments almost two centuries earlier, had noted
5thirst and'polyuria after total pancreatectamy in dogs but had hot.made
the association wit@ diabetes. Minkowski reported his findings with
von Mering, and together they are credited with establishing the wancreas
as an organ of internal secretion and the one involved in diabetes.

Minkowski even proposed that an extract of pulverized pancreas be injected

to eradicate the symotans of diabetes (34).

The focus was narrowed to the islets by E.G. Languesse, in 1893.
He was the first to suspect that they contributed the internal secretion
of the parncreas, and it was he who coined the phrése "island of

Langerhans". (33) .

In 1894, Williamson expressed the idea of transplanting thé;pancreas
from animals to diabetics (34), and shortly after this L.W.

“



Ssobelew (1876-1919), in Petrograd {Leningrad}, extended Minchski's
work. He ligated the pancreatic duct in dogs, cats and rabbits, causing
exocrine parenchymal atrophy, but noted that the iélets remained
functional and diabetes ﬁellitus did not occur. Ha&ing established
that the islets and not the acinar cells were necéssary to control -

fuel metabolism, Ssobelew proposed transplantation as a method for using

the islets' internal secretion to treat diabetes. Translation of a

statement by Sscbelew in 1902 reads as follows (25):

By ligating the pancreatic duct, we now have a means of
isolating the islands anatomically and of studying their
chemical proverties freed from the digestive fervents.
This anatomical isolation will permit rational testing
of organotherapy for diabetes.

Simultaneously, E.L. Opie, at Johns Hookins, reached the same
conclusions, based on his observations of pathological changes in

islet tissue of diabetics at necropsy.

The scome oi the work by'SsoPelew and Opie was not fully appreciated
‘at the time, and research centered on otﬁér aspects during the first
two decades of the 1900s. Histologic studies by Lane led to ﬁis
description in 1907 of tyme-A and type-B cells in the islets, and in
1915 Homans stated that B cells orobably produce insulin. Numerous
investigators tried to cure diabetes by injecting pancreaticlextracts,
but toxic synmptans precluded success. In general; the céncept that

the islets produced a hormone responsible for fuel hameostasis was

being doubted.
\

In November 1920, Dr. Frederick Banting, a surgeon, was stimulated

by an article in the periodical Surgery, Gynecology and Obstetrics (34,35)

to review(all the work on isolation of an.antidiabetes hormone. In the -



11

soring of 1921 he was joined by Dr. C.H. Best at the Unl&ersity of
Toronto. Working together, Banting and Best revived the theory that
blockage of the vancreatic duct could anatomically isolate,pancreatic
islets. They did not attempt islet transplantation; instead, they
avplied the concept to extraction‘of'the islets' secretion, and this
they obtained in relatiQely pure form. Banting and Best found that this
substance ameliorated diabetes in depancreatized dogs and termed their

- discovery "isletin"; the name was changed to 'insulin' at the insistence

of J.J. Mcleod, head of the laboratory in which they worked.

\

The era of insulin therapv had dawﬁed. In 1936, H.C. Hagedérn,
fram Cooenhagen, discovered that monoprotamines could delay the absorﬁ—
tion of insulin and, thus, that the combination of these with insulin
provided longer control of the blood~glucose level. Insulin thexgpy was
further improved by the addition of zinc to protamine insulin, and in
World War II and the 1950s the oral sulfonureas were discovered; These

developments attracted attention away from vancreatic transplantation

for more than 30 years.

As insulin therapy allowed diabetics to live longer, however, chronic
' devastating cémplications became apvarent, reviving the interest in
transplantation'4 to prevent rather than treat the camplications. Two
factors helped to stimulate interest in transplanting the islets. First,
early whole-pancreas oxr pancieatic—segment transplantations were com-
plicated by graft pancreatitis, autodigestion, probléms with exocrine
secretions, vascular thrambosis, and rejection (26). Second, in general,
immediate vascularization is not essential for an endocrine-tissue trans-

plant - an important advantage over whole-organ grafts.



The stage was now set for experimental islet transplantation in
animals.

QO

A Review of Techniques for Preparing Free Grafts of Islet Tissue

(Animal Studies)

Early attemots at islet transplantation were performed in dogs.
In 1935, Selle transvlanted cultured fragments of fetal and duct-ligated
pvancreases into the subcutaneous tissﬁe (37). 'In 1960 Carnevali and
Remine and their associates autotranspianted slices of duct-ligated
‘pancreas subcutaneousl; (38) . These attemmts were unsuccessful.
However, the studies highlighted practical hurdles to be overcame in
sepani‘ing the tiny islands, constituting a mere l—Z%QBf the pancreas,
from the exocrine compqnent; Could maximal yields of purified, still-
viablé islets be obtained? -~ this question is still unanswered. Indeed,
other oroblems (such as optimal transplan£ site, netabolig efficiency,’
- graft storage and immunologic rejection) have received-only superficial

attention because of the insufficiency of islets harvested.

Tissue has been taken fron three sources (adult, neonatal, and fetal
donors) in the quest for higher yields of purified, viable islets, and
three aspects have been studied: isolation of purified islets, disper-

sion of islet tissue without islet isolation, and isolation of islet

cells.

1. Adult Donor Tissue

a. Isolated islets

Injection of neutral red dYes that stain islets selectively and free-

LY
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hand microdissection of islets have been oractised for mény years {39).
But the practical application of these techniques for isolating
sufficient nunbers of islets for transplantation is limited. Pfhajor

advance in islet isolation was in 1965 when Moskalewskil used collagenase,

an enzyme complex derived fram Clostridiumlhistolyticum, to separate
intact islets from chopoed guinea-pig pancreas (40). In 1967, Lacy and
Koétianovsky determined that nechanicai disrﬁption of the pancreas by o
ductal injection of a salt solution increased- enzymatic contact with
the exocrine tissue and thus increased the yield of purified islets

(41) , but still it was necessary to sevarate the endocrine cells fram the

.

othé: comonents of pancreas. Initially, hand—bicking was done, but

this is tedious and impractical for large-scale isolation. Ficoll{ a
sucro;e polymer of high molecular weight, was found useful for separat-
ing islets. Termed discontinuocus'density-gradient separation, this
method was devised by Lindall and associates (42). Ficoll solutions

of different concentrations are cambined with digested, washed pancreatic
fragments, then centrifuged. The islet-rich tissue concentrates in

certain layers of the ficoll solution, allowing faster harvest of pure-

islet tissue.

In 1972, Ballinger and lacy, using these techniques, revorted the
first sustained success of transplanted isolated islets from adult
rats (43). They‘isolated about 200 islets fram each pancreas (a rat -
pancreas contains 5000 to 10,000 islets) and implanted 400-600 intra-~
peritoﬁeally in fats with streptozotocin-induced diabetes. Hyperglycemia,

polyuria, glycosuria and weight loss were reversed.

This landmark in transplanting purified islets set two standards.
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First, 5-10% of islets were isolated frqm singlé pancreasegy Secona,
for successful transplantation, multiple donors were requireé to reverse
diabetes in a sihgle recipient. A further advance was Kemp's demonstra-
tion (44) that, for a given nuwber of islets, the intraportal route of
transplantation was more effective._'Following this, collagenase
digestion, ficoll purification and intramortal transplantation became

the standard islet isolation and transplantation techniques, and these

were reproduced in several research laboratories (44,45) .

-
L

These techﬁiques for isolation h;Ve been extended to mouse, dog,
pig, monkey and human péncreases. However, even lower percentage yields
are obtained from large-mammal nancreas, because of its compactness,

‘an@ minimal effects on diabetes have been observed after the implantation
of islets in £he peritoneal cavitv of demancreatized vigs (46). or
infusion into the §ortal veins of monkeys made diabetic by streptozotocin

and partial pancreatéectamy (47).

Lorentz reported good effects of isolated islets transplanted in
dogs (48), but there have been no reports of long-term effects of islet
transplantation in dogs made diabetic by total pancreatectomy, a most

severe and reliable model of diabetes.

Thus, new approaches were examined to increase islet yields fram
5-10% of the B-cell mass fron.single pancreases. One approach was to
denlete the exocrine enzyme content of the ddnor pancreas by administerf
ing pilocarpine beforehand; in rats, this doubled both the islet yield
" and the exocfine attritioﬁ as feflected by insulin and am§1ase cogtent
(49) . Downing modified the methodmto distend the venous system of the

pancreas rather than the ducts (71). Distention of the Veins disrupts



the tissue within the pancreatic lobules (intralcbular) rather thaﬁ
between fhem (interlobular), to break down barrier presented by the
compactness of the mammalian pancreas. With ductal distention, the
fibrous tissue enables the acini to resist rupture, so that the ducté
rupture first and disruption occurs along the interlobular planes in
which they ramify; whereas venous distention permits inﬁralobular
disruotion, because the islets are richly endowed with venous sinusoids.
Applying these principles, Downing quadrupled yields of canine islets
fram single pancreases; however, this seemed to damage 1slets, as
evidenced by impaired insulin release (71). Meanwhile, Scharp had
devised a filtration chamber that filters islets from the digestate

irmediately they are released, thereby limiting islet digestion (39).

Even with these advances, significant problems rémain in isolating
intact, viable islets. These include warm ischemia and autolysis in
donor tissue, ovntimal time for mincing, ootimal exmosure to collagenase,

and nurification techniques.

‘Warm ischemia haims all camonents of donor tissue. In the nancreas,
this is highly critical because damaged exocrine cells release noxious
~ digestive enzymes that are most active at.37OC; this : 1sas autolysis,
compounding the.ill effects of warm ischemia on the endocrine component.
Schulak (51), who evaluated warm-ischemia in whole-organ grafts in rats,
found thatvthe endocrine pancreas could tolerate up tg 90 minutes of
warm ischemia without ill effects on histology or graft function as
assessed by intravenaus GIT. However, this may not avply to free
_grafts submerged in collagenase and £ryptic enzymes. Scharp states
\that the ability to isolate islets fram mammalian pancreas is greatly

3\



reduced within minutes of death of the donor (39). Thus, tolerance
of warm ischemia may be briefer during isolation of free islet grafts

than with whole organs. “

Mincing of the pancreas results in marked attrition of B cells as
reflected by insulin recovery in the grafts: Kretschme: (32) reported
© 50% reduction in tissue insulin after use of a mechanical mincer.

Gentler methods of islet separation are required.

A major problem is the provision of‘optimal conditions for collagen-
ase digestion. .Different batches of collagenase give completely
différent fésults {as can different concentrations of the enzymes),
because effectiveness of different lots has not been standardized;.
Further, the properties essential. for digestion have not been established
for collagefiase, a mixture of enzymes including collagenase, clostripan,
tryosin, neutral nonspecific prpteége aﬁd other unépecified enzymes (52) .
Thus, at present, the efficacy of collagenase lots can be assgssed only

i

by trial in laboratory animals - and this assessment is.subjective,

optimal digestion being described in terms such as 'mucoid' and 'softened'.

Futhermore, as the amount of each lot of colldgenase is limited, there
is alwéys the frustrating prospect of starting with a new lot of

\
collagenase in the middle of an experimental group. All this adds up

to much time and expense and the possibility of dbtaining non-conparable

results.

There are alternative methods of digestion, mainly for production
of single cell suspensions rather than isolated islets. .Trypsin is
one alternative enzyme. A camponent of collagenase, trypsin has been

used as a primary digestive enzyme (28) during isolation. But trypsin

’

16
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digestion can impair insulin release fram isolated islet cells (53).

Dispase, another proteolytic enzyme fram Bacillis polymyxa, has been

used by Ono for dissociating pancreas into single cells (53). When
conbined with EDTA, it aided isolation and preserved both the cells'
histologib characteristics and their ability to release insulin

in vitro.

Is collagenase necessary? Hinshaw 92 §;_(54), harvested islets
from small-animal pancreas by hand-pressing the organ through a 200-
280-u sieve; they did not use collagenase to digest thé glands. Purifi-
cafion was no£ quantifiéd, but the islets resnonded to glucése challenge
in vitro, and the yields of islets or islet-fragments per pancreas

were 1.8 x 106 in rabbits and 0.7 x lO6 in rats.

With large—mannal pancreas, purification techniques, well developed
with ficoll gradient separation in rats, yield prohibitively high acinar
contamination (39). Further, to circumvent the rejection problem, Finke,
Lacy and 0no (55) devised a method to purify islets of lymohoid cells.
Islets accumulate vhenol red, oérmitting differentiation from contamin-
- ants when examined |under the dissecting microécope with a low-intensity
green-light filter. But the technique is still tedious and time-
consum@ng.

Recently, a method of purification haé been introduced that is
based tpon a differential susceptibility of islets and exocrine tissue
to cold: Hinshaw used chilling and differential centrifugation to
isolaﬁe islets and islet—con£aining tissue from rabbit and rat péncreas

(54) .
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b. Dispersed fragments

Because the isolation techniques precluded collection of more than
5-10% of islets from a single vancreas, implants consisting of islets
dispersed within fragments of exocrine tissue were proposed. This was
- first demonstrated in mice by Kramp et al (56). The éancreatic
fragments had Been rendered enzyme-poor by chronic duct ligation in the
prospectivé donors. However, 3 or 4 panéreases were needed to provide
sufficient islets to reverse diabetes in a single recivient. Mehigan
(57) , who autotransplanted pancreas fragments in dégs, found that his
nethdds for islet préparation (which were effective with normal glands)
were ineffective with duct-ligated péncreas. He attributed this to
the fibrosis in the iatter: scar tissue had surrounded the islets,

limiting their vascularization so -that they became ischemic and died.

