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ABSTRACT

4

’

An efficient means of separaiing the endocrine tis%ue from other
componqnts of the pancreas is necessary to bring islet cell transp]ant-
ation closer to clinical trials. Bésed on obsérvations that islet tissue
s less radiosensitive than other components of‘tﬁm’pancreas high doses
df rad%gtion were used to purify 'a graft pﬁqaaration of pancreatic
nﬁcréfragments., N | : . '

- The graft (n=8), prepared by enzymatic digestion and mechanical
disruptioh was divided into 4 groups. Group f served as a control and
the remaining groups were irradiated: AII - 2500 rad; III - 5000 rgd;
IV = 7500 rad. Purification was assessed by determining the ratioiof
%nsu]fn.to amy]ége (I/A) per g Of tissue in fhe pancfeas (P;n=7),
‘untreated graft ( G;n=7) and experimental groups ( I - IV) immediately
after radigtiée ( n=8) and 24 ﬁ‘i n=6 5 of tissue culture. Following
radiatidn structural changes in exocrine tiésue were evaluated with
e]éctron‘microscopy (EM) and viability of endocrine cells was assessed
with invitro glucose challenge in perifusion. Islet recovery and
viability in a gr&ft treated with 5000 rad was assessed invivo by
comparing survival and metabolic function (ivGTTY atgl mo postimplant
in 9 dogs receiving an untreatéd graft ( ‘group la) to 7 dogs:receiving
the irradiated graft ( group Ila). |

The I/A ratio increased with radiation: P = 0.56% 0.13;
6=0.18% 0.08; 1= 2.867 1.09; II = 2.647 1.11; III = 5.24% 2.30;
E.ez}f 1.86. The I/A ratios of groups I1I and IV differed signif-
icantly ( P<€0.05) from the I/A ratio of the untreated graft. The

increase in the I/A ratio with radiation was not associated with a

iy
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s1gn1f1cant decrease in amylase content (IU/g). The insulin content
(*uU/g in thousands ) increased Ng} with radiation: P=1. 47 0.41;
G=1.12- 0.27; I=1.59- 0.48 ; II=1.54—O.38; III=2.11- 0.43;

IV=2.15Y 0.53, The I/A ratio measured after 24 h of tissue culture had °

,.' o

increased (NS) in groups I - IV: 1=6.68% 0.31; 11-4.33% 0.19;

. \I11=6.33% 0. 32' Iv=3. 68 0. 14 “The twends observed in culture were

51m11ar in groups I - IV The amylase content\( IU/g ) was significantly
(P<0.05) decreased by 8 h and after 24 h of culture the insulin content

(IU/g) had decreased to. less than 50% of the original levels. The only

-significant (P<0.05) diffgrénce in groups I - IV was the degfggég,in

insulin content ( uU/g ) in group IV from 8 h to 24 h culture. EM
showed progressive injury in irradiated exocrine cg7 degranu]at1on,
vacuo]es in cytoplasm, nuclear changes ). A b*bhas1c release of 1nsu11n,
similar in groups I - IV was observed in per1fus1on - The survival of
technically successfu1 autografts 1 mo post1mp1ant was comparab]e in

both groups: 1Ia=6 of 7 dogs; Ila= 5 of 7 dogs. Metabolic function (ivGTT)

was significantly better (P<.001) in group la as reflected by percent

decline in glucose (K value): la=1.66% 0.25; .Ila=0.931L 0.16, and peak
insulin ( uU/m1): Ia=7.2% 0.9; IIa=2.0% 0.7.

Radiation in high doseswis a simple and efficient means of purifying'
islet cell grafts. The recovery of viéb]e islets after radiationlpermits
bettef autograft survival than.previously,reportéd gfter chér means of ,

purifying islet cell grafts in the canine model. /
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I INTRODUQTION

o~

~ Within six months of the repoct of the successful isolation of
insulin from the islets of Langerhans by Banting and Best in 1921 the
injection of insuiin was adp]ied toqthe c]inica] therapy‘of diabetes.
It soon became apparent howeyer that a1though insulin therapy prevented
many of the acute metabo11c problems such as ketoacidosis, other sequelae,
q]omeru]opathy,retTngpathy,<anq neuropathy, appeared_1n most patients
Qith the\jnsufin dependent form of the disease for two or more decades.
fhese comp]icationS»had been noted prior to the”edvent of‘inéulin but
were re]atiVely'unusua1 becauge death from ketoacidogis or infectibn
cshortened the 1ife-of tbe patient before they‘ccu1d become manifest.
‘Thﬁs insulin, although aktremendoushstep forward, did.not provide the
total solutiohvfor the diabetic patient. (1) | |
| Eyidence:that precise regu1atioh'0f blood glucose will defer,&pfevent
or even reverse early diabetjc m%croangiopathy is Steadi1y mountiﬁg. (2,
3,4) However until a treatment exists that will norma11ze blood glucose
y

7

levels during act1v1t1es of daily 11v1n9, the controversy concern1ng

;
/

/
cause and effect of hyperg1ycem1a and Comp11cat1ons will not be ent1re1y//
resolved. (4) B . | = e

/
/

Advances in the‘administration of‘EXogenous insulin such as mu]tiﬁle
daily insulin injections, home glucose mon1tor1ng and 1nsu11@ 1nfus10n
pumps have been deve]oped in an attempt to maintain near]y constant |
normogiycemia. Their effectiyeness in preventing, stab111zing or reyers-
ing the vascular complications of diabetes has not been defermined. (5,6)

" The cbmb]exicies involvedq in the nEUhoendocrine‘mbdu1aticn of islet
cell secretionuere just Being‘rECognizEd. (7,8) It»does;not'seem

\

\



yﬁkely that attempts to mimic this intricate control mechanism by the
’“administration‘of one hormone, insulin, will provide the degree of
‘g1ucose»control neceesary to prevent the complications of diabetes. (9,
10)
| Total endocrinelrep1acement the;apy in the form of trahsptantation

of the iQtact pancreas, the distal segment of the pancreas, or the ﬁé]ets
themselves can experimentally at ]east, halt or even reverse the mjcro-
vaScu]ar complications of.diabetes. (9) Pancreatic transplantation is
the most physiologic approach to the treatment of diabetes. (4,9,11)

The earliest clinical efforts Were difected at whole organ trans-
plantation. The results were at'best, dismal, with a high 1nc1dence of
“technical féi]ure and severe COmp1icét10ns secondary to the exocrihei*
secretion of the pancreas. Recent technical 1mprovements, such as
| transp]antat1on of the distal segment of the pancreas occ]ud1ng the duct | ¢
"with synthetic polymer to control exocrine act1v1ty, have rev1ved 1nterest d&
in this approach w1th better patient surv1va] (11,12, 13) The maJor |
problems with vascu]ar1zed pancreat1c a]]ografts are deter1orat1on of fh*t"
duct occluded grafts with time secondary to fibrosis and the necess1ty
for- rec1p1ents to rece1ve'genera11zed 1mmunosuppress1on; The need for
geheraiized immunosdppre%ston Timits the application of whole organ or
segmental grafts, at present,to diebetic patients with eomp11cétions
that would otherwise progress to a stage more serious than the potential %é
s1de effects of ant1re3ect1on therapy. (12,13) -

The devastat1ng comp11cat1ons of ear]y attempts to transplant the
intact pancreas associated with the presence of exocr1neft1ssue prompted

efforts to transplant isolated dslets. From a theoretical point of view



transplanting the islets of Langerhans would eliminate the problem of »
handling the exocrine secretions making the procedure less complicated
and safer. There was also hope that islet cells would enjoy the immuno-
privileged status of other endocrine tissues, (14,15)

Experimentally islet ce]i transplantation has been ver& successful,
In rodents,pooled fresh islets from several donors can reverse chemically
induced diabetes in recipients of the same strain (16,17) and‘prevent the
development of comp]icatioﬁs of the disease or reverse those present,
- (18,19) In dogs autotranép]antation of fresh pancreatic fragments can
reverse the diabetic state. (20-22)

% .
The vulnerability of isolated islets to rejection was recognized in

vthe earliest experimenta1 allografts. (23,24) The recent experimental
wo;k‘of Lacy (25,26) and Lafferty (27,28) in the field of immunoalteration
has renewed enthusiasm in allotransplantation of islet cell grafts.
Their work has underscored the importance of donor immune ce115’or
'passenger leukocytes' in allograft rejection. Lacy has demonstrated that
| by Eemoving the donor immune cells from a graft preparatién of isolated
is]éts in rodents, by'a period of tissue culture, a11ogréft survival can
be prolonged without systemic 1mmunosubpressjon. The implication of .
the above work is that islet cell grafts, as opposed to whole organ or
segmental grafts, could be safely transplanted in a diabetic patient
shortly after the onset of the disease and prévent the devastating =
microvascular complications. (10,15) This cohsideration'justifies
extensive evaluation of islet }e11 transpiantation.