Payne (58), who transplanted dispe#sea fragments in rats, fi:st
deplete¢ ihe exocrine tissue enzymes?ﬁiﬁh‘DLQethionine, which enabled
~him to recover 40% of the islet mass. He.reported amelioration of
diabetés in a single recipient with less than one donor pancreas.

However, chronic administration of DL-éthionine would not be clinically

practicable.

A
bl

In 1976, Mirkovitch and Campiche (59) showed thaé sufficiént islet

| tissﬁe to prevent diabetes cQuld be harvested from individual dog
pancreases, by campletely eliminating purification. Total pancreatectomy
was performed; the horizontal part of the pancreas was minced, then
digested with collagenase, and the tissue fragments were implanted

into the splenic pulp via splenic veins. Results of glucdstholerance

testing postoperatively were similar to those obtained pre-opératively,



and diabetes developed after splenectomy.

Other investigators have reproduced and elaborated upon these
ekperiments. Although the single-donor/single-recivient dbjective was
realized in a large mammal, problems that had plagued free-graft isolation
‘resurfaced. Islet yields were marginally elevated: for example,
Kretschmer (29), who dispersed entire canine pancreases and used optimal
copdit}&ns for graft survival, recovered only 8% of the islet-cell
mass. Collagenase'was Sﬁown to be essential for tissue dispersion (60) ;
revealing the critical balance between tissue dispersal by collagenase
and the oreservation of sufficient islet—tissue; Mechigan demonstrated
the importance of different lots of collagenaée in determining outcome
(61) . Mechanical mincing of the tissue results in 50% loss of the B-
cell ﬁass (32), and methods for depleting the exocrine tissue in donor

pancreas (DL-ethionine and duct-ligation) are impractical for eventual

clinical use.

The>optinEd_ fragmeptisize to nermit nutrient diffusiQn until neo-
vascularization occurs has not been defined. In the original canine
experiments by Mirkovitch and Campiche (59),Ifragnents of 2~4 mm were
used succeséfully, whereas Mehigan (61) found that . large particléé
(passaée through lS—gauqe needlés) were superior to smaller (l6-gauge)
particles ‘in producing normoglycemia. chever,:the conclusion that
large particle size is ad&antageous is not.necessarily Correct, as the
smaller particles may have been damaged by excess mincing. In experi-
ments with adult rats, Tolgdo-Pereyra found a diameter less than 1 mm

optimél whereas size > 2 mm denied success (62). Reéently, the use of
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sieves with mesh of 200-280u (54) and 400 u (28) have confirmed the

usefulness of small particle size.

Collagenase ductal perfusion, reéently devised for isolating canine
islets, is reébrted to averége 57% recovery of the B-cell mass; auto-
transplantation resulted in normoglycemia in 5 of 7 dogs (28). This
technique observes critical factors, including the following. Perfusion
of collagenase through the ducts, by creating intralobular distension,
selectively digests the exocrine tissué. The vulnerable islets are not
inmersed‘in collagenasé. The faster digestion shortens warm ischemia.
Disruovtion is gentlér and briefer, and nurification is obviated by

collecting dispersed fragments.

In sumary, experiments in large mammals show that pancreatic
tissue dispersed by gentle 'mincing' and coliagenase digestion can
reverse diabetes mellitus. However, eliminating purification increases
the yield to only just enough islet tissue from one donor for the
transplant to be effective if all of the islets are viable - but not
all are viable, and even fewer survive in the transplant site. Thus,

these marginal yields are not enough.

N

c. Islet-cell transplantation

In this approach, pancreases are camoletely. dissociated to popula-
tions of single cells and then the endocrine components are reaggregated
into 'pseudo-islets'. This néthod is based on two factors.. Firsf,
cells placed in rotational culture selectively aggrégate with cells
similar to themselves (63). Second, methods f9r preparing single islet

cells have been standardized (53). Scharp and associates have combined
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these»techniques to aggregate canine and pig endocrine cells into
pseudo-islets (39,64)} initial aggregation occurs within hours, and
firm, solid aggregates are complete at 4 days. Hi.:tclogic studies

with hnnunocytoéhemistry have shown the A and B cells at the periphery
of the aggregates, and D ana PP cells more central. Contamination with
exocrine cells has averaged 10-30% but the pseudo-islets secrete insuiin
in response to'glucose stimulation in vitro. Studies of islet yieldg

. and transplantation experiments using these techniques are under way;

Pute populations of A, B, and D fat islet cells have been obtained
(6%), separated from islet-containing tissue by centrifugal elutriation
based upon differences in theilr sedimentation velocity. The smaller
cells (A and D) layer out as one popglation, and the larger B cells
as another. This method, which is‘sbeedy, fesults in about 75% recovery
of single islet cells with a high rate of viability, structural inte- .

grity, and secketo:y responsiveness.
1 . B

. 2. Neonatal Pancreatic Tissue

a. Dispersed fragments

In neonatal pancreas, the islet volume andﬁtheir insulin content
are high,fbut the acinar volume and their enzyme content are low, in
comparison with adult pancreas. Because of these prqperties, neonatal
rat and mouse pancreas can be minced, dispersed with collagenase, and
transplanted, without islét isolation. Indeed, the first denonsﬂration
that-islet isolation was unnetessary for successful transplantatidh waé
with neorigtal donor tissue in mice and rats (65,67). The tfanspianﬁs-

in rats required 20-35 donor vancreases per recipient when implanted _



intraperitbneally; when the portal route was used, only one donor organ
was required. However, several weeks elavsed before normoglycemia
oécurred. The B-ccll mass of one neonatal rat pancreas (6% of that in
an adult rat pancreas) appeared to increase after tranéplantation;
histologically, acinar elements disappeared and mitotic figUres were

.

visable.

(39

The major problem with dispersed neonatal vancreases appeared to be
low yields of endocrine tissue, necessitating multiple donors and‘taking
a long time to ameliorate diabetes. They did not offer any advantage

over adult pancreas donor tissue.

I

*b. Isolated islets

Because of the high relative volume of islet tissue in neonatal

tissue, it has not proved worthwhile to develon islet isol§tion;

c. Islet-cell transplantation

Pseudo-islets have been prepared from pancreases of neonatal pigs

(64) .

Britt et al (64) dissociated the pancreases of 1 to 3 day-old pigs

into single cells then reaggregatedvthgsé in rotatiopal culture. At

7 days, aggregates of cells 0.05-0.2 mm in dianeter had formed, contain-
ing acinar cells (15-20%), A, B (50%), D and PP cells. Viability

in vitro was established by demonstrating insulin secretion in response
to glucose stimulation. However, transplantation was not attempted,

and the possibility remainéd that altered morphology of the islets may

have altered efficacy of fuel regulation in vivo.

In summary, neonatal tissue offers the advantage of high yield of
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endocrine tissue, thus minimizing graft preparation. rFurther, it

may have a capacity for cell replication. However, it does not appear
to offer any advantage over adult tissue, because of the low yield

of endocrine tissue, the need for multiple donors, and prolonged time
to ameliorate didbetes. Newe; techniques of isolating neonatal pseudo-
islets have not been fested in vivo.

3. Graft Preparation fram Fetal Pancreas
»

Fetal pancreas, like neonatal tissue, has a favorable ratio of high
islet volume to (low) exocrine commonents. It has the further advantage

of replication and differentiation after transplantation.,

a. Free grafts -
Fetal islets can be purified by culturing pancreases that have
been dispersed by ccllagenase or mincing alone. These preparations

have not been tested by transplantation for ability to reverse diabetes;

however, they do survive, albeit briefly, in non-diabetic hosts (66) .

b. Dispersed tissue - \

The first report of use of these preparations appeared in 1952 (67).
Minced fetal tissue fram mice was transolanted intraocularly or sub-
cutaneously in syngeneic alloxan-diabetic mice; there was histologic

evidence of graft survival.

The simplest method is to transplant an entire pancreas from a
fetus, without vascular anastamosis in the recipient; the endocrine
cells replicate after transplantation. In their studies in rats,

'

Brown et al (68) showed that by 2-8 months a single fetal pancreas

-



attained 223 of the endocrine function of an adult pancreas. McEvoy
(69), who transplanted pancreases of 18-day post—coital fetal rats

to the renal subcapsular site, showed an 8-fold increase_iﬁ insulin
content when the recipients were killed. Insulin therapy during the
Dﬂnediaté post-transplant period was crucial to improving RB-cell
replication. Brown et al also found that function was best preserved
by placing a whole fetal pancreas beneath the renal capsule of a-
syngeneic host, allawing this 3 weeks to méture, then transplanting |

Ehe combined graft into the host (70).

In sumary, fetal tissue reélicates after transplantation, the
amount of tissue required is less than with necnatal tissue, and the
purity of the endocrine compénent minimizes the amount of graft prepara-
tion. However, there is a 1onglper%od of latency - even»weeks -~ before
the graft ameliorates diabetes. Composite grafts, that gircumvent this
problem, are compiicated by the hultidonor immunogenicities, at present

precluding use in large mammals.

4. Sumary
Islet-tissue can be harvested from three types of donors: fetal,
] . .

neonatal, and adult. Adult tissue is most suitable:
L. a\single pancreas contains sufficient tissue to reverse diabetes
in one recipient; and

2. the grafts function.innediately after transplantation.

There are three types of preparation of islets from adult pancreases{

1. Purified islets

2. Dispersed fragments of islet-containing tissue
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3. Islet-cell isolation. .~
"

- Which would be most useful £6r large manmals?

The critical question is: how can sufficient viable islets be
harvested from a single donor vancreas? The first method yields pro-
hibitively low quaﬁtities k< 5%) . The second, proven successful by
tfﬁisplant studies, yields 5-10%, but the tryptic action of exocrine
tissue remains. The yield with the third method has not been'quantified

but probably; low.

Thus, the most favorable method appears to be the use of dispersed
fragments. New de&elopments, using this approach as their basis: may
further increase islet yields: venous disruption of pancreases (71)
collagenase perfusion via the pancreatic ducts, and cell.separation by
centrifugal elutriétion; In animals, increased yields of purer isléts
are being obtained, denting the barrier of low yield and bringing clbser
the possibility of clinical islet transplantation, and thus warranting
~more experimeﬁts. Further, the new techniques that increase islet
vields permit a rational gttack_on the other problems with islet trans-
plantation: optimal site, allograft rejectiogﬂ definition of metabolic
efficiency, and storage methods. Thus, it seems Dossible that islet‘

transplantation can be used to cure diabetes mellitus while the quest

for methods of prevention continues.

25



IIT MATERIALS AND METHODS

Animals and Care

Thirty-one conditioned adult mongrel dégs of either sex, weighing
15 to 25 kg, were studied. They were housed in the large-animal
vivarium of the Surgical-Medical Researcl Institute, under the care of
the invesﬁigators and with advice fram a veterinarian, in accordance
with the criteria formulated by the Cénadian Council on Animal Care.
The dogs were weighed weekly, andunge permitted unrestricted exercise
twice-daily. Théir daily (full) diét consisted of 360 g of meat

(Dr. Ballard's) and 600 g of Pow R. Pac Burger Bits.

One week after determination of the blood-glucose level aﬂd intra-
venbus glucose~-tolerance testing (I.V. GIT; 0.5 g/kg body weight),
total pancreétectomy was performed. Four dogs were notlfurther treated;
the abdamen was closed, and they were maintained without insulin as
apancreatic controls. The other 27 dogs were (a) maintained under
anesthesia while the vancreas was processed as a graft, which was then
auto—implanted immediately, dr (b) the surgical orocedure was compieted,
the- pancreas was processed, and the suspension was cryovreserved until

=

implantation later.

Postoperatively, blood glucose (BG, mg/dl) waé measured daily for-
4 days and twice-weekly thereafter. On day 1 (day of operation), hydra-
£ion was maintained with 500 ml Ringer's lactate solution given s.c.;
on day 2, this was repeated and waﬁer was allowed. On day 3, a meat
diet was dffered; and on day 4, the full diét.. Each meal was éupple—

mented with 8 to 10 capsules of Cotazym (Organon, Mbntreal); Al

4 N ' "
N y
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solution of venicillin with streptomycin, 2 to 3 ml, was injected

i.m. during surgery and inmediately postoperatively.

At the end of the study of each dog, the animal was killed with an
overdose of pentcbarbital sodium. Necropsy was performed, and the

* spleen was removed for histologic examination.