The technoiogica] failure to isolate sufficient quaﬁtities of

islets from the fibrous and compact human pancreas has been the major
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|
2barr1er to c11n1ca1 success of islet ce11;transp1antat1on and has
returned 1nterest to transplantatfion of the intact pancreas. (9,10,
14,15,29) The problem of islet yield has in fact precluded successful
attemptsAto test the theory of immunoalteration in large animal models.
(26) The complex techniques to purify graft preparations, such as tissue
cd1ture, result in a/significant loss of insulin secreting tissué. (26,
29)

A practical, efficient,and c11n1ca11y applicable means of the
separating the endocr1ne component of the pancreas.from contaminating
acinar tissue, endothelial elementsandinmune cells is required to bring
pancreatic islet cell transplantation closer to widespread and safe
c1%ﬁica1 trials. In this study, radiation in moderate1y high doses was
delivered to a graft preparation of pancreatjc fragments‘to selectively
injure contaminating exocrine tissue, leave endocrine cells viab]e} anﬂ

increase islet cell mass and purity.
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IT ~ THE RATIONALE FOR PANCREATIC TRANSPLANTATION
Pancreatic transplantation is being investigated as a means to
control the devastating vascular complications in insulin dependent
diabetes. A cure for diabetes will depend on a more complete under-

standing of its etiology.
DIABETES A

Diabetes is a diagnostic term applied to a syndrome of anatomical
and biochemical abnormalities which have in common a distrubance of
glucose homeostatis secondary to a deficiency of insulin or its metabo]fc
effects. - (30)

Diabetics are generally divided into two categories that are clearly
different in terms of pathogenesis, progngsis, etjo]ogy and response to
treatment.regimes. (30,31) Patients who dépend on insulin for prevention
of ketoacidosis have insulin dependent or Type I'diabepps mellitus. This
form of diabetes most often develops in childhood or adolescgnce.
Diabetics who do not depend on insulin to ward off ketosis have non-
insulin dependent or Type II diabetes mellitus. ’This form of the,diséase
tends to develop in overweight individuals in middle or late life and
‘constitutes‘ninety to ninety-f%ve percent of all diabetics.

Recent evidence suggests that insulin dépendent diabetes mellitus
has an important autoimmune component triggéred by a viral infection.
(31-33) In support of a role for autoimmune factors are the phenomenon
of insulitis or round cell infiltration of the islets, a strong association
with certain histocompatibility complex alleles and the identification of
circulating islet cell antibodies. (32) The fact that identical

twins exhibit less than fifty percent concordance for juvenile onset

5.



d1abetes despite their identical immuno-genetic make-up suggests that
genet1c‘factors are not sufficient for this type of diabetes to develop.
(30) Envdronmenta1 factors, mainly viruses,haye been 1mp11thed. The
most direct evidence for the role of viral 1ni:2tion in the pathogenesis
of_diabetes has béen the recovery of Coxsackie virus frbm the pancreatic
tissue of a child who died with meningoencephalitis and recent onset
diabetes. ‘The %so1ated vifus, injected into mice, resulted in beta cell
destruétion and diabetes. (32)

Noninsulin dependent diabetes mellitus appears to.be related to an
age related and genetically determined insufficiency of beta cell

viability and an inactivity related periphera1,unresponsiveness to what

insu]ih in available. (34).
COMPLICATIONS OF DIABETES

" The.complications of diabetes can be divided into two major
categories, short-term and chronic.

The short-term complications 1nc1udé ketoacido%is and hyperosmoTar
coma as well as numerbus other physiologic alterations: increased red
cell membrane stiffness, impaired phagocytosis by leukocytes, increased
platelet aggregation, increased glomerular permeability and filtration,
increased retinal microvascular permeabi]ié}, Yowered levels of high

dg;s{ty 1ipoproteins and decreased nerve conduction velocity. (2,30)

.",,'ﬁ' . / ad
‘ Tﬁe pathogenesis of the above can be attributed to a complete lack of

Py

insu]in or its effectiveness. The alterations are reversible by

k]
\

correcting the hyperglycemia with insulin. (30)
Of more interest to the fié1d of pancreatic transplantation are

" the chronic diabetic syndromes. The chronic comp1iéations can be
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divided into three ngor groups: aberrations inhvolving the large and
medium sized blood vessels, macroangiopathy or atherosc1er6§1s; q1sorders
that are unique to diabetes invo1viné arterioles and capillaries, micro-
angiopathy; and a collection of abnormalities, many of which are unique
to diabetes, involving for examplé the nervous system and the skin. (30)

The chronic diabetic syndromes give rise to considerable morbfdity
and mortality. Cahill énd Arky (30).SUmmarize the data from the 1975
report of the National Commission on Diabétes to the United States
Congress. The 1ife expectancy of a diabetic is two-thirdé that of the
general population. In contrast to the general population atherosclerosis
occurs at an early age and becomes quite severe. Strokes aré twice as
frequent, myocardial infarction is two to ten times more frequent and
peripheral vascular diseése fifty to one hundred tfmes more frequent in
diabetics. The capillary abnormalities affect predominantly the kidney
.and the eye. The diabetic is twenty—fiQe times mbre prone to blindness
and partial loss of vision than is the non-diabetic. One in twenty
insulin dependent diabetics become blind. Approxjmate]y one-half of
“insulin dépendent diabetics develop renal failure.

The chp1icat10ns secondary to the microangiopathy have received
the most attention. They are seen most frequently in insulin dependent
diabetics. (12) The\renal lesion is the most serious and life thréaten{
ing of the complications, The typical renal abnormality is a'diffuse
and/or ﬁodu]&r gTomeru]osc]erosis'(Kimme]stei1-w1]soﬁ diséase) which is
characterized by a thickening of the basement membrane in the glomerular
capillary loops as well as accumulation of glycoprotein in the mesangial
region of the glomerulus. (2,35) Within twenty years of the onset of

diabetes clinical and pathological evidence of renal disease may be



found in nearly all patients with insulin dependeht diabetes me11i£us.
(35) The eye lésions are characterized by the ophthalmoscopically
visible features of microaneufysms, retinal hemorrhages, exudates and
new veése] formation. Retinopathy may be the first ciinica] sign of
diabetes but more frequently it is seeh sevéra] years afte? the gnset
of other symptoms and rarely it is totally absent in diabetics of
10ng -standing. (36)

The pathogenes1s of the chronic diabetic syndromes is less we11
def1ned than that of the acute syndromes. One of the major controver-
sieg in the study of diabetes, and yet to be resolved, is Whethef hyper-
g1ycemia.or some associated disorder causes\or accelerates the develop-
ment of 1ong-term.comp11¢ations. (2,3,372 The alternate possibility is
that the complications are primarily determined by genetic factors
independept of hyperg1ycemia. (38)

RELATION OF DIABETIC CONTROL TO DEVELOPMENT OF
MICROVASCULAR COMPLICATIONS

A large body of exper1menta1 evidence supports the hypothesis that

l""

the Mmetabolic env1ronment of the diabetic causes the comp11cat1ons (2-4,
18,19,37,39,40,41) )

The experimental evidence supports a causal relationship between ther
renal and eye lesions. For example Lee and coworkers (39) demonstrated
that diabetic glomerular changes developed in normal kidneys transplanted
to diébetic rats. Conversly, these changes were reversible upon trans-
p]antation of kidneys from‘diabetic rats into normal recipients.q

Pancreatic islet cell transplantation in inbred diabetic rats effectively

returns glucose and insulin Tevels to normal and rapid regression of the



glomerular lesions has been demon;trated. (18,19) Engerman and
associates (40) have demonstrated in dogs, made diabetic chemically,
that the number of microaneurysms found histologically in the retina
appeared to be directly related to tHe severity of theudiabetes. Gray
and Watkins (41) demonstrated that new vessel formation and retinal .
capillary dilatation seen in diabetic rats were absent in animals in

&

which diabetes had been corrected by early pancreatic islet cell. Krans—
| ;
plantation. ‘ ‘ ﬂ

Clinically, at the present time, there is no scientific proqﬁ'
demonstrating that good control of diabetes in man has a benef1é§lf“
effect on the course of diabetic comp]ications. According ta -
Tchobroutsky (3) the definite demonstration that the micre
comp1icati6ns can be prevented by the‘nofma1ization of"fw
concentrations in man cannot be made since normoglycemia cannot be
sustained from the onset of the disease with our current metﬁods of
treatment. The majority of studies have suggested strongly that the
better the control the less the rate and severity of diabetic complicat-
jons.

The clinical study most frequently cited as supporting at least
the relationship between high levels of hyperglycemia and the more
frequent or severe complications is that by Pirart. (42) I; a
prospective study of over four thousand patients they concluded that
retinopathy, neuropathy and nephropathy are true complications of
diabetes with chronic hygg?éiycemia as an etiologic factor. An earlier
clinical study by Keiding, Root and Marble (43) correlated vascular

disease with the degree of control in four hundred and fifty-one

diabetics under the age of thirty with diabetes between ten and twenty-
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six years duration., It was observed that with the increasing duration
of diabetes there was an increase in extent and severity of atheroscler-
otic vascular comp]icatibns and that these complications were observed
less often in diabetics in whom the control was precisé. Improved diabetic
control with continuous subcutaneous insulin infusion impro?ed renal |
and retinal function in one étudy. (44) Eschwege and coworkers (45)
reported a slower rate of progression in the number of microaneurysms

in insulin dependent diabetics treated by divided insulin injection

when compared to patients receiving a single daily insulin injection.
The fasting blood sugar was ﬁarked]y lTower in the group that received
multiple injections of insulin. Miki and associates (46) as well, have
correlated the progression of diabetic retinopéthy with poor control of
b]obd sugars. Tchobroutsky (3) in 1978 stated that "in as many as
‘twenty or so prospective studies considered ya11d>by recént reviewers
only a few have failed to show any relationship between the incidence
ofiretinopathy'and glomerulopathy and\the quality of diabetic control”.