Pancreatectomy

The dogs were anesthetized with ventobarbital sodium (30 mg/kg).
supplemented with Atravet (Ayerst), 0.5 ml, then intupated, and i.v.
badministrgtion‘of Ringer's lactate at 150 ml/hf was started. Through
an upper midline incision, the entire vancreas was mopilized, with
all major vascular conﬁections nreserved. Both branches of the pancrea-
tic duct were cannulated (20-22 gauge) in situ (in same dogs, only
the left duct wés large enough)~?Blate 1). A 0.2-g sample of pancreas
was excised fq; insulin and amylase assay, care being taken to ligate
the pedicle from which it was reﬁoved. Finally, the blood vessels
were clamped and ligated, and the gland was removed. Immediately,
£he pancreas was weighed and the ducts were distended by the injection
of iced Hanks' balanced salt solution (HBSS), 60 ml into the left limb
énd 15-20 ml into the right. The tissue was innersed in HBSS at 4OC
and transferred to thé 1aboratdry_for graft_preparation. Meanwhile{
an assistant maintained the dog under general anestheéia (in case of
implantation of fresh graft) or compléted the surgical procedure and
.vinstituted usual postoperative care (if the graft‘was to be cryo- .

preserved).
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Plate 1

Pancréatectomy a. Pancreas is campletely mobilized,

preserving vascular arcades. b. both branches of

»thé main duct are cannulated (20-gauge) in situ.

RN
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Graft Preparation

A modi  cation of the method described by Horaguchi and Merrell

(28) was used (Fig. 1).

During the digestive phase, e cannulas within the ducts were
connected to a perfusion apparatus and flushed with iced HBSS for 12
min at a flow rate of 10-20 ml/min (Plates 2,3). Then the perfusate
was changed to a solution of 0.4% collagenase (Sigma Chemicals; type
V, 250 U per mg) in HBSS at 37°C. With the method used, the digestate

flows in retrograde direction through ducts of decreasing size,

distends the acini, and ruptures tissue within the pancreatic lobules.

The gland is never immersed in the digestate; it is suspended above
the reservoir of collagenase, isolated by a 60—+ stainless-steel mesh.
The digestate is then re-perfused fram the reservoir. Perfusion time

averages 35 min, by which time the gland is mucoid or mushy.

When digestion was judged coﬁplete, the tissue was transferred to
a mincing jar containing 50 ml of enzyme'stop solution {4OC HBSS + 2%
trasylol (Miles Pharmaceuticals) and penicillin-streptomycin 2.5 X lO4
units/5 dl} . This solution was used in all subéequent steps, and is

the one referred to unless otherwise specified.

In the second sterp, the tissue was minced- for 90 sec in a mechani-
cal mincer; it was critical not to exceed this time. The supernatant
fluid was taken off and diséarded, and the tissue was resuspended in

solution and transferred to an Ehrlenmeyer flask.

During step 3, the tissue was dissociated by shaking the Ehrlenmeyer

flask vigorously in an Evapo-Mix for 10 min at 4°C, and then filtered



through a 400 u stainless-steel filter. This waé done three times,
residual unfiltered tissue being returned to the' Ehrlenmeyer flask

for re-dissociation and re-filtering.

Finally, the preparation was washed three times: the filtrate
was centrifuged at 2000 rpm, the supernatant fluid was aspirated, and
the pellet was resuspended, 'x 3. A sample of the final pellet, which

consisted of fragments < 400 p in diameter, was taken for insulin and

‘amylase analysis.

MINCING

Counter ,/
Rotating
. Blades ,

100 H,O Bath 0-4°C
\/ “  DISSOCIATION
of

DIGESTION -

xchanger

Cannula
, Pancreas

|
B—

i abgba&rsbﬁﬁwn

WASH

Fig. 1 Graft Preparation
Pancreases were cannulated via the ducts and were processed
through 4 phases:' digestion, mincing, dissociation, and

washing, to prepare a suspension of islet-containing fragments.

|



3T

Plate 2 Perfusion Technique. Photogravh of apparatus for perfus-
ing pancreas. The pancreas within the funnel is suspended
above the reservoir of digestate; it is never immersed in
the collagenase; The.appératus is sét up in a laminar flow

hood to preserve sterility during preparation.



Plate 3

/

tsd

Distended Pancreas. Canine pancreas, distended with

HBSS (4°C), ready for perfusion with 0.4% collagenase.
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It took approximately 2 hr to prepare the\suspension, which was
auto-implanted in various experiments. Fig. 2 summarizes these.

\
experiments, totalling 27 auto-grafts in three groups of dogs.

Autotransplantation of Pancreatic Islets

Total » Acute Transplantation Freezing (-196°C)
Pancreatectomy a' Splenic Pulp n=-5 with Delayed ) :
C b) Splenic Vein n=13 Autotransplantation
n=31 c) Other : n= 3 n=6
- Graft
Preparation
n=27

N

Fig. 2 Sumary of experience with pancreatié islet‘autotransplanta—
tion, totalling 27 canine grafts. Three groups of dogs
were studied: implantation by reflux into splenic veins
versus injection into the splenic pulp; metabolic efficiéncy
aftér splenic venous impléntation; cryopresérvation and

thawing of the graft before implantation.



Group 1: Site and method of implantation (21 dogs)

£ s

The pellet wasvre—suspended in 30 ml of iced HBSS with 2% trasylol

.

and penicillin (100 U/ml) with streptomycin (100 wg/ml). (Plate 4)

In 13 dogs, the graft was implanted via 22-gauge cannulas by
reflux into superior and inferior terminal polar splenic veins (SV);

(see Plate 5).

In 5 dogs, two sites in the splenic capsule (at the superior and
inferior poles) were punctured with a 22-gauge needle 5 cm long; the
needle was .advanced 3 times into the splenid oulp (SP) - at each sité,
the SuSpension being injected during withdrawal; manual pressure was
applied, and the injection sites were observed for henostasis for 10
min.

In these 18 dogs, during injection the spleniq pedicle was control-

led with vascular clamos, which were released 5 min after implantation.

:

In 2 dogs, the suspension.was embolized tQ the stomach via 22-

gauge cannulas in short gastric arteries.

-In 1 dog the suspension was embolized over 30 min into the portal

vein; portal pressure was monitored Before, during, and after injection.

A
AN

i .

-
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Plate 4 Graft Suspension. SﬁSpension of islét—containing

panéreas fragments, (about 9 ml) ready for implantation;



Plate 5

Splenic venous reflux of islet-tissue. a. The cannulated
splenic vessels; note the vascular clamps. b. The surface
of the spleen after injection; yellow strands of implanted

subcapsular islet-tissue are visible.

"
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Group 2: Metabolic efficiency of grafts (8 dogs); (See Fig. 3)

The autograft had been implanted by reflux into splenic veins. '

At 1 and 2-3 months post-implant i.v. GIT (8 and 7 dogs, respectively)
was verformed. Saphenous veins were cannulated, glucose was ihjected,'
and blood was oollected at 0, 1, 5, 10, 15, 30, 60 and 90 min for

assays of glucose, insulin, and glucagon; The X value (the percentage
decline .in glucose level per minute) was determined from samples taken

at 5, 10, 15 and 30 min, with the method of least squares (72).

At 3-5 mo, anesthesia was induced for studies of insulin and
glucagon secretion in central and peripheral veins, in six transplanted
dogs and two healthy gﬁhtrol doés (plateb6). Both femoral arteries
were cannulated (l4igauge) via cutdowns on recurrent femoral branches.
One cannula was used for monitoring arterial pressure, and the other
for blood sampling (A). The left femoral vein (V) was cannulated.
Through upper midline abdominal ing}s;oqs, the splenic (S) and portal
(PV) veinsiwere cannulated (18 gauge) via gastroauodenal and short |
gastric branches. The PV cannula tios were placed just proximal to
the portal-vein bifurcation, and the S cannula tips were placed in the

S

main splenic vein.

The left hepatic vein (HV) was enﬁered via a right internal jugular
cutdown and advancement through the fight ventriéle to the subdiaphrag-
matic inferior vena cava. The éathetér was wedged, then withdrawn 1-2
can. A lé-gauge Foley catheter was placed in the bladder and was
secured with a purse-string suture. A rectal temperature probe was
inserted, and body temperature:was maintained at 37°C with a warming

blanket. Flow probes (size 8-10 French) were placed on the hepatic

37
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artery after the gastroduodenal branch had been ligated, and on the
portal vein (size 16 or 17). After calibration of a Beckman recorder,
flows were monitored. Baseliné BG, hematocrit (Hct), and blood gases-
were determined. Finally, a loading dose of heparin (100 U/kg) was

administered.

- n =8
I.v. GTT (0.5g/kg)

Total Pancreatectomy
Graft Preparation
Autotransplantation

I.V. GTT (0.5g/kg)
at 1 mo. n=8
~at 2 - 3 mos. n=7

\ 4

Studies of insulin and

glucagon secretion from
intrasplenic islets at

3-5 mos. n=6

Fig. 3 Schema for metabolic studies of pancréatic‘islets implanted

by reflux via splenic veins.



Plate 6

AN

Cannulation studieg for i_siet function. a. All cannulas
prepared for sampling. b. - Surgeon's view of plaoérent of
electramagnetic flow probes on portal vein and hepatic
artery. The cannula enteré thé portal vein, just below the

camon bile duct.
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During cannulation‘studiés BG was determined and insulin and
glucagon were assayed during five periods of study (Fig. 4). Samples
were drawn at 1, 5, 10, 20 and 40 min in each period; in period 2,
additional samples were drawn at 60 and_7d min. Systemic.blood
pressuré, portal and hepatic artery flows, urine output, dHct, and
blood géses were‘monitored throughout, and i.v. flows were adjusted )
accordingly to maintain normovolemia. The recorder was re-calibrated
duriﬁg each period. At the conlusions of the experiments, the animals
were killed with an overdose of sodium ventcbarbital while still
anesthetized. Spleens were examined grossly, and samples from the
superior ana inferior poles.weie preserVed for histology. After death,
the site of the cannula tips was confirned by direct vision and a
mechanical zero was determined }or the flow probes. The K value‘for

decline in glucose concentration was .determined from the values 5, 19,

20 and 40 min after the second challenge with glucose:



FUNCTION OF TRANSPLANTED INTRASPLENIC CANINE PANCREATIC ISLETS

.

Dextrose 0.33g/kg Dextrose 0.33g/kg
Bolus IV ~ Splenectomy Bolus IV
<«—— Dextrose ——»] '
5mg/kg/min IV
Y Y
1 2 3 4 5
"CONTROL GLUCOSE CONTROL POST- REPEAT
CHALLENGE |SPLENECTOMY | CHALLENGE
CONTROL -
LI 1 T T 1 T L) T TT7T 1 1 T T i T ) 1 1 T
510 20 40,510 20 40 60 70,510 20 40,5 10 20 40,510 20 40

TIME (minutes)

Fig. 4 Test periods for insulin and glucagon secretion from islets

implanted into splenic veins, 3-5 mo after transplantation.

Studies were made during 5 periods (see text) ..
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Group 3:  Graft storage by cryopreservation

After total pancreatectamy the abdamen was closed.. The graft

was Drepared and the final pellet was resusoo1ded with an equal X
volume of medium 199, 10% fetal-calf serum, and 2% trasylol. This
suspen51on was frozen, using a method devlsed by Ra]otte et al for

rat 1slets (31) . Briefly, the tissue is suspended in :stepwise
increasing concentrations of the cryoprotectant dimethylsulfoxide
(Mest), as shdwn in Fig. 5. Exvosure to 2M Me,SO was at 0°C in 5
dogs and 25°C in 2. The suspension was placéd in test tubes (4 ml,
containing 0.5 ml of tissue). Two smaller tubes were designated for
perfusion and insulin/amylése assay, all were frozen. They were
suoercooled to —7.50C, then nucleated with ice crystalsiwhile being
shaken manually to ensure uniform suspension throuéhout the ice. Fifteen
min was permitted to release the latent heat of fusion éhen the frozen
_samples were blaced in freezing Dewars for controlled cooling (O.25CO/
min) to -75°C. These were then plunged into liquid nitrogen and

a4

stored at —1960C for 48 hr.

Mearnwhile, the dogs were maintained with fluids subcutaneously
and 6-8 U of NPH insulin was injected s.c. on day 1. On day 2, the
graft was thawed at room temperature (" 45 min). The tubes were centri-
fuged at 2000 rpm, the 2M Me,SO was aspirated, and 2.5 ml of 0.75M
sucrose was added to each aliquot. The preparations were allowed to
equilibrate for 30 min. The sucrose content was diluted in 4 stepgv
of 5 min each, by the addition of medium 199 with 10% fetal-calf
serum, 2% trasylol, and‘penicillin 100 U/ml with streptomycin 100 ug/ml.

The mixture was centrifuged and suéerngpant fluid was aspirated. The

[
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A8

pellet was prepared fo£ implantation: 0.1 ml was taken for insulin/
amylase assay and the remainder was resuspended in 30 ml of iced
HBSS with 2% trasylol and penicillin—streppomycin. The dogs were
.anesthet;zed and their incisions re-ovened, and the tissue was trans-

planted by reflux into splenic veins.

e

*Fig. 6 summarizes the fhawing procedures.
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FREEZING

TOTAL PANKCREATECTOMY AND GRAFT PREPARATION

DINETHYL SULFOXIDE (HQZSO) ADDED STEP WISE

SO AL NQZSO M NeZSO

2

0.66M Me

25 min

TISSUE « MED. 199 + 30% fcs 15 nif

—

ALIQUOT TO TEST TUBES {4cc)

SEEDING BATH (-7.5°%C)

5 min

KUCLEATE WITH ICE CRYSTAL
ISLETS IN SUSPENSION

10 min TO RELEASE LATENT
HEAT OF FUSION

TRANSFER TO FREEZING EQUIPMENT
' f

?_———_———_——_———_—____——4Kﬁ n‘iﬁt;»
STIRRE ‘ %

1L ETHANOL «
EVACUATED DEWAR—
LIQUID NITROGEN

0.25%/min

-157C

TRANSFER TO LIQUID KITROGEN AND STORE (-196°C)

Fig. 5 Freezing of islet-containing tissue .