" An atpractive hypothesis to the mechanism by which hypergtycemia may’
cause the chronic complications has been proposed. It is based on the
fact that many proteins can bevg1vcosy1ated nonenzymatica11y and ;hat
the degree of glycosylation correlates directly with the mean level of
plasma glucose. (38) It is presumed that the glycosylated peptide
causes abnormal structure and function of vascular and other tissue.
'Recent investigation of the structure, function and biosynthesis of
glycosylated hemoglobin has provided a means to objectively assess long-

term glucose regulation in the diabetic patient. (47)

>
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CURRENT TREATMENT OF DIABETES - THE ADMINISTRATION
OF EXOGENOUS INSULIN

Since the successful isolation of insulin in 1921 the standard
treatment of insulin dependent diabetes mellitus has consisted of
dietary management and intermittent‘subcutaneous insulin injection.
(1,30) The evidence suggesting that the long-term complications of
diabetes are secondary to insulin deficiency and hyperg1ycemi§ has
prdmpted pesearch into the best posssible means to achieve perfect
controt of blood glucose. ‘

Advances have been made in the administration of exogenous insu*in
in an attempt to maintain nearly constant normog1ycéﬁia. These advances
include multiple daily injections of 1hsu11n, home glucose monitoring
and artificial devices for continuous delivery of insulin ( artificial
beta cell, mechanical pancreas). (2,5-7,48)

Considerable effort has been directed towards the development of
an artificial beta cell. Devélopment of such devices has taken two
directions. The first has been development of a 'closed loop' system
where insulin is metered out in appropriate amounts in response to a
mingte to minute measure of plasma glucose levels. Such devices are
presently available for use clinically. (48) For shé?t periods of time
they are capable of completely normalizing blood glucose levels following
meals, glucose ingestion, or during physical activity. (2) The system
is limited predominantly by the technical problem of developing an
implantable glucose sensor. Attachment of the patient to an extra-
corporeal sensor by an intravenous line is required. Because of this

prob]em; "open loop' systems or insulin infusion pumps were developed.

Insulin delivery is preprogrammed and not dependent on a minute to minute
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measurement of q%podf§1ucose. Although not small enough to be implantable

these devices aﬂ%l&ma]]fhnough to be portable. The main problems with
the open 1oopvsyst:% are infection at the infusion site and patential
hypoglycemic encephalopathy. (5,7)

Pump treatment has been associated with the correction of a variety
of metabolic, functional and structural abnormalities that characterize
poorly controlled diabetes, ﬁpwever clinical trials to daté provide only
conflicting evidence of their ability to prevent or reverse nephropathy
and retinopathy.

WHY CONVENTIONAL TREATMENT OF DIABETES FAILS -
ANATOMIC AND PHYSTOLOGIC CONSIDERATIONS IN
THE SECRETION OF INSULIN

The ideal degree of control that must be obtained before it could
be considered adequate would mean restoring glucose and insulin levels
to those that would imitate the normal. Thus, when glucose levels are
increased, insulin should respond appropriately to maintain the b]ooq
glucose level within a narrow range between 60 and 100 mgm per 100 ml
in the fasting state and no higﬁer than 150 mgm per 100 ml in the
immediate postabsorptive state. In Hea]thy fasting nondigbetic individuals
iﬁéu]in is secreted at a relatively low rate, probably less than 1 unit
per hour to maintain peripheral insulin Jevels in the range of 10 to 14
units per ml. Prevention of hyperglycemia at meal times requires a |
rapid and properly timéd increase in the insulin secretory rate that is
proportional to the éize of the mea].- The insulin level may rise to a
peak five to fifteen times the fasting concentration. To prevent post-
prandial hyperglycemia the burst of insulin secretion must anticipate

the influx of glucose from the intestine.rather than simply react to



a rising plasma glucose level. (2,7)

The complexities involved in 1K%ulin secretion to maintain glucose
homeostasis have jdét recently been recognized and are not as yet
completely understood. |

The islets of Langerhans constitute unique endbCrine microorgans.

(8) Approximately one million islets of Langerhans, 40 to 200 microns in
diameter are dispersed within the acina™ parenchyma of the pancreas. (49)
The islets constitute %55 percent of the pancreas by weight. (50)

The individual 1s1ét is comprised of 75 percent beta (B) cells,

20 alpha (A) cells, 5 percent delta (D) cells and a small number of 'C'
cells. (50) Each islet has a constant topographical arrangement of
cells. (8,50) The cells are arranged in layers with.the A cells outer-
most, D cells intermediate and B cells central. A cells are the source
of glucagon, B cells the source of insulin and D cells fproduce somato-
statin. Electron microscopic studies have documented the'presence of
bridges or 'gap junctions' connecting cell types within the islet

implying ﬁhysiologica1 interactions between the cells. (59) In a g
functional sense each islet is a syncytium with individual cells
coordinating the ?espectivé secretbry activities of athers. (8)

In health normoglycemia is a result of a coordinated interplay of
many factors. and several organs. For example, glucose itself is not
normally the 1nifiator of the insulin response early in the course of a
meal. Insulin secretion begfis before the first rise in arterial glucose.
It is believed that several signals arise in the gastrointestiral.

tract including vagal neurotransmission and gastrointestimal polypeptides

such as gastric inhibitory polypeptide, cholecystokinin,

13
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'secret1n and gastr1n (7) The 1mportance of the hepatic portal circul-
vat1on for 1nsu11n to ma1nta1n norma] fue1 metabo11sm has. been demonstrat-
ed. (51¢H-In a nond1abet1c individual normoglycemia is 1arge]y maintained
Sy a coord1nated.1nterp1ay of insulin and glucagon with insulin 1imiting

the magn1tude and durat1on of" postprand1a1 hyperg1ycem1a and g]ucagon

*

prevent1ng hyp§f§ﬂycem1a between carbohydrate conta1n1ng meals., €7)
Stud1es have demonstrated that mu1t1p1e da11y 1nsu11n 1n3ect1ons in.

combination with sth1ct contro1,of diet and exercise ‘cannot achieve

normai'b1eod3glucdse TevE1s in ]abiTe»ﬁnsu]in dependent diabetics. (6)

It s not,surprising‘that attempts to mimic the complex control of fuel

homeostat1s by the per1phera1 adm1n1strat1on of 1nsu11n titrated to

~

’» permphera\ b]ood glucose levels are unsuccessful Exogenous 1nsu11n 1s

'un11ke1y to prov1de the degree of contro] necessary to preveg%sChron1c

complications in diabetes. - (10)

. “\ 5 : o
THE IDgAL‘ TREATMENT OF DIABETES - PANCREATIC TRANSPLANTATION

Total dacrine replacement thehapy 1n‘the‘fdrm of transplanting
the'whofE‘organ; a segment of the‘pancreas,_or.the'1§1ets themselves (9)
;has been referhed to gsjthe ideal treatment of diabetes. (4,11)

Stud%es of expérimenta] pancreatic transp]antation over the 1ast
ten years have demonstrated the ability of grafts to prevent or reverse
d1abet1c m1croang1opathy1rxsma11 animals. (4,9,18,19,49,52-54) The
experimental work -of Mauer,and eoworkers (18,19) is fhequenfﬁy cited.
They documen;ed the effect of 1s1et ce11 transp]antat1on on established
vrena] g1omeru1ar ]es1ons After 1s1et cell transplantation to rats with

diabetes ©f more than six months durat1oan1ght microscopic Tesions

either failed to progress or there was an actual decrease in mesangial



matrix material. . Immunog1obuﬂ%n ghd complement progreséivé]y disappeared
as the metabolic abnormalities were corrected, while in untreated diapetic
- rats, the renal lesions éontinued to progreSs.

i+ Recently Hoffman and associates (55) demonstrated that good control
of diabetes in rodents with parenteral insg&&p was significantly Tless
\ effective in the prevention of g]omeru]arwéhﬁggening when compared to-
islet transplantation. Pozza and coworkers (56). compared the metabolic
effects of continuéus subéutaneous insulin instﬁon;)c@ﬁt?nuousiisfra-
peritoneal 1nSu11n‘infusion_and pancreas transp1éntation in ihsu1ﬁn
dependent diabetic patiénts. Blood g]ucose controlwas unsatisfactory
during continuous subcutaheoué insulin 1nfﬁsion‘de§pite high levels of
immunoreactive insu]in. Continuous fntraperitonea] 1nsu1in infusion and
panﬁreas transplantationpnearly normalized PuthLb]OOd glucose and immuno;

reactive insulin.
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II1  PANCREATIC TRANSPLANTA‘T{ON
The concept of transp]ant1ng the pancreas into human diabetic
subjects is not new, The classic stud1es of Von Mer1ng and M1nkowsk1
in 1889 demonstrated that removal of 'the canine pancreas resu1ted in
hyperglycemia. (57). Since that time the possibility of transp]aqtation
of pancreatic tissue to.ame1iorate diébetes has excited experimental
investigators. .In'1892 Hedon described nedvascu]ariiation of allografts
of canine pancreatic fragments placed subcutaneously on a temporary
vasculat_pedic]é. Nor@oglycémia was unaffected by divi;ion df the
pedicle but diabetes ensued fo]]owtng excision Qt the pancreatic graft.
- (49) The fttSt recorded human pancreatit transplant was probably perform;
t vedtby'ﬁhﬁéon and Harsant on December 20, 1893.( (58) They treated a
fifteéﬁ/year old boy by the'subcutaneous‘imp]antation of thrée pieées of
fresh]y s1aughtered'shgep pancréas, each piece "the size of a Brazil nut."
The boy died §fter three'days and hiéto]ogy~of the transplant showed
" only "fibrous stroma". Sobolev's studies in 1902 are frequently quoted
as the first to recommend trahsp]ahtation in the treatment.of‘diabetes.
.? (59) Pioneering studies by Ivy and‘FarneI in'192§§ Houésay in 1929 and
Bolin in 1936 documented short-term function and histo]ogica] surtiva];
of canine pancreatic altografts. (49) Fo11ow1ng the report by Banting
and Best in 1922 of reduct1on of blood sugar in a pat1ent with d1abetes
me111tus given 1n3ect1ons of a partially ref1ned bovine pancreat1c
expract, most therapeuticrapproaches to the treatment of diabetes wefé'
égiteredvon the optiﬁa1 admin1strat1on of exogenous insu]in.- (1) The
re]ativeiy recent realization that exogenous insulin therapy does not .u\\\\\

prevent the 1ong;térm comp]itations of the disease has led to
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renéwed interest in alternative modes of therapy such as pancreatic
transplantation. |

:; There are two major effdrts undefway to develop the transplantation
of insulin producing tissue for diabetic patiehts, immediately
vascularized pancfeas (whole organ or segmental) grafts and islet éel]
trahép]antation. Technical barriers have preventedmwidegpread and safe
c]inica]lappliCation of both techniqueéﬂ The ultimate problem faced by