THAWING

SLON THAWING AT ROOM TEMPERATURE
(5%C/min)

CENTRIFUGE

REMOVE NQZSO

30 min
.
ADD SUCROSE 0.75K DILUTE SUCROSE DOWN
' v ? (4 STEPS OF Smin EACH)
USING MED. 199 + 10% fcs.
+ PEN-STREPT + TRASYLOL 2%
CENTRIFUGE

3

REMOVE SUPERNATANT AND RESUSPEND PELLET

PERIFUSION AUTOTRANSPLANTATION

OR

STATIC INCUBATIONX

Fig. 6 'I'hawing.of islet-containing tissue -
/
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Tissue Analysis

Fresh pancreas (0.2 g) and aliquots of the suspension (- 0.1-0.2 ml)
were weighed, homogenized, and sonicated at 50 watt-sec for 30 sec fgr
insulin and amylase assays. Insulin (9 dogs) was extracted after
sonication in 5 ml of ice—ﬁold acid:alcohol. At 24 hr, the aliquots
were neutralized, diluﬁed x 100 in Delbecco's phosphate buffer solution
(Gibco), then frozen at -20°C until insulin assay. Insulin was measured
by double-antibody radioimmuﬁoassay (73) , using porcine insulin standards.

Amylase (11 dogs) was determined by the amylochrome technique (Roche

Diagnostics) in 10-ml aliquots of saline.

It was assumed that‘the insulin and amylase contend was proportional
to B-cell and exocrine content of pancreases and grafts (60). The |
graft's insulin content wés expressed as a percentage of the organ;s
insulin content, to indicaté the B-cell yiéld. The graft's amylase
content was expressed in & similar manner to estimate the exccrine

tissue remaining.

Plasma Assays

Blood glucose was measured by the hexokinase method, using an IL
Multistat-III analyzer. During the cannulation studies, the glucose- .

oxidase method was used with a Beckman analyzer.

Plasma immunoreactive insulin (IRI) was determineg by double-anti-
- body radioimmunoassay (73), using porcine insulin standards (Wellcome
Reagents Ltd) .

Plasma immumoreactive glucagon, (IRG) was determined by radio-

immunoassay, using a single-antibody precipitation method (74) with
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porcine standards for crystalline glucagon (Eli Lilly).

All blood samples were collected into tubes containing heparin or
potassium oxalate and serum was separated promptly after collection.
When glucagon was assayed, 500 KIU trasylol was added to each 1 ml of

-
whole blood and the tubes were kept at 4°c. -

Histology

1) Light Microscopy

.Graft tissue, fresh vancreas, and transplanted spleens were fixed
in Bouin's fixative or 10% formalin. Gomori's aldehyde fuchsin with
Mallory‘s trichrome counterstain was used. Immunocytochemical location
of insulin and‘glucagon was done with modifications of the unlabeled
antibody enzyme method of Sternbérger and Erlandsen et al (75,76).

(DAKO PAP KitTNI -~ supplied by Cedarlane labs).

Statistical Analysis.

All results were expressed as mean * SEM. Analyses were with
Student's t test for paired or wv>aired data as applicable. Differences .

are stated as significant when P < 0.95 unless indicated otherwise.



IV RESULTS

Graft Preparation

The characteristics of grafts of islet-containing tissue are

summarized in Table 1.

(

Mean graft volumes were 10 n&.‘ B cell vield, as reflected by -
insulin recovery in the graft, was 24%. The exocrine tissue remaining
in grafts, was rcllected by a 25% amylase content. Histologic studies
revealed islets and islet-fragments 50-100 u diameter, with same

exocrine contamination.
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Plate 7

Histology of grafts. Harvested islets, stained with
Gamori's Aldehyde fuchsin. a. islet with acinar

ocontamination (x 40). b. isolated islet (x 100).

B
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Site and method of transplantation (Fig. 7)

The apancreatic controls (4 dogs) became severely diabetic and
survived for 10 + 3 days, their mean BG being 343 + 11 mg/dl

terminally. The mean Bé concentration during the initial 10 days

was always significantly higher (p < 0.01) in the controls than in the

splenic-pulp group (n=5). However, i; two of the latter the BG ranged

between 150 and 200 mg/dl fram 2 to 4 wk post-implantation and_then

rose into hyperglycemic range; in all five, the BG concentration rose

different from the apancreatic controls and from the splenic pulp

group (p = 0.001 for both). Two of the dogs in the sblenic—vein
‘group died within Hours of surgery (see Discussion). In a further two
the vein wall was punctured during cannulation; hyperglycemia: ensued,
and the dogs were killed at 2 wk. The remaining nine became normo-
glycemic by 5 days: 1 was killed at 2 wk (distemper) and 1 at 6 wk

(became diabetic after sepsis arising in a leg ulcer (see Disg

A third dog died of intestinal obstruction (duodenal stenosis

|

At 5 mo follow-up of the remaining normoglycemic d . (Table II)

the mean BG value was 91 mg/dl. .
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Apincreatic Controls
n=

Splenic Pulp
n=5

Splenic
Venous Reflux
n=8 -

T v T . U
} 2 46 8 10 20 . 30 40
Pancreatectomy’ Days After Autotransplantation s
and Transplant

Fig. 7 Comparison of 2 methods of intrasplenic transplantat-or.
of pancreatic islets. APC dogs had significant higher b.g.
than SP dogs (p < 0.01). SP dogs had significantly higher

b.g.than SV dogs (p < 0.001).



TABLE II

Mean fasting BG concentration (+SEM) in dogs
normoglycemic after implantation of autogenous islets

via splenic veins

Time post-overatively (months) 1 2 3 4 T 5

* i
n 8 7 6 4t 4
Serum glucose (mg/dl) 94+4 979  88:6 | 856 191:13

* One dog had been killed at 6 wk because of vrofound sepsis and
resulting hypegglygspia.
+ One (normoglycemic) dog had died of intestinal oObstruction at 9 wk

+ Two (normoglycemic) dogs had been killed at the conclusion of

hepatic insulin-extraction studies at 3 mo.
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Morphology .

Grossly, spleens of the intrapulp group were fibrotic and on
light microscopy, there were abundant pancreatic acini; no islets
were visible. (Plate 8) In recipients of grafts refluxed into splenic
veins, the spleens were supple. Histologically, islets were prominent

and at 5 mo the pancreatic acini had atrophied or disappeared (Plate' 9).

Plate 8 = Section of spleen taken 6 wk after intrapulp implantation
of autogenous :islet tissue showing abundant pancreatic

2acini with prominant zymogen granules and no islets

(Gamori-Aldehyde Fuchsin x 40) .



Plate 9

L
Vo

A R

o~

Spleens of recipients of pancreatic implants refluxed

into splenic veins;, showing islets within venous sinusoids.
Staining with Pori's aldehyde fuchsin. a.. Acutely after

implantation {(x 100); .b. 5 mo after implantatioﬂ (x 40).
A - A ‘ :

> ff",:
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Metabolic Studies (Fig. 8).

a. ”~ b.
500- 500+ ——1 mo post-op n=8

® 4004 ---2-3 mo post-op n-7

9 4007 ——pre-op n-8

ag ;;é 300- -~=1mo post-op 300-1

o 2004

§ Z 2001 .

[ ] Jd

& E 100 100

0 IS . — . \ 0 T T T =

£
3
£
EE

2
z3
[
o Ve
[« ] .
©
Q
2
(6]
@
£E
£8 . . .

051015 30 . 60 90 : 051015 30 60 - 90
TIME (min) C TME (RinY v

Fig. 8 Serum glucose, insulin and glucagon values ( ~an + SEM)
Jwo recorded-during GIT at 1.mo (A) and 2-3 mo. (B) post—
operatively compared with values pre—o’ﬁaeratively. " K values:

3.4 % 0.2% preop; 1.4 # 0.1%'at 1 m6; 1.5+ 0.1% at > 3 mo. 4}

we

‘ In théb recipients of grafts reflml:ed yi;x spienic veins, comparison
fo"é:he GIT results shewed a ‘slwg;;,g‘;leéiiﬁe' in glucose corzcentrat;_ion
"at_l mo (K = 1.4 + 0.1%) thap §re¥5perative1yéR = 3.4 itb.Z%). 'The
insul.n /peaked at 1 min {50..‘55 5 uU/ml)" pre—operatively but at 1 ITD.
the peak (12 + 1 uU/.:m:'L)> was shifted to ﬂthe' 'righ£ aﬁg—tfl"l’si mln ‘Serum—

1.

NN
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glucagon'levelé showed no consistent decline during the GIT pre-or

postimpiantation. Comparison of the GIT results at 1 mo-and 2-3 HD\;

showed no significant change: K values-arc 1.5+ 0.1%; insulin peaks

at 11 = 1 QU/ml; glucagon changes little rroir hasal fasting levels of
- ‘ : o

53.+ 8 pg/ml.

ggpgplﬁtiongﬁtﬁdies (Figs. 9-14) f;

[N

i3 'In’%fdogs who received implants by reflux via splenic veins, serum

o Ry . _ A

_?%%lucose in perlpheral velns, and the correspondlng levels of serum

£

‘j71nsulln and glucagon in splenic, portal, heoatlc and perloheral veins

A

’ff'were.plotted 3-5mo after.implantation. The results are shown for 5.

e M

perixds of study, aéaféllowé: fnitial control; a bolus of glucose
followed immediatel? by constant infusion; second control period;
splenectamny followed by third control period; bolus of glucose. Three

points werefespecially noteworﬁhy:

l. ' r'ng the first glucose challenge, two péaks of 1nsulln‘
sec;et%pn were z?ted in splenic veins, the first (55 * 13 wU/ml)
, occuring~ét 1 min; the second at 6b min (77 £ 15 wU/ml)
(fig.-9)7 These péaks are not refle¢§ed in peripheraltveins,
and were not accbmpgniea by a decline in glucagon levels
(fig. 10). S
2,;iAt no ﬁiné; during thébglucosé challenge, did an.inéuiin ﬁeak
S : .
‘occur in hepatic veins (fig. 9).
3. Affer splenectomy, SDleni; Vein'samoling was terminated, Dortal
venous insulin and glucagon dropped resoectlvely, from 22 t 6

uU/ml and 226 + 34 pg/ml to 3.6 + 0.4 pU/ml -and 3% + ﬂ3 poy/ml

‘f-fflgs. 9,10). This was accompaﬁled by a dlabgtlc,curve,for

e Eers [ . ) B i S g
N : .
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decline of glucose (K = 0.7 + 0.1%) (fig. 11).

4

Not plotted are the results of a sixth dog who became hymovolemic
during the sec..d control period. In that ddg splenic venoug insulin
levels, whic‘ Ladaked at 76 uU/ml at 1 min and 250 uU{h@ at 70 min,
contlnued to cluiw to 580 wU/ml durlng the hypovolempgg%usode This
was accompanied by a rise in glucagon levels to 1236 pg/ml in the

splenic venous effluent. In figures 12-14, the‘results.aftér the saneg,

cannulation studies are pidtted for 2 normal control dogs. After ‘Q\»mwfﬁﬁ;“;y
glucose challenge in period 2, portal 1nsu11n valuea 1ncreased to \w;;éé A
132 + 53 uU/ml in 1 min, and rose to peak leyels of 259 + 140 pU/ml
at 40 min (fig. 12) . These were higher than transplarited dog%, whose

: : e S
valé?s at 1 min (21 5 uU/ml) rose to peak levels of’28,i 6 uU/mf;at
70 min. | | s 79 N

Glucagon levels in normal dogs did not decline significantly
during glucose challenge (fig. 13). After the sham splenectomy, the
rate of glucose decline was 1. 8r* 0.1% per minute after repeat glucose

. challenge (fig. 14) compared w1th 0.7 +0.1% after splenectomy in

transplanted dogs. ‘ : o , 3 ' - ,

™.
Los

A

Immunocytochemistry

‘ Islets within spleens removed 3-5 mo. after implantétion showed -
degrandlation after immunocytochemical localization of insulin (plate
‘lO) or glucagon (plate 11) . Some islets had loss of granulation

centrally on 1nsulln staining.
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Fig. 9 Insulin secretion into splenic, portal, hepatic and

peripheral veins in recipients of transplanted islets

(3-5 mo after intplantation)
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o
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-
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K=0.74 :0.2%

Fig. 11

S e S AL T A A L R S
510 20 4045510 20 _k\:40 60 75510 2 045 s 40,

TIME (minutes)

Glucose levels in peripheral veins of recipients of trans- }

planted islets during cannulation experiments;.' Note the
fiabetic decay curve (K < 1%) after repeat challenge with

glucose following splenectomy (3-5 mo after implantation).

61



.“_)
Dextrose 0.33g/kg Dextrose 0.33g/kg
IV Bolus Splenectomy IV Bolus
J ‘ SmE%S%ﬁglV—¥—
260 y . (36 7uU/mI)
240
2201 S : .
3 P g L \J J- ot
1907 7 I T . [ }
1801 - o : :
_ 1604 L —-—Splenic
_E. ) - T | sesses Po(v(al :-
3 RIS RS B O EISTR B —— Hégalic| . T :
i 1407 SRR 5 I N B -~ -~ Péripheral : H
% g {i y \ J ;&':' (mean t SEM) :
B 1201 s R :
£ . b S ) : :
< 3 : l
3 100 - . ' 3 H &
< B 3 :
—J : :
a I : _ H
!
\ b
Q4
T S
551020 40
TIME (minutes) _
PERNNY i
. ¥
BN
€

Fig.. 12° Insulin secretion in splenic} portal, hepatic and peripheral

veins of normal control dogs after glucose challenge.
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Fig. 14 Peripheral venous glucose after glucose challenge in

normal control dogs.
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Plate 10 Immunocytochemical localization of insulin in islets. a.

2

< . -y

Normal control pancreas (x 100) b. Degranulated intra-

splenic islet (x 100) .



Plate 11 Inﬁbnocytochemical localization of glucagon in islets a.

" Normal control pancreas b. Degranulated intrasplenic
islet. 1In transplanted islets, the peripheral rim of A

,bells retains its position (both x 100) .
" s - - .



Cryopreservation (Fig. 15)
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Fig. 15 Plasma glucoée concentrations gdring the first 12 wk
ey oo

after implantation of autogenous islets cryopreserved

after two different methods of exposure to Me2SO.

The acutely.implanted controls became norﬁbglycemic within 5
days and this was maintained throughout fdllow—up.» In the group
implantéd with grafts cryopreserved after exposure to‘2 MJWeZSO at
OOC, there was a slight decline of glucose for 48 hr, but levels
grédually increased thereafter to > 350 mg/dl just before'fhey wérg
killed. 1In 2 dogs after exposure of the graft to 2 M Me,SO at 25%

normoglycemia was restored within 48 hr, and this has been maintained

5.
Uy
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~ on long-term foilowéup for 3 uo¢~/fétravenous glucgse tolerance tests
have been performed at 2 wk on follow-up and showed a slow decline of
glucose (K = 0.8 # 0.1%) with loss of the peak insulin response.

By 2 mo, recovery has occured, as the K value ig 1.95%.
Histologic studies of cryopreserved .r' _<s reveal preservation o
of islets with striking degeneration of t!-: cxocrine components of

the tissué (plate 12).

ﬁlate 12 Frozen-thawed graft. Islet is well preserved, acinar
: Sy
tissue has degenerated into "ghost" cells (Gomori's

aldehyde fuchsin x 100).



V DISCUSSION -

In the quest for a cure of diabetes mellitus by pancreatic islet
transplantation, techniques for islet isolation;-ir -ztion, preser-
vation and immune alteration have been largely succes.. .l in strepto-
zotocin—diabetic rats. ‘The efficacy of these techniques has been
verified by metabolic studies. Though mah@*éxcellent studies have

- axtended these techniques to large-mammal and clinical islet trans-
plantation, success has been sporadic. The present research, usingig-
autotransplantation of islet-containing pancreatic tissue in dogs,

. \ . .
has e&plored a wethod for islet isolation, optimal implantation techni-

ques and cryopreservation of grafts in large mammals. This has permitted

a deflnltlon of metabolic efficiency of islet grafts in these species.
The results of the experiments even have scme 1nd1rect beneflt for
ameliorating the greatest problem of all: »allograft rejection.

o . . & . _,_
.i. Isolation techniques =

1

Inadequate harvest of insufficient viable islets~from slngle,

pancreases is an important probl»‘ as thlS has precluded a.deta;led .

analy51s of other aspects Even W1th rat‘experlnents the underlylng o

\

thenp has been 1nadequate 1slet harVest from 51ngl pancreases For

<

example Balllnger and Lacy (437 reportlng the flrstxsuccessful
transplantation of pancreatlc 1slets in rats, 1solated abouts200 lslegs
(of a possible 5,000-10 000) from a single pancreas Thls problem
was c1rcumvented by collectlng 600 1slets from nmltlple donors for. ..
one rec1p1ent. "In large mammals, the problenlwas compounded becapse

oo . F)
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Ty

of fetal and neonatal tlssue w1th its hlgh relative como031tlon of ﬁ%
N

the compactynature of the'pancreas dictated isolation of even less

islets. 'Ehperlments with monkeys ‘and plgs falled (46) . The use . : R

N v «?."-

(1:

1slet tissue did not amellorate the problem

9

. . - l:_g‘i $
The breakthrough came in 1976 when erkov1tch and Camplche v 7

reported that islet separatlon from exocrlhe tlssue was not necessary

h% _.r

for successful transplantatlon in dogs (77). Slnce then, islet-contain-

1ng tissue has been used uccessfully in several research laboratorles

8

" for large—mannals (21 32 61) . Newer approaches have been takennto

“

seoaratlng islets from exocrlne tisste with

further increase ylelds from srngle pancreases: collagenase perfusion

v1a pancreatlc ducts: cell separatl( e “aggregation.as'psegdo—-

1slets venous dlsruptlon of pancreau J,39,71;79).

R}

In the'present study) we haVe COnbined he ‘ orlnc1ple of not

&

u"
lv »

angenase perfu51on via . e

"‘ducts. U51ng a npdlflcatlon of Horaguchl and Merrell 5 nethod of
.

- 1solatlon wf\deieted the'steos of extra tryosrn dlgestlon) e

SOy . - A
lsolated 24% of the B cell nass from 51ngle pancreases " Though lower :

" than the ylelds fraom Horaguchl and Mer ell s ‘work’ (57%), thlS compares

favorably wzth ylelds of 8% obtalned by Kretschmer et al (29) ' ' '_ . <

;

yevertheless, _ven though ‘islet ylelds seem low, they are sufflcient

to preventvdiabetes after total pancreatectamy in dogs. Further,

.fastinginornoglycemia (BG < 150 ng/dl‘Fis restored within 4-5 days

-
of 1mplantatlon in 9 of ll dogs, and 1s maintained durlng 3—5 mo of

follow—up 1n 6 dogs Only l‘dog became dlabetlc on follow-uo, and

that was after sep51s arlslng from a necrotlzlng 1nfect10n developlng _ L v
o - - L o 5
in’a venepuncture 51te 6 wk after 1nplantatlon -

T -._' o 'S ' . . . . L



The importance of these findings is that using these techniques,
we were agllée"to reproduce a technique for isolating sufficient viable

isletxs from a single, pancreas .to ameliorate diabetds. As pointed out

" to bgoome a reallty Indeed experlenoe 1n our own lab has conflrmed

w that 1t is very dlfflcult to reproduce a rellable rnethod for prepar_mg
{ »
)
1slet gr’afts Lack of reproducmllrty brmgs ba51c research studies

"l

»

to a halt deru.es thelr extens'geon to cllnlcal 1slet transplantatlon, '
o 8 U \') -

* and Drevents exten510n to {516t st%tilatio‘ from the glands of chronlc e e
'k)k o S ! o o ‘ - R
' pancreatltlsa« SR ) R

Voaa

An impoi’:tant'sacrifi is apparent 1n thlS method of graft Drepara =
- e ¢

- .. et LR T ey . Sl
tion: there is 51gm,flcant ,contammatlon w:Lth \é}(’ocrme oells. In '
- A3

this study no attempiy was made to purlfy tﬁe B celis of thelr exocrlne

’ contamlnants Horaguchl %1@: Merrell obtalned ar 6 fold purlflcatlon, .

«f o
' ~

‘q"‘d'/tlssue further w1th trypsm before )

L \

‘ (28) though they dlgested

[
gy

J_mplantatlon The hazatfﬁ‘s/ f this lack of purlflca;tym are well knqwn
¢

and mclude D.I.C. and portal hyoerten510nwefue to elease of tissue

ﬂmran\boolastms Further, the exocrlne component may ‘continue

to dlgest the graft due to; release of d_lg?stkye enzymes from the damaged
\ N Lo
cells. These .hazards may be clrcumvented by chdosmg “the correct site ,
C - -, ‘
of Jmplantatlon (spleen, via’ splenlc Velns‘} and possmly, by new S ,

&

purlflcatlon techm.ques ( cryopreservatlon) These will be cllscussed

) o . 4.&“ - N . . Q.
later. ‘ i ’ .o .." ‘_)-;5_, . .
i . e

~ R . e
In surrmary preparat_lon of 1slet—oontalr g tissue. by oollagenase

perfus:Lon of pancreatlc ducts is a readlly reproduc1ble method for .

. PRRA 3% - o - g
C . . . . . ' B : )



‘ isolj'&ting sy.g.fficient islets frcxn a single large-mammal pancreas to

reverse dlabetes in a 51ng1e fecipient. Perhaps the door is now“

\- “ Iy

ajar for a standardlzed method of graft preparatlon from large -~mammal
pancreases. . S

!

.1i._7,- Opti_mali implan'tatio'n methods

. ‘v R ) ' . “ . y‘

The three crltlcal ufactors to consmder in choosing ‘an oth_mal

urplantatlon site haveqhecn smm)arlzed by Kemo et al (44)-: : B

& 7MY O _hfunctlon of transolanted islets '
2. Jnaxnnum effectlvengss of secreted homn*}gs ‘ ',;_;;
DR . o . 'r,.-;:, a . - ’

F SR N -_‘safety t%d)e gatlent ‘

e . _.\../

w

Early experynents w1th e marr’mals fall largely because
¢

subcut%neous sites for islet mwlanta,ts,l,on did not allow su.ff1c1ent e .

5

.vas%:ul@lzatlon; of-lslet- tissue (.37 38) - Even Ball‘lngerv and Lacfy, _

<« : : 27

who obtalxged suff1c1ent islets fraom multlple rat oancre'é&s to' ’ .s:'.\“’f‘

. v,
9 s%crnpletely nonnallze endocrlne functlon

: Q
! 1antatlon 51te“ Kerrp (44) , extendlng these studles, found that an

9

mtraport:al “route of transclantatlon was superior to ,mtrapern,toneai

(\

and subcutaneous sites of implantation in rats.  He found that for
a glven number of 1slets ﬂ’le portal vein réute penm.tted more pomplete

normallzatlon of endogrlne functlon conpared with, the other 51tes.
e b "
’I‘hus 1t appears %at mmechate vascularlzatlon by’ dlrect access to a

13

vascular bed. 1s cr&tlcal to early surv1val ‘of 1slets. . Quantltatlve

4

studles of rat islets errbollzed to portal veins have shown that only

about 50% of islets survive (78) s _ - : .

PN

stfepﬁ‘@zotocn.n—dlabetl rats | (45) ) They had used an 1ntraper1tonea1 .

&

RS
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In large mamnals, enthu51asrn for the 1ntraportal route of 1mplanta~
tion was tenpered by the dlscovery that islet preparatlon fram

exocrine tissue was \ (77) - Such grafts rlch in tissue
. SUNR A

. . N o ¥ A .
thromboplastins, enzy _ L d vasoactive substances, cause portal

"hYpertension (30) . ThlS is due to coagulation in portal venous radlcles
1n;ixgd by tissue thramboplastins, portal venospasm from vasoactive
pt_ldeé and mechanical obstruction of venous radlcles In addition,

d_lssemlnated intravascular coagulatlon, induced by tissue thronboplas—

3

"

' tlns appears ‘to be a problem (80) .