- each technique i "lTograft rejection.
PANCREAS TRANSPLANTATION ( WHOLE ORGAN AND SEGMENTAL GRAFTS)

Lichtenstein and Barshak fn 1957 were the firsf to describe
immediately, vascularized whole organ'bancreatié transplantation in
dogs, k49) Increasing familiarity with panéreatic and vascular surgery -
coupled ‘with the early enthusiash for huw@p renai trénSp]antation fed °
to experiméﬁta] studies of canine pancreas grafts‘involving a variety
of imp]antafion teéhniques and generalized 1mmundsuppressive regimes.
FolTowing the initial human pancreas allograft studies by Kelly,
Lillehi and Merkel in 1966 whole organ allotransplants were performed
with Timited éuccess. (49,60) Early clinical trials used pancreatico-
duodenal tranép]antation,in which exocrine drainage was maintained
through the duodenum. (9,13;61) Teéhnica] problems frustrated these
ear]y,efforts. The 1incidence of sevére complications, often=resu1ting
in a transtant re]ated death Wasiiﬁ the order of fiftx percent. The
complications, a result qf exocrine enzyme acti&%&y,_1n¢1uded'duo@ena]
necrosis and perforation,'anastomptic Teaks and dehiscence, fistulas.
and sepsis. Vascular thrombosis and torsion were other common reasons

for technical failure. (9,11)

17
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Transplantation of the body ahd }a11.of the pancreas, the segmental
pancreatic g}aft, was evaluated. This mefhod proved to be technically
easier than pancreaticoduodenal tr;nsplaqfation and avoided some of the
technical problems related to the grafted;duodenum._ (9,13) Exocrine
secretion was handled by anastomosis of the severed duct to the
ureter (62) or to a defunctionalized Toop_of bowel.(63) The séme
problems of local necrosis and anastomic leak occurred.

Other methods of hand]ing the exocrine secretion were subsequsnt]y
devised. Ligation of the duct was evaluated experimentally (64) and

cTinica]]y. (65) ‘Peripancreatic accumulation of enzyme rich fluid
comp]icated:this:approach as pressure in the obstructed duct was partially

re]ieveq/py;seVered lymphatics. (61) Kyriakides and coworkers (66)

-

demonstrated the technical feasibility of segmental pancreatic transplants
with no attempt to contrd] exocrine secretion, theAduct allowed to drain

freely into the pgritonea] cavity. The open-duct techQique has

resulted in pancreatic ascites. (15) The most radical approach for

avoidﬁng exocrine leakage is injection of synthetic polymer into the
ductal system as advocated by Dubernard. (67,68) This method prevents
not only the escape of exocrine secretion but its formatjon. This
méthod has been used in the majority of cases over the last few years
and has the advantage of simplicity and a 1ower incidence of exocrine
activity related complications. (69,70) A major prob]em with all the
techniques that interrupt exocfine secretion is fibrosis and afrdphy
of the eXocrine pancreas that ultimately leads to‘imbairment of the
endocrine functioh; (13,68,71)

The presence of multiple methods to handle the exocrine secretion

of the pancreas indicates the magnitude of the problem. Recently

18



enteric drainage, such as pancreatico-jejunostomy is being reconsidered
on the basis that it is more physio]ogic§1,than duct occlusion and

preserves.the morphology and function 6f'the pancreas, (11,13,68,72)
' PANCREATIC- ISLET CELL TRANSPLANTATION

" The devastating complications of the eér]y attempts to transplant
the intact pancreés prompted the investigation of transplantation of
isolated islets. From a theoretical point of vjew transplantation of
the islets of Langerhans only would e]imihate the problem of handling
the exocrine secretions and fhe opera%ive procedhre would be less
complicated. . )

The earliest attempts at isiet cell transplantation were free
grafts of pancreatic fragments. (73) Browning and Resnick in 1951
documented short-term functional and histological survival of islet
containing él]ografts of minced embryonic murine pancreés; (74) In
1959, Brooks and Gifford on the basis of théir studies of canine 'whole -
organ pancreatic allografts implanted minced pan&reatic tissue from a
stillborn infant into the quadricepsrﬁusc]e of a diabetic mother.
Transient reduction of»exogénous inéd]in requirements was noted. (49)
These initial attempts to transplant pancreatic fragments were consid-

ered unsuccessful and unsafe because the associated exocrine enzymes

autodigested the transplanted tissue and injured the host. (73)
. ( o
Experimental Studies In Rodents - Transplantation of Isolated Islets
Initial efforts in pancreaticvis]et cell transplantation were
directed at isolating relatively pure preparations of islet tissue in

rodent models. Microdissection téchniques were being used to isolate

19
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islets for Biochemical and pbyéio1ogicé] studies. (58) However these
techniques were traumatic and produced only small numbers of isiets.

The need for islets for invit;o studies prompted the work of Moskalewski.
(75) He used the enzyme collagenase to digest chopped guinea pig pancreas.
Although the enzyme destroyed many islets jt did allow complete separation
of islets from acin}. The islets were viable and responded to invitro
glucose stimulation by degranulation. Lacy and Kostianowsky (16)

improved the technique by intraductal distention of the pancreas 1o .
mecharically d1srupt the exocrine tissue prior to mechahica1 mincing

and enzymatic dige§L1qp of the "gland. They then separated the islets

from the digested pancreas by centrifugation in sucrose gradients. These
modificatﬁons resulted in the jsolation of approximate]y 300 intact islets
from a single rat pancreas. Lindall substituted layered Ficoll as the
separating agent on‘the basis that it provided a petter osmotic envir-
onment for the islets than the unpo1ymerized SUCrose. (76) Subsequent
modifications included dialyzing the Ficoll or adjusting the Ficoll to
visotonicity with Hypaque to reduce injury to islets. (9) Some contam-
ipation with other tissue was inevitable but a relatively clean prepar-
fation of is]ete could be obtained by hand-picking the islets. Suspending
"the Ficoll separated islets 1in phenol red solution under a dissecting
microscope with a reflected green 1ight facilitated the process of haed-
picking the islets. (77) The present methods used to 1so1ate jslets for
experimenta] transplantat1on in rodents represent a composite of the

above innovations. /

‘Younoszai and associetes were the first to report transp1antatioﬁ
of iso1ated_adu1t rodent islets. (9,58) They demonstrated temporary

amelioration of chemically induced diabetes in rats. Ballinger and Lacy



(17) were the first to demonstrate a sustained and significant reduction
~ of blood sugar fo]]owing transplantation of'iso1ated islets, The trans-
plantation of'approximate1y;400 t0'600'ﬁslet; to the peritonea] cavity or
to the thigh muscle of 1nbred diabetic Lewis rats resulted in a
signifjﬁant reduction'of'hyperglycemia, g]ycosUria and;mes&pration of
weight gain. Excision of the transplanted islets fromyghe.thigh muscle

resulted in a return to the fully diabetic state. Histological examin-
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ation of .the excised islets revealed intact beta cells with degrahu]ation,

which indicated to the authors:the great demand for insulin on these cells.

Reckard and Barker in-1973 dempnstrated complete normalization of glucose
in rats for as long as seven months following an intraperitoneal injeﬁtion
of 800 .to 1200 isglogous islets isolated from four to six pancreaséé.
'§?3) Other investigators confirmed the findings that transplantation of
a larger number of islets from multiple donors‘could comp]ete]yvnorma1i£e
blood g]ucosenin rodents. (9;24,78,79) |
It_was established fhaf the 1atenf.period between transplantation
and ame]ioratioﬁ of diabetes is shortened and glucose tolerance improved
as 1arger numbers of islets were injected. In Qénera1 if more than 1000
islets were injected into the peritoneal cavity of a diabetic recipient
normoglycemia occured within a day or two of transplantation. As onf&
200 to 400 islets could be isolated from one pancreag, multiple donors
‘were réquired for a successful transplant. This was‘not a majof-barriér
to experimental studies becausegofﬁtheiexistencé of inbred strains of
rodents. (9) :
A major contribution to islet cell transplantation was made by Kemp
and coworkers. (80) They demonstrated that the same number of islets,

approximately 800, that only partially ameliorated the diabetic state when
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transplanted intraperitoneally could comp]eteiy normalize plasma glucose
levels and glucose tolerance tests when embolized to the 1ivek9by the
portal vein. Matas and associates (81) as well demonétrated the
‘superiority of the portal versus the systemic or intraperitoneal
implantation site, They transplanted minimal quantities of islet tissueV\
to isogenic adult rats with chemically jnduced diabetes. As the ambunt
of transplanted tissue was decreased there were'signif1Cant1y more cures
With the portal vein route. Either more islets survived the trauma of“ —~
transplantation because a blood supply was immediately available or there
was a physiologic advantage to this site because.of the normal secretion
of\insu]in intQ the pofta] system. Morphological studies demonstrated
that imp]anteq islets were widely distributed throughout the Tiver in
peripheral 1nte?]obu1ar portal venules and surrounded by vacuolated
Tiver cells cbntaining large stores of glycogen. The structurally nofma]
endocrine cells derived a dual vascular supply from periportal and venous
sources. Active innervation of intraportal grafts occurred in
associat{on with the process of vascularization. (82) The physiologic
importance df the hepatic porta] circulation for ihsu]in activity was
subsequently demonstrated. (51) - )

Isolated islets were transplanted to other sites with variable
results. Intrasplenic injection proved to be nearly as effective as
1ntrapofta] injection in rats. (83) Rats with intrasplenic autografts
fai]gd to e¥hibit a norma] biphasic insu]in response during an intravenous
glucose tolerance test, unlike, intraportal autograft§;' As well as the

\‘intraporta1, splenic and intraperitoneal sites, diabetes in rodents has

been reversed by embolization of islets to the lung via a systemic vein,
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direct injectionﬂinto the Tiver, implantation beneath the renal capsule
and recently implanted in a surgically created peritoneal-omental pouch.
(9,49,84) Diabetes has rarely been reversed after subcutaneous, intra-
muscular, intratesticular, intrap;hcreatic or intrasalivary gland
implantation of islets. (9) \

Shortly after Ballinger and Lacy reported their work in 1972,
Leonard and Lazarow (85) showed that diabetes in rats could also be
ame]iorated'by intra-peritoneal transplantation of multiple neonatal
pancreases dispersed by collagenase digestion.without specific islet
isolation. Twenty to thirty-five neonatal donors were used for each
transplant. The rationale for using neonatal pancreas was based on
studies in their laboratories which demonstrated that neonatal pancreas
possessed an extraordinarily low exocrine enzyme content and a relatively
high percentage of islet tissue. The objﬁctiVe of the study was to
develop an effective technique of pancreatic islet transp]antatioh which
circumvented prior islet isolation. Matas and coworkers (86) demonstrated,-
using the portal vein,that they eou1d ameliorate diabetes with collagenase
dispersed pancreatic fragments from as few as four neonatal donors. . It
took the plasma g]ugose from five to eight days to return to normal, the
time interval inversely proportional to the-tissue insulin content of the
implanted tissue. The significance of the above work was demonstrating
that diabetes in rodents could. be reversed by transp]antation'of pancreatic
fragments without specific islet isolation. The major problem was that
for~répid amelioration of dfabetes;a very large number of neonatal dOnQrs
were required. (9)

The‘use of foetal pancreas was investigated as well. (87-89) Even

though the foetal beta cell mass was small the foetal pancreas had the
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same favorable ratio of high islet volume and low exocrine enzyme content
as well as the ability to grow and differentiate post-transplantation,
Most investigators transplanted foetal islets as intact free pancreas
grafts placed beneath the renal capsule. Transplantation of intact foetal
pancreas avoided the problem of enzymatic destruction of islets and thus
required fewer donors, in general, an average of foﬁr to ameliorate
diabetes. A latent period of several weeks between transplantation of
the foetal pancreas and reversal of diabetes was necessary. This was
felt to be a consequence of the need for growth and maturation of the
endocrine component of the foetal pancreas. Mullen (87) demonstrated.
that one foetal pancreas could treat diabetes if if was placed under the
kidney capsule of syngeneic normal rats apd a]]oﬂed t0 mature three weeks
before enbloc transplantation of the kidney and intact pancreas to the
"recipient.

The results of the above series of investigations,-reproduced in
many othef laboratories, established that complete and permanent reversal
of diabetes in rodents was possible by the transplantation of is1et
tissue. Extensive'metaboﬁic studies d;m%pstratgd normalization of
growth, p]asha insulin, g1ucoseftolerance and é vafiéty of other metabolic
factors. (9,49,78,79,90) Islet transplantation in rodents(wééﬁdemonstrat-
ed to halt and reverse the’microangiopathy of diabetes. (18,19;41,52—54)
Experimental Studies fn Lafée Animals - Transplantation of
Pancreatic Fragments

The experimental success of islet transplantation in rodents prompted
studies in larger animals, including primates, with the idea of applying

islet cell transplantation to the treatment of diabetes in man. It soon



 became apparent that the fairly standardized rat isolation techniques
would not work in the more compact and fibrous mammalian pancreas, in
particular the human pancreas. (10,20,21,91-94) The yield of islets

from one donor was insufficient to ameliorate the diabetic state. Unlike

-
il

rodents, mu]t1p}g¢/onors could not be used as allogenic islets would be
‘rejected before'f“nct1on of a technically successful graft could be
determined. : )

MerkovitéH and Campiche (20,91) partially solved the problem of
islet yield. They reversed diabetes in 20 of 25 dogs with intrasplenic
autografts of dispersed pancreatic tissue. The graft was prepared from
the fai] of the pancreas only. The gland was 1nff1trated with co]lagenase
solution either insitu ( lg_dogs ) or after exci%ﬁon (10 dogs ) and then
cut with a scalpel into two to four millimeter pieces. The particles
were then incubated with éo]1agenase for fifteen minutes in a shaking
water bath at 3709C. The prepared tissue was then implanted into the
spleen of the same animal via a branch of the splenic vein. They chose
the spleen as the site for transplantation because of its rich blood
supply with venous outflow to the portal circulation.

Kretschmer and coworkers (21) demonstrated that normoglycemia
occurred in 20 of 21 dogs receiving intrasplenic autografts of dispersed
pancreas prepared from the entire gland. Graft preparation involved
mincing the entire pancreas in a mechanical tissue chopper followed by
collagenase digestion in. a shaking water bath. Controls wfthin the
study estab]ished that collagenase digestion was a necessary part of
the graft preparation for successful transplantation of pancreatic
fragments.

Using the above techniques or modifications of the above techniques,
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intrasplenic ahtografts of paﬁcreatic fragments prepared by enzymatic
digestion and mechanical dispersion have been shown by other investigat-
ors to reverse the diabetic state in dogs. (22,95-101) However, there
hés been difficulty in demonstrating complete restoration of metabolic
function. In the studies of Merkovich and Campiche (20) glucose
tolerance tests in transplanted dogs were similar to controls but
peripheral vein insulin levels were only half those of normal. In
Kretschmer's series (21) the animals had fa;ting normoglycemia but
the rate of decline of ‘glucose during g]uéose tolerance tests (thé K
value) was only half that of-the normal controls. Peripheral vein
insulin levels were very low. In the studies of Warnock and coworkers
(92) the K values at one and two months after transp]aﬁt were only half
those of the controls. Peripheral insulin levels were less than 25
percent of normal. More detailed studies of metabolic function of canine
intrasplenic autografts have recently been reported. (99-101) Alderson
and Farndon (100) demonstrated that impaired g]ucose tolerance at one
‘month existed in association with abnormalities of 1ipid'metabo1ism both
in the fasting state and after intravenous glucose loading. An interest-
ing observation is that islet cell grafts undergo functional improvement
;with'time. (20,21,99,100) Rajotte, and coworkers (101).estab1ished that
the glucose receptor mechanisms, of transplanted islets, for release of

insulin were intact three to five months after transplantation by demon-

strating a biphasic release of insulin in venous effluent from the spleen.

They cohcluded that the beta cell maintains its 'fine tuning' to prevent
wide excursions in plasma glucose levels in response to a glucose
challenge.

In the rodent embolization of isolated relatively pure islets into
’
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the liver was established as the most efficient site for transplantation.
(89}81183) Dispersed pancreatic fragments have.beeh infused into the
@g}ta1 vein of pancreatectomized dogs. (97,98) It was noted that serum
1iver enzymes were transiently elevated and that the dogs tended to 4
develop portal hypertension. Mehigan and associates (102) .described
disseminated intravascular coagulation following intraportal infusion

of pancreatic fragments. The problems were felt to rise from the large
fragment size and release of pancreatic enzymes into the vascular systém.
Miller and coworkers (103) investigated the cause of disseminated intra-
vascular coagulation during dispersed pancreas autotransplantation. The

most severe effects were obtained by injecting the collagenase used in

i NN
the tissue preparation itself. Lorenz and associates (104) did not

report elevation of liver enzymes or portal hypertension after intra-
3

portal injection of isolated islets. (purified by Ficoll gradient

separation)

3
o

With respect to heterologous sitas of transplantation
successful'engrdftment of islets in a renal subcapsular position has been

reported. (105) The superiority of the splenic bed as a transplantation

si¥e for pancreatic fragments has been emphasized by several investigators.
i

(20,22,29,97)

The above work demonstrates that, by eliminating the steps of
purification, sufficient islet tissue can be o?tained from oné donor for
an effective transplant in the canine model. Long-~term normoglycemia is
achieved, however, there is not complete restoration of metabolic

funct{on. The problem of islet yield has only been partially resolved.
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ALLOGRAFT REJECTION

A maJor prob]em common to ‘both pancreas and pancreat1c islet cell

transp]antat1on is the pred1ctab1e occurrence of a11ograft reJect1on
' Pancreas (Whole Organ and.SegmentaT) Grafts

W1thout 1mmunosuppress1ve treetment the survival of canine pancreat1c
allografts is 11m1ted to a few days or weeks. Most 1nvest1gators have ;
~adm1n1stered various comb1nat1ons of azoth]opr1ne cort1costero1ds and
‘ qnt]]ymphocyte serum to recipient animals. The results are fairly un1form.
In anima]s,that dolﬁot succumb to fechnica] comp]ications the mean grafit
'funct1ona1 surv1va1 or rec1p1ent survival E}me 1n nonimmunosuppressed
mongre] dogs has ranged from three to five weeks. (9)

Recen;]y»eyc1ospor1ne,h&h prolonged functional surv%Va] of pancreas
va]]ografts_in rats and dogs. (9,13) yciihica11y, a higher pe%centage of
: didbetic pancreas trénép]ant fecipfents'have funcfioningvgfafts than w!;,
those immunosuppressed with azothioprine._‘(12) Cyc]ospor1ne has been
assoc1ated with a two fold or greater pancreas a]]ograft funct1ona1
usurv1va] over that ach1eved with azoth1opr1ne (ZO) As we]] as |
1ncreas1ng graft survival cyc]osporine'has the advantage of less side-
effects when compared to. prev1ous multi- drug 1mmunosuppress1ve reg1mes.
(12,13,106). S1de effects of major concern w1th ‘multi-drug immuno-.
.Suppressive regimes include bone marrow suppress1on with azoth1opr1ne
-~ and impaired g]ucose to]erance w1th steroids’ “for examp]e Cyclosporine
‘treatment is not w1thout comp11cat1ons of partwqu]ar 1mportance to
diabetic pat1ents{rece1v1ng cyclosporine are its dephrotoXiCity (1Q§)fﬁ
and recent evidence that cyclosporine in high doses may cause a