A useful alternative to ¢he intraportal route appears to be %

spleen (29 77) . This s1te 155&11 vascularlzed and appears t@stolerate:
i g 0

enzymes and contaminants well possmly because the r%xprd 51nu501dal
bload flow dllutes these productsy ‘The resu.lt 1s;,1ess autoly51s of

_1slet tlssue locall‘y_, and presentatlon of lower 'concen_tratlops of
ve . o ] PR
Sl o ‘ : ‘ ©oe)
throzrboplastins and enzymes to the liver. Though one-study shcmed no .,
v :

advantage of 1ntrasolen.1c overqmtréportal transplantatlon (101) the

2

)

splenlc route has come to be favored. =
Theé technique for intrasplenic _impiantation has been s;nu_lar in
several research 1aboratories. The catheter which conduets the graft
has ‘been advanced through £he solenic pulp either by direct-'stab of
‘the pulp (_20 61) or by ’threading" it into the oulp after entry of a .
t spl/enic vein (77) Thls\technlque of direct mjectlon fnto the pulp
~ , . R

was necessary because of the s;Lze of the pancreas fragments (whlch

has Leen desch.bed as- 2-4 mm,.or "ablllty to pass through 15 16 gauge
needles“) Thus, these particles were too large to enbollze 1nto a



s

N
"o

Direct injection into splenic pulp, while successful in several

studies, ignores 2 of the critical factors to be considered in

74

implantation. First, the technique is traumatic Mirkovitch and Campiche -

and Kretschmer et al have reported splenlc rupture after Jmplantatlon
in dogs (59,60). Second, direct mjectlon into the pulp necessitates

a breach of -the vascular space, and tlssue is deposited in a dead

spaoe remote from the vascula)r canpartment - In this dead space, the
‘exocrine enzyrres rather than being washed away, remain locallzed and
autolyse endocrine tzrssue. Further, the pancreas fragments‘ lJ.e adjacent
to each other, rather than bathlng in the nutrJ.ent—rlch plasma whlch

- ’ S
supplies their life through nutrlent d_'LfoSlOl'l '

In the preseng study, we*tompared reflux of islet tlssue mto

e
splemc \@;Lns (S%@wlgh dellberate lmplantatlon dlrectly ing

Jmplantatlon could be obtalned ThlS was made possﬂ)le because the
t.lssue\ fragments < 400y , passed’ ea51ly through 22—gauge cannulas |
1nserted in splenic veins:  In 9 of 11 SV dogs, the flndlngs 5’\ normo—
glyoernla (BG < 150) b%glnnlng 5-days after unplantatlon ‘and extending’
for 6 wk pare in marked contrast to hyperglyoem%‘a (BG > 250) through-

out the 6 wk in 5 SP dogs (p < 0.001) . , direct acoess C to the

L N o

vascular bed Of the 'spleen is more 'effici than direct inhantatiQn
into the pulp. The reason for thlS is reflected by the hlStOlOglCQfl',

.flnd_lngs. sV spleens at 5 mo showed promlnent 1slets w1th atrophled
-/

: ac1nar tlssue, SP spleens at 6 wk showed fibresis, abundant acmar B

DI -;," M

tlssue with. zymo\gen granules and no 1slets. Direct mplantatlon

appears to leave exocrine tissue in a position where it maintains

BV



viability and perhaps the enzymes released continue to autolyse islets.
o - :

In the 2 unsuccessful SV dogs, the cannulas had passed out of the
vein into the splenic pulp, ,thus the graft was not as w1dely d.lspersed
and lLkély%was similar to SP dogs The SV technique was equally@&s
‘safe as SP injection, as no cases ‘of DIC, portal hy{iartensmn or
splenic rupture occurred. In fact, it was safer, since the splenlc

(3 l
pulp was not subjected to the hazards o‘f blmd pucture: 2 spleegs in

the. SP group reqiured prolonged ccmpre531on over the 51te of capsular
v . ;o -«‘i("{*&' .

mjury to control troublesome oozing. & ~

. g ,7 & :
iv Before sunmarmzlng, J_mportant’ factors are notewofthy -about reflux
via solenlc veins Flrst after relea51ng vascular clamos, islet;

tlssue could be seen embollzmg to the llver 'I'hough no other cllnlcal

. 1ty'of -th:Ls must be ﬁ'l mlnd Portal hyperten510n followmg

e 1nadver::ent enbo.llzatlony of 1ntrasplen1c pancreas fragnents was well

_demonstrated by Duto.t et al (80). Second tx‘ro ammals died w1thln
hours of surgery . The absence of obvious 1dent1f1able factors leadlng

to death has ralsed susp1c1on that hyperinsulinemia w1th hypog&.yoemla .'
and hypokalerm_a led gg their demise. Unfortunately, serm%glucose
and plasma insylin were not assayed d,uring thls period, so no definite
oonclusidon can be made" I*Iyooglyo‘emia\. h\fpolqalenua and death is well
’ documented w1th wh(al'e—organ allografts in dogs, and poses a hazard
4

7
cllnlca“’lly ( 81) Certainly, the total access of fhe graft oontalnlng-_

many damaged oells, to the vascular bed of the spleen, ooupled with

*., 67"

o a rapld 51nu501da1 b ood flow, made hyoermsulmemla, hypoglyoemla and

hypokalemia a threat. Third, the spleen plays an mpcstant role in

g5

P e
!
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’

host defenoe agalnst encapsulated bacteria with phagocytosis and .

formatlon of tuftsm Injectlon of pancreatlc tissue may alter thlS G‘ : M&I"
i

functlon, and this may be even nore 1.mportant with immune suppresslon (l

, RN
,:to malnta:m allografts’ One dog, who had been normoglyoemic for 6 H,)\

weeks became hyoerglyoemlc when he develooed sepsrs from a necrotiz-
lng 1nfectlon at a vemoucture site and had to be kllled- p‘ossmly,
J_mpalred .urmune servelllanoe played a role in seps1s . Fourth, the

technlque requlres a completely mobl‘le spleen and the cannulatlon of
a S L/ e .
splenlc ven_ns is metlculous,. ‘ Though no problems were encountered,

P .
R EREN : N,

there 1s an ever—present rlsk of splen_Lox J.njury : g

‘::,-,. Wl : B VO SEETIN

In” surrmary oot:.mal COl'ldJ.tl.OI‘lS for J.mplantatlon of ,leet—oontarn-—

“ Y Ty s 4 .-

1ng paacreas fragments .mclude 1nme<ilate access to a vascular bed. 2

Ty 0 * 7 >,

Reflux Vla splemc ven.ns offers ‘thls COndJ.t.lOI‘l, and appears to be more

e ,\.;

&3 eff1c1ent J_n n‘la{mtalnlng nombclyoenua than splenlc pulp mjectlon

o " ' . TJ

i E‘urther reflux is safer ‘than per—capsular puncture w1th mtra—oulp

44444

vlnjeCthn These oondltlons, together w1th the portal route of insulin

Ty
dellvery afforded by the spéeen, and elnmnatlom of problens w1tl§r
R

i

partal hypertension suggest that the spleen is an attractive site W

for clinical isletytransplantation (50.,

When we attempted to embolize ‘the gemisch into the portal vein,

profound' portal hypertension occurred with t‘jortal vressdres increasing *

from 6 cm H20 to > 40 cm H20 ‘This was accompamed by engorgenent
't

'Of mesenterlc\:. veins, splentiregly and darkenlng of the W
followed by death w1thln hours This suggests that the_ demisch has a , ’

very high contamination with thramboplastins, vasocactive amines. and

~ enzymes and that slow inf}usion and pharmacologic agents (trasylol and
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- _

) Y s
ot

e

"and heparin) were unable to prevent deleterious efféﬁﬁe. In contrast,

¥

” ,
the ré%arkable success with splenic sites indicates that the spleen

o

is-a safer site for injection and can’buffer these contaminates well.

e

In the 2 dogs in wham the gemisch was embollzed via short gastric
arteries to the rlch caplllar;‘arterlal bed of the stamach submucosa,
success was-denled. fore their abdomens were closed, arterial
pulsations had oeased~ih the remaining short gastric arteries a?d the
stomach wae'blanched;}.Profound hyperglyccmia (BG > 300) ensuedfaﬁd
remaihed uﬁtil'ahimals were killed 2 wk later. At necropsy, only ~
fibrous nodules were identified-in the stamach submucosa,uahdhno
pahcreatiC»tissue at ali'Was‘seen en 1.m. It appeared that all the

advantageiggf thlS richly. oxygenated caplllary bed were Lost because

iggrbosed caus1ng the graft to 1nfarct

RN s . N
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iii. Metabolic studies

It is essential to define the metabolic effieiency of implahted~
grafts'of is&et tissue. First, the ability to normalize fuel homeo-

stasrs can be viewed in oerspectlve with other new methods of treat-

nent (1nsulln pumps andwﬁhole—organ grafts) by comparing netabollc

parameters. aecond an eérky, sensitive indicator of allograft

&ﬁi }deterloratlonaima\bo re]ectlon must be deflned 1f immmunosuppressive

’

e

1nterventlon is to be tlnely only a careful deflnltlon of Hetabollc
behav1our will enable such a subtle 1nd1cator to be found Thlrd

insight may be gained as to whether the technlques for islet graft ~

preparatlon oﬁaugflantatlon are optlmal

Metabolic function of whole—organ allografts has been documented

kY

BN o
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in dogs (81):and in humans (82). However, metabolic efficiency has °
not been well defined after implantation of free grafts of is,let
tissue. F‘urther, the inultitude of techniques for graft preparation

has rendered“carparison of metabolic function difficult.
There are 3 types@¥f metabolic studies: glucose tolerance te
ing (GIT) with assay of glucose, insulin and glucagon in periphe'ra&"}-'.

veins; 24 hour serum profiles of insulin, glucagon ahd C-peptide

/ secretion cannulatlon of veins draining the unplanfﬁﬁgi\ite w1th assay

of the venous effluent for insulin and glucagon. Additional information
can be gained by stimulating the grafts before these studies w1th "f

secretogogues ,iuch as arginine, glucagon or tolbutamide. - At GIT,
:3 .

Jogarithms of/"glucose values can be plotted on semilogarithmic paper.

This produces a series ‘of points to,i}:‘qhich a sﬁraight line may be fitted.
using 'the method of least-squares. thhe slope of this line is termed
the K value and expresses the perce;ltage decline in gluoose ooncentra—
tion per mJnute (72) . "Values are useful for a quantitative estimate

of functioning B cell mass, values < 1.0% being ih the irlsulin
dependent diabetic range (26) . |

A further measure of metabolism of insul:  is prov1ded by deter—

minatmg the flux of secreted insulin across the hepatic vascu%r -

bed, in order to determine 1f the e>d-_raction of secreted insulin is
¢

altered after transplantation, In the present study all of the types
P

of ﬁ)etabolic study» were used. o -

1., GITw1thassay of glucose, insulin and c_:;lucagon in peripheral -
veins.
In this study, the rate of glucose decline was slower after

v




!
Jmolantatlon, with mean pr%'ﬂberatlve K values of 3.4 * 0.2% being
reduceu to 1.4 + 0.1% at }km post-operative. This 50% reduction
was also cbtained by Kreti%lmver (32) , who showed a decrease from 3.3%
fo 1.6%. Mehigan et a_i ohtained postoperative values of 1.76%. Our
results, though lower than these others,' compare favbrably with

them. All vajues are well above the insulin-dependent range.

Insuiin levels during GIT, which peaked at 55 * 6 nU/ml. pre-
operatively, were reduced to 12 # 2 uU/ml at 1 mo after im@Qgntation.
" Reduction was also reported by Mirkovitch'and Qanpiéhe (59) , the first
' to repott pancneatic fragﬁ\ent iﬁlplantation in dogs: they reported
‘a 50% reduction of the preoperative val‘ues. This blunted peak insulin
) .r‘esponse has been confirméd by others (21 60) as«;v}ell. Schulak
hyoothesmednghat th:Ls r
' collagenase ?ﬁ(ﬁd}d@d
that exce551Ve sufe to oollagenase cah cause Jmpa:Lred insulin

+
release in ‘the splenlc venous effluent after mtrasolenlc implantation

-' esented Aimpaired insulin release due to

B 43

-
A

2 to the islets (21) It has been shown

‘9’\

S

w

(37) . Eftlrther, it has been shown that trypsin, a oomponent of the
more impure forms of collagenase, can cause J'mpaired insuli"h release
from B cells, DOSSlbly by damagmg thelr gluooreoeptors (53)

u

chever in our studles i% use@a purer f foym of collagenase, dev01d

. %

< of tryr)sm, although the exposure time to oollagenase (30 mn) was
longer than that of Kyetschmer's (20 min) . . However, 1t 1s not pOSSlble

to make firm conc_lusichs regarding a qua'litative defect in,_-,is_lets_

i frfm}a study of Derlpheral vein 1nsulln evels.. The efflclency of

N -
hepatJ.c extractlon of insulin (50% 1n one paSS) ’ dllutlonal effects

of the systemlc c1rculatlon, and errors due to the tlme delay frcm

2
A SRR
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‘stimulation to peripheral.sangﬂinq all may have hidden a true insulin
8
peak response. -This is especa.ally possmle in this situation’ smoe

the B cell mass: may be reduced to 20% of the original after urplanta—
tion. Thus, quantltatlve and qualitative defects are best studied by.
examining insulin levels in the splenic venous effluent, rather than

" the peripheral vei_ns (60) .

Fasting glucagon levels were higher 1 mo after transplantation

—

(59 £ 12 pg/ml) than they were oreopcratively (33 ¢ 3'p§'/m1) . Since’

the A cells which produce glucagon are at ‘the periphery of the islet, ,

" the elevated glucagon levels suggest ':t‘hat collagenase ~ induced

damage to the islets may be m.mlmaf '

During GI'I‘, glucagon levels d.vd‘ not change apprec:Lably from

,v‘ﬂﬁk

testlng, glucagon should be suppresﬁ&%%é?gf&oe %A cells are exposed .

to a crltlcal increase of J_nsulln conoentratlo@ch\{namta_ms their

sen51t1v1ty» to shutoff of gluoose (83) .. Though this suppre531on

¥y

occurs after segmental gland transplantat, .‘f82) , it-was shown to

‘N
. k)

’ be absent in one stu after pancrgatic fragment transplantatlon 1n
, iy

dqgs (21) . prever,. the results of that study, together w1t.h our
. B 4 A ' g‘ . ' - .

own (in which suppreéssion was not; even -consistent preoperatively),
¥ . . : T - .

:suggest that the insulin—mdiated +glucose _shutoff of A cells is a

- . . . “ . ~

very weak stimulus:’ ﬁo firm concllisions can be.drawn regarding

glucagqn suppressablllty

’ = ) 'o.‘a
"’

Another approach s:.mllar to GIT has been mtravenous to]buta—, o

a
Ly o
'\17

mide st:mulatlon testlng ThJ_s was doneby Kretschmer et al LGO)

after mtrasplenlc pancreatlc fragment auto:.mplantatlon. Plasna,cc.u



insulin c:onoentration increased from fasting levels of| 6 nU/ml to

only 10 nU/ml, ih contrast with 6. nU/ml to 34 uU/n1l in normal ocontrols.
However, these tests, with peripheral venous assay of insulin, are
subject to the same pitfalls as GIT, and they do not differentiate.

qualitative from quantitative defects in insulin secretion.

One of the remarkable aspects of the GIT in these studies
ability of the graft to maintain its. efficiency with long—term £8WN G-
up. For example,' 1 nonth data compared .with 2-3 mo data showed: K
' 1.4% and 1.5%; insulin peaks response 12 + 1 yU/ml and 11 1 Wu/ml; o

glucagon showed no change fram baseline.

ThlS indicates that the redUced B Cell mass was able to w1thstand
T e ,
the entire burden of fuel homeosta515 without degeneratlng with tJ_me T

A slow decllne in graft fund‘f:.lon has beon observed 1n patlents who ‘

J

)had pancreat_u. islet transplantatloh after near total pancreatectomy _ .
:»W‘ \ -.“’:5 ‘f ' ’)‘

for chronic pancreatltls (84) . 'I‘hls may be due .to exhaustion of a
marglnally adequate 1slet graft Certamly, norphologlc ev:Ldenoe |
raises this pOSSJ.blllty m our own satudles Irrmunocytochemlcal local:

1zatlon of 1nsulJ_n ‘and glucagon in the transplahted 1sléts suggested
degranulatlon compared w1th controls Though this’ apparent degranu— . s

Alatlon was evident, after 3 -5 o follow—un it should be noted that the

] >

: "&‘“&,

. 1slets were studled after cannulatlon studles 1n whlch they were
. , » \.’. \‘ hY v

|

]
stlmulated w1th gluoose.

One of the reasons why transplanted :leet oells degraaalate ‘
1 and grafts fail after prolonged follow-up may be related to. denerva— »/: ,
tion. Bew:.ck (81) showed that portal hyperlnsullnamla resulted after = Sy h
- gutonamic nerves_ to the pancreas were secticned. He ooncluded that- e

-,
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B

the nerves, through a tonic inhibition of islets, prevented indis-
criminate release of ‘insulin. Certainly, the loss of this "brake"

on insulinSecretion may be reflected by islet degranulation.

2. Profiles of fasting 1nsulln and glucagon.

In these studies fasting levels of insulin ranged from 2~14 : U/ml s

on daily monltorlng These levels were erratic and in same cases were
. hlg'her than before pancreatectorry ; in same they were lower. Further,

the levels d'rjnot ‘bear" a relatlonshlp on concurrent blood glucose ) ‘

levels.' These flndlngs have been noted prev1ously (59) This 1ndlcates

that msulm levels are not a useful guJ.de to graft functlon, using

*%'; P
these technlques of graft preparatlon and Jmplantatlon. The eff1c1ent‘%

s
i -

hepatic extractlon mechanlsm and the“ﬂffects of dllutlon in Derlpheral
D
blood apoear to- reduce :Lnsul_l_n concentratlons B0 as to render t/';helr
& J" L%

mterpretatlon dlfflcult Ccmpared with Dancreas grafts draJ_nJ.ng

5

thelr venous effluent systemically, th.s is a dlsadvantage In such

o 5

L .
@i} grafts Derlpheral hyper;msullnemla results because the hepatlc ex~ -

tractlbn mechanlsm is bvoassed and the pancreas is denervated ThlS ‘\J

“

;mlts a 'window', via sys”tem:Lc blood assays, ‘'on the 1nsulln" §ecre-
,tJon and ,hence the functlon of B oells In the early phases of

) r{e ctlon, the hyperlnsul lnemla is aggravated (”85) prov:LdJ.ng a
t;ve__, wa.n‘u__ng 51gnal of._ d_mg graft loss ST
G’lucagon; levels, _ llke J.nsulln, ‘oroved to be erratIc when measured
,1n fastlng blood collectlms thus rendermg them unrellable in
followmg graft functlon Part of thee oroblem was due to the glucagon
assay, w:l}uch does not dlfferentlate glucagon of 1slet—cell orlg:Ln |

frcm the glucagon—llke actl‘v1ty secreted by gut cells.

.",
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. a;2 fold 1ncrease ln output.- In orev1ous studles the basal levels of i

B

There is one way to circumvent  the oroblems associated with

measurement of insuiin levels after transplantation: that is, to

measure C—peptid@.‘xThough not measured in this study, this deserves

u/

cament. C-peptide is the polypeptide segment devoid of amino and
carboxy-terminal residues which is cleaved from vroinsulin to fonn_

insulin (86). This process, whlch occurs ‘within B cells, produces‘
‘ . ’ . Tl A
equimolar concentrations of insulin ahd C—peotide sinceithey are ?
derivedifrchonezyolecule of insulin. :Equimolar -quantities ofAeaoh
are secféted and C—Deotide unlike insulin, is not'cleared by the

1
I

é&yer but 1s secreted in the urine. This orov1des d sen51t1ve marker
g ’

ﬁ;fﬂ% cell functlon The’ practlcal adbantage over 1nsu11n assay is |

ldent hepatchclearanUe w1ll not alter the Derloheral veln concen-—

’

tratlons of ‘this peotlde further , exogenous insulin and c{rculatlng

v

1nsulln antlbodles w1ll not affect thlS 1ndex of graft functlon.

Urlnary C-peotlde has prOVﬂd to be a. very useful gulde to immuno- . |

suoore551ve regu1rements after pancreatlc segnent tlansplantatlon (82)3“

to;

, . . . . : N " \l )
3. -Cannulatfon Studies i o g“

9.

In these studles mean basal 1nsulln levels in the splenic venous

’

efflueqt of 5 dogs after solenlc ve}n cannulatlon were 27 5 uU/nd

5

ARy

ThlS 1n¢reased to 59._ 11 uU/ﬁ& after qucose,stlmulatlon, approx1mately

‘ AN r
o ‘ .

u

"n 1nsu11n, 34 ul/ml (57) and 60 uU/hd 149), doubled,after glucose

chaIlenge t0:77 uU/ml and 130 uU/ha resnéctlvely Though these

flgures show an ablllty of 1slets to resoond to ‘an acute change in -

\

gluoose concentratlon, they o' not address the questlon of whether the

vlslets are~qualltat1vely 1ntact To.study thlS kinetic studles of

S - ‘_\% . A . \\,

o 3 - : ;
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insulin release are necessary. \

v

Kinetic studies of insulin release from islets in vitro, haye
shown that they secrete insulin in a bivhasic péttern after glucose
stimulation (87) .- The first phase, arising\within 50-100 seconds
after gl&oose challénge, peaks after that latent period, then returns
to a basal level after 5-10 min. Then, if glucbse stimulation continues
(as might occur as a mealﬁis being absorbed over a period of an hour),
a seéond phase of ihsdlin rélease occurs.‘ During this second phase,
insulin levels contiﬁué to rise“until the glucose stﬁmulus is stopéed.
It has been suggested that the first phase is due to the sudden release

of insulin fram a labile compartment of stored insulin; the second

chase is due to a gradual release of newly-synthesized insulin (87) .

This pattern of secretion has been shcwnlin vivo after implanta-
tion of neonatal rat pancreases under the kidney capsule of alloxan-
diabetic rats (88). 1In that stﬁdy, there was a marked increase of
insulin within the first minute, and a sécond rise occurred fram 5 min

onward:

In our étudies, the biphasic response was confirmed. Aftér glucose
challenge, in 5 dogs, iﬁsulin peaked at 55 + 13 yU/ml aﬁ 1 min. The
challenge was maintained as a consﬁant i ‘usion and after 10 min,
insulin levels gradually rose, reaching a’second peak of 77 + 15'uU/ml -
60 min after the infusion began. This sﬁggests that the glucoreceptors
and rec“énisms fbr release of insulin are intact in dog islets 3-5 mo

_after intrasplenic implantation.
’

The importance of the preservation of this biphasic response'nmst
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be emphasized. Wwhen first challenged with glucose, an islet should
pramotly release a large quantity of stored insulin to avdid an
exaggerated increase of serum glucose, and this is reflected by the
first peak of secretion. As glucose is constantly infused, insulin
secretion must rise to meet the new steady-state of increased glycemia,
and this is reflected by a - ccond pecis of secretion. Here, we see that
the transplanted B cells r .i: 1 v "fine tuning" role in attemot-
ing to prevent wide excursi »= in ' ood glucose levels. These wide
excurgions, imolicated in the vathogenesis of microvascular complica-
tions in diabetes even with conventional methods of insulin therapy,
may now be appropriateiy reduced to the narrow range seen in normal
individuals. -

Though these studies suggest that the transplanted islets ri:intain
their "fine tuning" role ih resmonse to glucoée—challenge, it remains
to be seen how they function in alimentary gluco-regulation. 1In
particular, how does denervatibn affect the islets' resmonse to fuels,
and how do the islets repond to stimuli other than glucose? ‘Recently,
a study has addressed these questions (88). Oral glucose tolerance
tests were performed in alloxan-diabetic rats who were cured by
imolantation of neonatal.pancreases under their kidney capsules. After

v
the carbohydrate-rich meals in control rats, plasma insﬁliq increased
by 200% 1-2 min before vlasma glucose rose. This anticivatory response
to a glucose increaée aftef a meal was lost after vancreas trangplanta—
tion, consequently serum glucose rose in an exaggerated fashion.
The investiga£ors conélﬁded that this Qas due to vagal denervation of

the pancreas fragments. Whether this was mediated by direct absence

of cholinergic recept~rs in the islets, or via loss of vagal-mediated
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release of enteric peptides was not clear. However, these studies
show that an important requlator of the fine control of blood glucrse

is lost after transplantation of islets.

Insulin levels in transplanted dogs were lower than those obtained
in normal control dogs. ['=veral explanations are offered. First,
there is a quantitative reduction in the B cell mass after transplanta-

p .
tion. Only 40% of B cells from single pancreases were harvested and
if half of these survive in the vascular bed of the implant site, only
20% of the original mass remains. Secoﬁd, it is possible that exposure
to cbllagenase damages the abilitv of islets to reSpond_to glucose
stimglation. Grav et al, who studied insulin and glucagon release from
intrasplenic islets after argininevstimulatioﬁ> shc*ed greater insulin
release when collagenase was not Qsed go prepare grafts (89). Third,
trénsplanted dogs had lost weight and showed same evideﬁce for
‘malabsorption (despite pancrealipase replacement). Two dogs were
anemic. This may have led to a reduced ability to withstand the rigors
of the long experiment with greater catecholamine responses to the:
stress than éontrol dogs. This may have blurited insulin release more.
Fourth, because of some evidence for malabsorption, B cells may have
been less responsive to glucose stimulation. It has-been shown that
fasting for 24 hrs, by decreasing cyclic AMP within B.cells, reduces

their responsiveness to glucose challenge. Malabsorption would

aggravate this.

Glucagon levels in the portal venous effluent did not show
suppression after glucose infusion in either control dogs or. transplanted

dogs. Once again, conclusions regarding A~cell function are difficult
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to make. It appears that the shutoff of A cells by glucose is a very
weak response, thus equivocai results are obtained. A further factor
rendering interpretation difficult is the stress—induced‘catecholamine
release under the anesthetic ana surgical conditions. This may have
induced an excessive release of clucagon from A cells, blunting any
suppressive response to glucose. This was quiﬁe apoarent in 1 dog

in which hypovolepia occurred during the fourth hour of study. Glucagon
levels rose markedly from > > pg/ml (baseline after cannulation) to

> 1000 ng/ml. It is interesting to note that this was accampanied by
a rise in insulin to 580 uU/ml. Two observations may be made. First,
this stress situation suggests that the transplanted islets respond

to a stress 51tuatlon by increasing glucagon release, with a view to
increasing glucose levels through glucor. vjenesis. Second, the rise
in insulin suggests that receotors on the B cells responded approp;i—

ately to glucagon stimulation by increasing insulin release.

The cannulation studies revorted have also enabled us to satisfy
the classic requirements of endocrine tissue transplantation. First,
we proved that the .spleen was the site of implansation by demohstrating
the release of insulin from this site after glucose stimulation. . That
insulin levels did not peak ih the hepatic veins made it unlikely that
the liver harboured a significant number of islets which hadsembolized
to that site. Histologic proof of intrasplenic islets was confirmed
after the sblenectomy was performed in the fourth veriod of study.
Second, after splenectamy, an endocrine deficiency state resumed.
Glucose decline folldwed a diabetic curvé (0.7 +0.1%) . Though this

i ,
could be criticized since the stress of surgery causes insulin resis-



tancef'it is evident that a true deficiency state developed: insulin
levels dropped below 4 yU/ml (the limit of assay sensitivity is 4 pU/ml);
glucagon levels in portal. veins dropped precipitously from 220 + 49 pg/

ml to 37 + 3 pg/ml at the conclusion of?tho study.