~deterioration in glucose control by a dose dependent peripheral b]ockqde
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of insdfin (107) - ,

The maJor b1olog1ca1 prob]em with pancreas transp]antdt1on at present

UTES
‘,f

1sfthe{need to USe &ystem?c 1mmunosuppress1ve agents to prevent allograft
reJthdon (9,12,13,70) The majority of whole organ transplants have
been:accomp]ished 1n’patients who:were‘receiying tmmunosuppressive agents
to matntain renaﬂdtransp]ants ’Uremia itself is immunosuppressive and in
nonuremic d1abet1c patients rece1v1ng 1mmed1ate1y vascularized pancreas
allografts success w1th conventional immunosuppressive reg1mes has been
nil. (12) Pancreas transplantation at present }s Timited to diabetic

patients whose complications have progressed to a stage more serious

than the potential side effects of antirejection therapy. (10,12,13)

i

Islet Cell Grafts

Because of ‘the technical problem of 1sJet yield in various islet
| cell transplantation models in large an1mals and man most 1nformat10n
concern1ng the 1mmuno]og1c aspects of 1s]et cell transplants stems from -
experimental experience with rodents.
| With the advent of 1s1et transp]antat1on it was hoped that the islets
were ]ess 1mmunogen1c than the intact pancreas. (15 49) This opt1m1sm
"was based on prior observations that other endocr1ne tissue, such as
parathyro1d and ovary,evoked only a feeble 1mmuno1og1c response when
‘transp1anted However, the ear]1est studies of transp]antation of allo-
gen1c 1s]ets demonstrated that they were re]ected very rap1dty, surv1v1ng
only a fé&w days in the rat. (23 90, 108,
Reckard and Barker (23) showed that isTet allografts in rodents
_ d1ffer1ng at maJor and m1nor h1stocompat1b111ty 1oc1 were rapidly reJected

within three to ten days The studies of Nash and coworkers (109) &
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sdgeegted that islets were more susceptible éo rejection than kidney,
heart and ekin grafts, Sutherland (9) reviewed nineteen separate studies
of allografts in the rat model. Rat 1s]ets, transplanted across a major
histocompatibility barrier survived as Tong as six days in only two of
the studies. Minimizing histocompatibility differences at the major
histocompatibility ioeus failed to extend rat 1s1et.a11ograft survival
beyohd eight days. In tonfrast vascularized pancreés grafts between/
maJor h1stocompat1b111ty identical rats often survived longer than th1rty
days.. (110) Studies in non1mmunosuppressed animals showed that the
1nterva] between transp]antat1on and occurrence of hyperg]ycem1a was
1onger with pancreas than islet cell grafts (110,111)

Various types of nonspecific 1mmunosuppression have been'used in .
isiet e¢ell allograft exper1ments 1nc]ud1ng azoth1opr1ne adrenocort1ca1
stero1ds and cyclosporine. (9 15 49) A1l have proved re]at1ve1y
1neffect1ve in prolonging survival of 1so]ated islet a]]ografts whereas -
the same or similar agents have a]most un1form1y proved to be more
effect1vé 1n prolonging survival of vascu1ar1zed pancreas a]]ografts
Spec1f1c immunosuppression in the form of anti]ymphocyte serum is more
effective in extending allograft survival in whole organ transplantation
“than islet.cell grafts. (15), Methods of inducing specifié immunelogic
unrespons1veness such as. 1nJect1on of donor stra1n bone . marrow ce]]s to
the recipient in the neonata] per1od extends vascu1ar1zed pancreas but
not islet cell a]]ograft surv1va1 (111) | |

Approaches uniquely applied to islet cell grafts an&;nbt whole organ
transp1ants have been 1nvest1gateg} Islets haA beenﬁtransplanted to a_

number of 'immunoprivileged sites' " such.as the'anterior‘chamber of the

eye,the hamster cheek pouch, the testes and te a renal subcapsular
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position. (29,49,105) Except for a recent report of renal subcapsular
islet transplantation in the canine'mode] (105) the approach has not
consistently ]ed to pro]onged allograft survival. Immuno1solat1on'by
encapsulation of islet allografts has been studied as another altern-
ative to immunologic manipulation of}the reciﬁient. (9,49) Short-term
survival of membrane protected is]eté has been documented. However
technica] difficulties with membrane permeability and is]et number serve
as significant obstacles to Tongterm graft function. |
~ From the above discussion islets would appear to be particularly
~vulnerable to rejection. The exp]ahation‘for this very brief survival
ofvis]et allografts hgs not been elucidated. One explanation is the
cellular nature of'the graft. (9 ,15) Other cellular grafts such as
bone marrow areAsuéceptib1e to damage by humoral immunity. (15)
Zeigler, Reckard and Barker (90) dehonstrated th;t recipientsito1erant
of islet a]]ografts, rejected the islets, but not a skin graft within
seven days after 1n3ect1on of rec1p1ent antidonor antibody. Another
exp]anat1on is based on the fact that quant1tat1ve]y less insulin
secreting t1ssue 1s engrafted with islet cell transplants. whole
organ grafts (9,112) If the number of 1s1ets engraftedggust
'suff1c1ent to ameliorate d1abetes the destrucﬁ@qn of only a few 1s]ets
will result in a return to the hyperglycemia state It has been demon-
strated that by increasing the'number of transplanted islets
functional surViva],of'fslet allografts in rats can be prolonged. (112)
Recent experimental evidence suggests thgt despite the high]y
vu]qgraﬁ]e nature of islet allografts they may in themselves be only
weakly 1mmunogénic and thus in a sense ‘immunoprivileged, The'eyidence

for this seemingly paradoxical situation is based pkimarily on experiments
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in which pretransplant treatment of islets with.tissue culture techniques
has been carried oﬁt to ensure transplantationof relatively pure endocrine
tissue. (25,26,113-117) o

The work on islets was stimulated by;reports that pretransp]ént
organ culture extended survival of other endocrine tissue allografts.
Lafferty and aséociates (27) demonstrated that maintenance of mouse
thyroid and parathyroid in 95 percent 02 fbr a period  of three to four
weeks before transp]antation markedly pro]pnged a]]ogréft survival.
Initial attempts to use the invit?o techniques described by Lafferty
on iso};%éd adult rat islets were unsuccessful. (114) Exposure of the -
islets to 95 percent 07 resu]ted_in d{sintegration of the islets after
four to'five days of culture. The tissue cu]tufé technique was
subsequently modified based on observations that lymphocytes lost their
abi%ﬁty to stimulate allogenic lymphocytes invitro when maintained at
24°C for four days. (117) Rat islets were cultured under similar
conditions and it was found that they remainéd intact and functional
after four days of low temperature culture. rLacy and coworkers'(25)
~ demonstrated that when histoincompatible rat .islets were mainfained at
Tow temperature cd]ture“for seven days and transplanted into fecipients
receiving a sjng]e injection of antilymphocyte serum,’85 percent of the
is]et'a]]ografts survived fof greater than 100 days. It was.subsequently
demonstrated that with further modifications of the tissue cu]turé
technique, tissue culture a]oﬁe was capable of exténding the survival of
a11ogkéfts without immunosuppression. (113,115)

The rationale for the 1mprovéd results of islet allotransplantation
fo]]owingkpretransp1ant culture is based on a theory, first proposed by
Snell in 1957, that a small number of a11ogen1cv1ymphocytes or ‘passenger

leukocytes' could stimulate a strong immune response. (26,28) It was
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possible that the host sensitization resulting from islet transplantation
was actually caused by the. 'passenger Jeukocytes' rather than the
endocrine cells in the islets, This premise was substantiated by demon-
strating. the acute rejection of cultured islet cell grafts when recipients
were injected wi%h donor peritoneal 'exudate cells, a lymphoid cell
population enriched with macrophages. (119) The donor lymphoid cells
initiated host recognition of the foreign or transpiant antigens of fhe
graft which served as targets fer jmmune rejection. Thus even though
cd]tured islets still appeared to express foréign transplant antigens, an
immune rejectfon response was not initiated without donor'1ymphocytes.

Further investigation established that the 1s1ets might in fact be
def1c1ent in certa1n h1stocompat1b111ty ant1gens Two funct1ona1 groups
of antigens coded by the major h1stocompat1b111ty locus have been
examined by various techniques. C]ass I antigens (H-2K and H-2D in
rodents; HLA-A, HLA-B and HLA-C in humans ) are believed to be present on
most nucleated cells and are target antigens 1in transplantation rejection.
In contrast Class II antigens (Ia in rodents; HLA-DR in humans) are
believed to control ce]] cell 1nteract1ons and the proliferative response
of the rec1p1ents 1ymphocytes that u1t1mate1y destroy the graft. (117)
Parr (120) using an 1mmuno%err1t1n 1abe11ng technique was unable to
' demonstrate any H-2 ant1gens on the surface of beta ce]]s of dissociated
mouse islets while High concentrations of H-2 antigen were found dn acinar,
ductal and capillary endothelium. Faustman and associates studying rodent
islet cells with cytotoxicity and absorption assays found that H-Zﬁ and
H-DK antigens were present on islet cells, however no Ia antigens could
| be demonstrated Subsequent studies of mouse, rat and human islets haVe

confirmed that Class I antigens are present but Class II antigens are
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lacking®on islets of Langerhans. (117) Hart and coworkers (121) -used
monoclonal antibodies to identify Class I and C]ass IT antigens on rat
pancreas and pancreetic islet cells. They noted that interstitial
dendritic cells, or fixed tissue macrophages stained intensely for Class
I1-antigens. They postulated that thé& tmmunogenic dendritic ee11
represented the immunogenic passenger leukocyte. ‘ '_ .
At the p}esent time it is felt that islet cell grafts, depleted of_
dendritic cell funeﬁ%on (passenger leukocytes) by a period of tissue
culture can be allografted presentﬁng only Class I.ant{gené to the recip-.
jent., Having been depleted of Class II antigens neeeSsary to prevoke an
immune respgnse the transplanted islets would not be rejected even by
non1mmunosuppressed recipients . However they would be reJected if the
rec1p1ent is confronted with donor Class Il antigens at some point before
or after the islet transp]ant. (10,15,26) The implication of the above
work is that 1s1et cell grafts could be safely used to tréat d1abe}1c
patients shortly after the onset of their disease and prevent the

development of microvascular complications.