AN
Iﬁ sumary, metabolic studies show that nmancreatic islet transplanta-
tioﬁ can normalize, via the portal route, fuel homééstasis sufflcient
" to maintain tolerance to intravenous glucose. During glucose challenge,
the 1nsulln release is bfpha51c, lndlcatlng that the "fine tunlng"
mechanism for preventing wide fluctuations invblood glucoée,is intact.
The efficiency of these grafts does not falter wi<: prolonged follow-up.

N

iv Cryopreservation R

@

¥

Isolation of sufficient islets of Langerhans will create a demand
for méthods of graft preservation uatil transplantation, as for other
organ transplants.v Short term vreservation is essential to pefmit
_time for histocompatability teating, and perndt:transport of pancreas
grafts from the location of the donor to that of the recléient.l Long-
term preservation would enable islets to be stored in a tissue bank
and permit better histocompatability matching. Three methods of pre-
servation have.been tested: etissue cul£ure; cold storage; éryooreser_
vation. o

Tissue culture enables rodent islets to be stored at leas% 1 week,
and the islets are capable of respohding in vitro to‘glucose‘and
rest ore normoglycemia in diabetic recipients (78) . Cﬁlture_not only
provides a method for graft stofagé,-but also improves quality of
grafts by: enabling';etabélic recovery of islets afte; isolation (90,

91) ;. purifying fragnenés of islet-containing tissue by allowing deple-

88
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tion of exocrine enzymes and cells (92,93) ; and appears to reduce

7/

immunogenicity of allografts by destroylng passenger leucocytes

trapped within the graft (94), However, the sophisticated equipment

n
and fastidious condltlons requ1red for tissue culture lessens the ‘

practicality of this Hethod for long term maintenance of large nemnal

islets.

Cold storage, routinely USed,for 24-48 h for renal grafts before

transplantation, has also been‘studled for islets. Payne demonstrated

in vitro viability\of“canine § slets stored for 48 h at room temperature

(95) . Schulak tested viability of canine islets stored for 24-48 h at

4 C by transplanting the 1slets (2l); and found that 24 h was ootimals

but after 48 hr, grafts deterlorated

It also ampears feasible that cold storage may help purify grafts
of islet containing fragments. Though culture studies have not been
done to assess this, it has been shown that exocrine tissue is very

sensitive to cold conditions, hence it "is destroyed (54, 84) .

A new approach to oraftﬁstorage.has been shcnnlby'Toledo-Pereyra

(96) . Canlne pancreases were renoved then oerfused with cryopre0101—
tated plasma supplemented with salt~poor albumln at 5- 7 for up to 48
hr. Then pancreases were prepared into grafts of 1slet tissue and
autoimplanted resulting ln.prolonged survival. Thls approach would
permit pancreases to be transported betwéen hospitals.ﬂﬁhere the donor

and recipient were separated and permit transfer of the pancreas to an

islet cell lab for processing before transplantation.

Though feasible for short term storage of 24 hr, hyoothernua does

not appear to offer promise for long—term storage, as graft function

N
»
/



deteriorates after 48 hr.

The‘piéfalis with~tissue culture and hyﬁothermia have provigéd
 “the stimulus for a thirdvmethod of graft‘storage: cryopreservation.
fransplantation of cryopreserved islets of Langerhans can ;ender dia-
betic.raﬁs of thg same inbred.stréin cliniéally nofmal‘(3l5. However,

"~ studies of crYopreservétion in largé mammals and man have been limited,

mainly because the inability to colleét.sufficient'islets from single

pancreases has made interpretatibn of viability a difficult task.

" In the vresent studies, sufficient islets were isolated from single -
dog pancreases to permit a study of cryopreservation. In the initial
studies, freezing and thawing prétocols which were found optimal for

rat islet viability were used (31). Five recipients of autogenous

t
_pancreaticvfragnents cryopreserved in this manner became hyperglycemié
and rapidly lost weight. - Though blood glucose was traﬁsiently reduced
for 48 hr, this could not be regarded as graft function since dying B
cells may have'feleased in§ulin during that périod. In one of these
dogs, blood glucose was transiently reduced to 156—200'ng/dl between
2 and 4 wk,5ﬁhen hyperglycemia rapialy resured. This failuré was -in
striking contrast to the success of implahting fresh islets by uéing

 the same implantation techniques and indicates some of ﬁhe pféblems
involdea in extendingHcryopreservation’teéhniqﬁes to large mammals.
First, the éﬁéciés4reiated variations in islet tissue may alter freez-
ing rateé, permeation of cryoprotectént’into cells, thawing rates and
osmotic shock during renbval of the cryoprotectant (97). Second, the
size and.nature of the tissue, in this case fragments of islet-

containing pancreas rather than isolated islets, may influence the



degree of pcrmeation of the cryoprotectant into the cells (97).

We modified the freezing technique by exposing the tissue to 2 M
dimethylsulfoxide (Me2SO) at 25°C for 15 min insteéd of 0°Cc. This
was reflected by normoglycemia within‘days of implantation in both
dogs in whom the modification was used. Further, intravenous glucose
'tolerance‘testing at- 2 wk showed an,appropriate.decline in glucose,
and prolonged normoglycemia has been present in one for 3 mo at this ~
writing.

In view of this success, same comments are necessary. The permea-
.tion of Mezsolinté cells is tempefature—dependent, increased temperatufe
resulting in greater permeation (98). Thus, it appeared that greater ]
pefneation of szso into islet cells occurred, protecting the cells
from damage due to intracellplar ice-crystal formation. Whether the
difference from-rat islets is due to species-related differences in \
permeability to Me2SO, or due to the presence of exocrine contaminants

which increased particle size (hence increasing the distance NEQSO had

to permeate) is not clear.

In our studies, we used a storage éeriod at -196°C for 48 hr. This
was chosen simply because it proved convenient to re-implant the
frozen-thawed tissue. 48 hr after total pancreatectamy without subject;
ing the dogs to prolonged insulin theravy. However, the viability
.of'islets, once stored at -196°C, is indepeﬁdent of the time for storage,
and longer periods of storage are feasible. For example, Rajotte et al
(31) demonstrated success after transplantaﬁion of rat islets cryd~
preserved for 2-5 wk. Bank et al (985 denbnstfated in vitro viability

- of rat islets after 1 1/2 years of storage at -196°C.

91
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There 1is histolégic evidence that Cryopreservation enables
purification of pancreas islets from exocrine tissue. Under light
micrOSCOpy,'exocrine cells had degenerated, vacuolated cytoplasm
with disrupted menbranes; islets were remarkably preserved. Though
this observation was not suéported by viability ausays, this has been
shown. Brown et al found that after cryopreservation of human fetal
pancreas fragments, there was only 509 survival, as judgea‘by reduzed_
dbility of the tissue to incorporate 3H—labelled anino acids (99).
[Since the majority of cells in the pagcreas are exocrine, the survival
test essentially indicated exocrine cell survival: The possibility
that cold conditions can purify pancreas tissue of the exocrine compon-
ents is further supported by the reétlts of Hinshaw et al k54,84).

This grouo found that simply exposing human and rodent pancrcas_ffagmentsv

to cold conditions during graft preparation could purify the islets

because the exocrine tissue was so sensitive to cold.

A question which arises is whether a périod of tissue culture 1s
necessary for 48 hr after cryopreservation to enhance metabolic recovery
of grafts before transplantaﬁion. The benefits have been shown by
‘Rajotte gg.gl (91). Iﬁ our studies, though the numbers are very small,
grafts appear to function well immediately after implantation. Perhaps -
the method of implantihg (by reflux in;o a vasculér.bed) is equally
effective as culture since the ffagnents are in immediate éontact with
the blood's nutrients under ideal conditions of temperature and oxygena-
. tion.

Would cryopreservation be of value in reducing the in&mnogenicity

of pancreatic grafts, as for tissue culture? If passenger leucocytes
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have freezing and thawing characteristics different from islet cells,

N
o

it is reasonable to expect that these harbringers of allograft rejection

would be depleted. Certainly techniqueSIEOforeezing lymphocytes have
\\

~ been unsatlsfactory when apolled to 1slet cryopreservatlon (100) .

Results of experiments with’ canln& ¢

J

have 1nd1cated thathphe frozen\lslets were as effectlve as fresh islets
'\,-\\ .‘ \'

after anti- lymphocyﬁe globulln‘ogeﬁreatment of pancreas fragments

. \ 2

(100) . S 'i

In summary; autoimplantation of canine islets which have been crio—»
preserved for 48 hr is capable of rendering totally pancreatectamized
dogs normoglycemic for prolonged periods of time. The optimal conditions
for freezing andf thawing islet-containing fragments'ere being established.
aside from the major benefit of prolonged storage, it is also possible
that freezing ourifies pancreatic islet by destroying exocrine coﬁtam—
inants. This suggests- that c}yopreservation may assert itself as the

-

method of choice for large mammal islet preservation.



" VI  CONCLUSIONS

Sufficient viable islets of Langerhans can be harvested from a
single large-mammal pancreas to prevent diabetes mellitus in a single
recipient. To ensure this, thé pringiplé_of collagenase verfusion
via the pancreatic ducts proved to be a critical conceét. It enabled
us to readily harvest sufficient iélets and thus confirm another
investigator's methods, a difficult task with pancreatic islet harvest
Eechniques. The implications are: widespread success in clinical .
pancreatic islet transplantation will depend upon a standardized method
for harvesting the islets, and this appears to be closer to reality.
Clinical and basic research into other aspects of islet transplantation,
such as allograft -rejection, implantation techniques and graft pre-
servation, wili be made easlier to interpret:~xgreater islet yields

will prevent graft malfunction due to insufficient islets from clouding

the results of these other experiments.

The pancreatic fragments produced in these experiments were amenable

» -

e

to feflux via splenic'veins during implantation. This was épparently
safer than other methods of implantation. No DIC or portal hypertension
occurred, as for portal embolization of pancreas fragments; the
_technique for implantation was less traumatic thgn direct per-capsular
stab of the splenic pulp. These may make the spleeﬁ more attractive as

a clinical site for inmlantation.

The implanted intrasplenic islets’remained metabolically efficient
“for a prolonged period of time, providing evidence that islet fatigue -

or failure did not occur under the burden. of their new environment.

94
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Further, the efficiency of the iSlets, ¢ least to carbohydrate
challenge, appears to be preserved to a sensitive degree. Th: e was
"an appropriate insulin response to acute as well as more sustained
pertubations in glucose concentration. ilere, we begin to see that
pancreatic islet transplantétion realizes an important abjective:
‘wide fluctuations in glucose concentration, as occur with current
methods of insulin therapy, can be reduced to the narrow range present

in normal individuals.

Thus, oné of the major factors implicéted in the vathogenosis of

the microvascular complications of diabetes mellitus may be eliminated.

4

Optimal methods for cryopreservation of large mammal pancreatic .
fragments are being established. Thus, the possibility for long-term
storége of viable pancreatic islets is one step closer to the establish-

-ment of a tissue bank for storage of human pancreatic islets. Further,
there is compelling evidence that these techniques, by virtue of an
increased sensitivity of the exocrine tissue to cold induced damage,
may help to purify grafté of the unwanfed exocrine tissue. This would

enhance the safety of implanting islet-containing fragments.

Does the current research contribute anything to solving the
greatest problem of all-allograft rejectibn? It does so in several
ways. First, by harvesting.sufficient islets from one donor to prevent
diabetes in one recipient, we may eli%inate the gross histocompatabi-
lity problems inherent in transplanting 'pooled' islets from multiple
donbrs. Second, the establishnent of favorable cohditions for islet

harvest and implantation in autografts will permit more valid conclu-

sions about longevity of allografts, why they are rejected; and enable



us to deilne wetabolic andic tors of lmoending rejection.  Thire.,
cryopreservatlon wili nerm‘i time for morce careful hlstoccmratablllty
testing and enable shipme '+ of .rafts to the location of the recipient -
most likely to be histocomoatible.' Further, by Yirtw of exocrin. - .

induced injury, freeczing will reduce the burden of allogeneic tissue

implanted.

\

In summary, the Droblems for harvesting, transplantlng and storlng
islets of Langerhans ‘in iarge rammals are not 1nsurnountable Pancreatlcf
islet transplantation thus has a favorable outlook for the future.

It is possrble to normallze fuel honeostasis via the portal'rogtelwithﬂg.
minimal morbidity. &he complicated technology necessitated'h; lnsulin ]
pums is eliminated. In contrast to whole’ organ. grafts, the prohlems a
with thrombosls of arterial and ‘venous anastom051s and e*ocrlne secre- .
tions are eliminated. Further free - grafts of 1slet tlssue offer less
immunological hazard since the volure of tlssue 1s less, and they are

a

more amenable to immunoalteration. .

O R

(S

Eventual cllnlcal apollcatlons for pancreatlc transplantatlon are

apparent. Flrst autotransolantatlon after total Or near total pancreat— i

ectomy necessitated by chronic Dancreatltls Second, allotransolantatlon (

v

in diabetics with end—staqe renal dlsease who are already commltted to.
immunosuppression w1th a renal allograft. It 1s hoped that the current
research will establish the foundation for these clinical aoplications
of pancreatic islet transplantatlon, 'in the quest for methods to prevent

oo

or reverse the devastatlng_compllcatlons.of diabetes mellitus.

t
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