A

AUTOIMMUNITY AND INSULIN DEPENDENT DIABETES

Recent evidence suggests that the pathogenesis of insuTin"debendentﬂ
or Type I diabetes has an important autoimmune component. (15,33,122)
Another potential biological barrier to successful pancreatic transplant-
uaticn:is recurrence of the original disease process -in the transplanted
tissue. In kidney allografts destruction of the transplant by recurreﬁt
'glomerulonephrifis occurs with uhcertain‘frequency. (15) An animal model
of spontaneous diabetes, fhe 'BB' Wistar rat allows examination of the

recurrence question. A variablé number of rats in this inbred strain *
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develop a ‘diabetic syndrome of abrupt onset characterized by severe
insulopenia and mononuclear infiltration of the islets (insulitis).

Naji and coworkers (33;122), using this model, have.examined the vulner-
ability of islet cell grafts to autoimmune destruction. In their studies,

islet cell grafts compatib]e at the major histocompatibility locus

suffered autoimmune destruction when reJect1on was excluded by experimen-

. tal design, Weber and associates (133) demonstrated that autologous

islets survived when transplanted into rats with chemically induced
1nsu11tis;w Clinical experience to dqte suggesténthat recurrent disease
is not the ob]igatéry outcome of isTet cell grafts in humans. (15)
It is hoped that the timing of human transplantation after the onset of
the disease and the availability of immunosuppreséive agents will
diminish the pdésibi]ity of destruction of grafted islets by autbimmuhity.

A COMPARISON OF PANCREAS AND PANCREATIC ISLET

CELL TRANSPLANTATION .

Current]y islet cell transp]antat1on is only successfu] in experim-

ental animals. (10,11,12,70) In animal models islet cell transplantation

.15 more successful than whole organ or segmental grafts. A recent study

(124) in rats demonstrated thét isografts of -intraportal isolated islets
werewmetab011c611y more effective théﬁ segmental pancreas isogfafts of a
similar beta cell mass. As weTT;vthe metabolic”function of panéreés
grafts, deteriorates wifh time. (13,72) Successful isiet autografts
improve metabolically with time. (21,99,100)

At the present time, clinically, only immediately vascuTariiéd‘
pancreas grafts are .able to obviate the need for exogenous insulin in
diabeﬁic patients, (11,12,69,70) Data frém the transplant registries

(American College of Surgeons - National Institutes of Health Organ
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Transplant Registry; New'Pancreas Transplant Registry) demonstrate that
the success rate of immediately vascularized pancreas allografts is
improving, (11,69,70) Between December 17, 1966'and June 30, 1984,

485 1mmed1atejy vascularized pancreas tran§p1ants have been performed

.on diabetic. patients at 52 institutions. Four hundred and twenty-five

of these were performed since 1977. O0f these, 297 patients are listed

as alive with functioning graf§§ and 54 functioning for more than one
year. The one-year actuaria]ipat1entand graft survival rates since

July 1, 1977 are 75 and 29 percent reépective]y. Graft and patient
survival are sighificant]y higher since 1977 than before that time, and
the graft survival rates for transplants perf&rmed in 1§83 and 1984 are
significantly higher than for cases performed between 1977 andl1982.

As of August 1, 1984 the longest duration ofbfunction with an immediately
vascularized pancreas graft has been slightly more than six years. This
patient is still a]iye with a fuﬁctioning graft. In contrast hd recipient
of a free pancreatic isiet allograft is insulin 1ndependent.‘ The total
number of islet cell grafts pérformed, as of August 1, 1984 was 166.

Ohly 7 new cases have been reported sincevduly 1, 1983, all free grafts of
cultured foetal pancreatic tissue performed at one institution. In the
best studied series of islet cell grafts, 18 patients at thé University
of Minnesota insulin independence for more than four days was not
achieved.

Despite the 1ack of clinical éUccess islet cell transplantation has
several important advantages over pancreas transplantation that justify
extensive e%a]uation of the former approach. These advantages include:
potential for reduction of graft 1mmunogehecity in vitro prior transpiant-

ation; the ability to cryopreserve and bank tissue for future usey and



37

the relative simplicity of.the procedure, particularly in terms of patient
safety. °

The most significant and important of the above advantages is the
ability to reduce graft immunogenecity in vitro. The work of Lacy (25,113,
114) and.others (27,115-1175 in the field of immunoalteration has demon-
strated that islet cell allograft survival can be prolonged without
immunosuppression. The necessity for systemic immunosuppression to
prevent rejection of immediately vascularized who]evorgan grafts limits
this approach to patients with complications that would otherwise progress
to a stage more serious than the potent1a1 side effects of antirejection
therapy. (10,12,13) Potentially, is]etfce]] grafts, with a‘reduced or
no requirement for systemic immunosupprégsion, could be transplanted to
" a diabetic patient shortly after the onset of the disease and prevent the
devastating microvascular complications, the ultimate goal of pancreatic
transé]antation. (10,15)

For cgdaveric organ transplantation to be successful on a large
scale tissue preservation is an essential consideration. For whole
organ preservation the techniques available are cold storage in a physfo-
1ogic<sa1t solution or hypotherm%c pu]safi]e perfusion with a p]asma-]ike
‘sqlﬁéion. The later technidue is difficult because the pancreas is a low
flow organ and commercially available machines are‘designed for high flow
rates which result in considerable oedema of the gland. (9) - In animal
models cold storage of pancreas grafts for up to forty-eight hours is
~possible. Clinically, function of grafts storéd beyond twenty-=four
hour&annot be achieved. (12,125) Three methods of islet preservation
have been eva]uatea experimentai]y: tissue culture; cold storage; and

cryopreservation. The first two methods provide only short-term
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alternatives for storage comparable to what is available for whole organ
grafts. With the technique of cryopreservation a variety of cells and
tissue fragments have been frozen and stored for months or years without
evidence of loss of viability. (9) Cryopreserved (frozen-thawedi rodent
and canine islets have been demonstrated to respoﬁd to glucose invitro
and restore normoglycemia in diabetic recipients. (126,127) Protocols
for freezing and thawing human islets are present]y being evaluated. (128)
A]though the complications of immediately vascularized pancreas
grafts are decreasing it cannot be considered a safe procedure, The
~incidence of severe complications, often resulting in a transplant re]ateq
death is still in the order of 20 percent. (11,69,70) Complications
have been reported following clinical attempts of intraportal grafts of
pancreatic fragments.(102,129) The comp]icaéions»have been attributed to
the contaminating exocrine tissue. A pufe suspension of islets combined
with the relative simplicity of the transplant procedure itself should
make islet cell transplantation safef for the recipient than immediately

vascularized pancreas grafts.



IV BARRIERS TO CLINICAL ISLET TRANSPLANTATION.

,Thére are two major barriers to widespread and safe clinical trials
of islet cell transplantation. THe first is obtaining a high yield of
isTets from the fibrous mammalian pancreas. The second and ultimate
problem is allograft fejection. For immunologic reasons as well as the
safety of the transplant procedure itself a pure preparation of islets
is desirable. The solution to the above problems is 1nterre1ated.: The
major goal of most experimental work at-present is directed at finding
a practical and efficient means of separating the endocrine component
of the pancreas from contaminating exocrine cells and 1mmunogeﬁic cells

including the vascy]ar and ductal endothelium.
INCREASING ISLET YIELD

The work of Merkovitch and Campiche (20) demonstrated that it was
possible to ameliorate djabetes in the canine model with islet contain-
ing tissue from one donor. This was accomplished by transplanting
pancreatic fragments prepared by collagenase digestion and mechahica]
dissosciatibn, eliminating the steps used for graft purification in the
rodent model. The problem of islet yield was only partially solved
however. In the above stddy and in subséquent experiments (20,21,92,99,
100) it was evident that metabolic function in diabetic recipients of
pancreatic fragments was only partially restored. As a cursequence
different éspects of the islet isolation Process have been examined and
modified in an attempt to improve islet yfe]d.

" The shortcomings of the methods used to pfepare dispersed pancreatic

fragments were recognized coincident with the evolution of the technique.
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Ductal distentaon and disruption exposed interlobular plains to collagen-
ase which digested exocrine and endocrine components indiscriminantly.
(92) Mincing the pancreas resulted in a 50 percent loss of tissue
insuiin. (20) Incubation of the chopped pancreatic fragments in
collagenase destroyed more than 70 percent of the islets as well as the
acinar tissue. (86) The yield of islets obtained by mechanical
dispersion and enzymatic djgestion'of the pancreas was 1ess than 10 per-
cent of the total islet cell mass of the original gland. (95)

The collagenase digestion technique was critically examined in an
attempt to optimize the digest%on process and improve islet yield.
Kretschmer and associates (21) established that twenty minutes of
co]]agenaseydigestion appeared to provide the optimal ba1ahae between

the need for tissue dispepsa1 and the preservation of islet cell mass

in preparing pancreatic fragments Meh1gan and coworkers (96) "concluded
that particle size and co]]agenase lot were critical variables wh11e the
methods of mincing the gland and the concentrat1on of collagenase did
nqt appear to be important.

Scharp and associates (92,93) were the first to emphasize the
primary problem with the collagenase digestioh technique. This problem
was controlling the collagenase digestion in such a fashion that a maxim-
,a1 ‘number of 1s]ets are released. Islets isolated before this critical

"qtime would still remain entrapped in the undigested pancreatic tissue
and . 1so]at1on after this critical endpoint resulted in enzymat1c damage
to the islets. Identification of this critical endpoint was difficult
and depended bn the activity of each batch;of collagenase, the age and
type of donor animal and the experience of the investigator. With the

: : - ~ =) .
above considerations in mind,Scharp (93),descri ed a-ndﬁkﬁgest1on—
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filtration technique for islet isolation in larger animals that eliminat-
ed the need to identify a single endpofnt. Pancreatic fragments were
incubated with collagenase in a mesh baskeg with pores 280 microns in
size, allawing islets separated from acinar tissue early in the digestion
period’to escape from over digestion into an outer chamber, Large |
particles of undigested pancreas were retained. The technique was shown
to increase the'yie]d from a single rat pancreas from 150 to 450 islets -
making possible sutcessfu] treatment of diabetic recipients with islets
obtained from only two donors. Using this method theylimproved the
diabetic state in five Rhesus monkeys made diabetic by partial pancreat-
ectomy ahd streptozotocinin. A single donor was used for each transplant.
Another modification was described by Horaguchi and Merrel (95)

They introduced a predigestion step prior to islet isolation. This was

accomplished by retrograde perfusion of the ductal system with collagenase.

The partially digested gland was then ¢ OWRed with scissors, mechanically

dissociated in a shaking water bath ard 311y filtered through a
stainless steel screen of 400 ‘micron poﬂ : Residual tissue was
further digested with trypsin. ‘With this method, in the canine model,
a 57 percent recovery of beta cell mass was suggested by insulin recovery.
Compared to the intact g]and_a sixfold purification of bgta ce]i content
was noted. They achieved normoglycemia in three, of fiVé dogs transplanted
to the liver and in two dogs which were transplanted to the spleen. The
‘importance of ‘this predigestion step prior islet isolation has been
\confirmed by others; (22,29)

Scharp and associates subsequently modified their in??Té] digestion-

filtration technique by incorporating a predigestion step and automating

the filtration process. The result of these modifications was the
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autoisolator. (10,29,120) The device'has five stainless steel screens
. for the pancreatic fragments. It is COnnectéd‘to a reservoir &f enzymes
Q;ich is pumped on to the screens and across the tissue fragments:
Automdtic mixing of the tissue assists the 1s1efs in passiﬁg through the
screens and out 6f the‘autoisBTator. In the canine model, grafts .
E;épare& b;‘this method are successful fn over 90 perceﬁt of sing]e—ddnor,
sing1e—réc1pient is]et autotraqulants; however, d]ucosé tolerance tests
: are nbt_comp]ete]y normal. (10,130) |

A recent and novel development by Lacy and associates (131), uéing
thévdniversaT fastener, Ve]cro, has produced large quantities of relativ-
e]y‘pure*islets. The tiny hooks dn the materig] hold onto the fibrous

portion of the pancreaé permitting the collagenase to release ihtact

islets. This method was initially evaluated on isolation of 1STéts;fr:m

k r

the beef pancreas. Subsequent studies revealed that this method‘wéé more
’efficjent than the autoisoiatér} v(lQ) .Présently efforts are ﬂndérway to
‘au;omate this process. (29) “’ |

| Other'approaches to 6pt1mizing the digéStion-procéss have beeén

: eva]uated.v‘Dowﬁfng and coworkers (92,132) evaluated distention of the
dog bancreas‘thfoughAthe venous system of the g]and'as opposed ta thé s
~ductal system. They repdrted a four-fo]d,inéreése {n islet yié1d.

.Their exp1énation for this improvement was that the ihtraTqbu]ar
disruption provided by the-yenouﬁﬂdistent;bn resﬁjted in more efficient
collagenase digestion. Other eﬁzymes éucﬁ as trypsin (95,133,134) and
‘dispase (133) have been eva]uatéd.ﬁ | | '

On the basis'that co]]agenase‘destroys jslets and contaminates the

gra?t preparation investigators have evaluated the feasibility of

preparing islet rich pancreatic fragments by eliminating enzymatic
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digestion;a1together; Hinshaw and assocjates (135) reported'isd]ation
of five huhdred thousand to two million vislets from a single human
pahcreaslb hand pressing undigested penCreatic fragments, three to
five millimeters in diameter, through a stainless steel scheen, 200 to

» 1

280 microns Pore size, Hasiguchi and associates (136) 1ncubated 1ntact

~.

porcine pancheases for two to four hours at 379C prior 1sﬂet isolation.
Islet cells AEta1ned the1r morpho]og;ca] and funct1ona1 integrity
whereas acina cells became necrotic. Because of the acinar destructfon
the pancreas. became soft and ameneble to mechan1ca1 separation by
‘repeated passaghs of pancreatic fragments acrosgsa sta1n1ess steel mesh
incorporated 1n\ syr1nge Quantitative data on islet yield was not
reported in this §tudy. | |

The mechanica] dispersion aspect of graft preparation has not fecejv-
ed much‘attention,i Gray and coworkers (137) recently described a
modification of the digestion-filtration process thatithey have applied
to isolation of islets from the human panereas They emphas1zed that
their method d1d not involve mechan1cal chopping of the gland. The gland
was digested by 1ntraducta] 1nJect1on of coJ]agenase and cut into /
fragments with scissors. These fragments were then dispersed by teasing
apart the fibrous perilobular tissue releasing numerous fine fragments
jntovthe surrounding cold Hank's_so]ution,' These fine fragments were
further diepersed by passing them thhéugh fourteen end fifteen guage
needles, The islets were then retr1eved by a series of f11trat1ons
through nylon mesh screens:of var1ous pore sizes and the use of F1co]1
to separate the smallest islets. Using this method they isolated an

average of 1001 islets per gram of human pancreas.

Another approach to increasing islet yield has been to manipulate
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the exocr1ne content o™the pancreas pr1or to graft preparat1on It has
been demonstrated in rodents that by pretreat1ng donors w1th agents that
selectively 1n3ure exocrine cells (138) or degranu}ate exocrine cells
(139) iselt yie]d-can be increaseq. For examp1e’Pa;ne and associates
(138):pretreated donor rats with DL-ethionine, an agent that selectively
injures exocrine cells by interfering witnkmethionine metabolism.
bispersed,pancreatic tissue from one donor ame1iorated experimental 19
~ diabetes in up to four recipients and allowed tissue to be preserved by
culture for-up to forty-eight hours without‘specific is]et js01ation.
Vronova (139) and assoc¢iates pretreated donor'rats, one to one:and one-
half hours prior‘%s]et jsolation, with pilocarpine to degranulate“
exocrine cells, 'Islet yield was doubled. A% DL-etnionine is a
carcinogen and pretreatment of cadaveric donors is not a nractica1 )
cnnsiderat1on; Sharp and associates (29) added pﬁ]ocarpine,-seCretin,.
and pancreazymin_tb,the ductal perfusate of the canine pancreas prior
islet isolation. They reported an jncreasevin islet yield.

In,genera1 the netngds.being éva]uated to isolate islets in large
animals and man provide a sufficient quantity of islets to achieve . b
normoglycemia in dogs, but the islets are so few in number or so

contaminated with exocrine cellss#hat they are risky for c]inic%1.

Ctrials. (10) -

e
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INCREASING ISLET TISSUE PURITY

A pure graft preparation is desirable for immunologic reasons and
theisafety of the transp]ant procedure. The purification process used -
successfully in rodents, density gradient sedimentatiOn using Ficoll
followed by handpickirg islets, is less efficient for human and dog
“tissue. (9,29) Lorenz and coworkers (104) appear to be the only
investigators claiming any success with Ficoll separated islets in the
canine model. Other methéQs of purifying dispersed;pancreatic |
fragments‘have been eva]uated

37

Prior to the emphaSis on tisﬁue cugture as a means of immunoalter-
2 i«(i

¢

ation, this technique was evaiuateé’as @ mgans to separate or 1so]ate
“islets from contaminating exocrine cells. The work was prompted by the
studies of Lazarow and associates (140) who demonstrated thaticulturex
of human foetai pancreas resulted in disappearance of acinar cells and

enzyme production while islet cell mass was preserved. Investigators

;d similar findings w1th minced adult rat (141), oanine (141,142)
'u* an (141-145) pancreas The acinar cei]s were rapidiy auto-
_geZted due to tne action of instrinsic digestive enzymes, while the
slet ce]]s, lacking these enzymes were relatively spared. 'The result
was se]ective purification- of the 1siet tissue. |

}Matas and coworkers (141,142) reported their experience with tissue
culture of eanine pancreatic fragments. ‘They supplemented the culture
media with pilocarpine, cobalt chloride and aprotonin. They measured
the insulin and amylase content of the cultureditissue on the assumption
that the insulin per gram of tissue was proportionai'to islet cell mass
and that the ratio of insulin to amy]ase was an index of graft purity

The insulin to amylase ratio did not change during the first four to



to eight hours of tissue culture because of a decline in bo;h tissue
insulin and ahy]ase-1eve1s, but with continued depletion of tissue
amy]ase the. 1nsu11n to amylase rat1o ;ncréased more than six-fold over
the whole pancreas. The insulin content however"had decreased by 50
perbent compargd to the insulin content of the pancreas after twenty-four
.hours of tissue cﬁ]ture. Fiftéen dogs rendered diabetic (14 by partial
pancreatectomy and stfeptozotocin;l by total pancreatectomy) recieved
éutotransp]ants of pancreatic fragments cultured for twenfy-four hours.

_Appfoximatelyxgne-fhird'of the graft was injected 1ntraporta]1y and the
remainder was dispérsed 1ntraper1tdnea11y in each dog. -Seven dogs were -
rendered normoglycemic. S1x dogs survived to th1rty days and were
normoglycemic at that time. The dog rendered d1abet1c by total pancreat-
éctomy was n6rmog1ycemic for two weeks.

Another approach to purification of fs]et‘cell grafts is the
product1on of pseudo-islets. This technique is presently.being eva1uated
by Scharp and assoc1ates.(19 29,147, 148) Formation of pseudo-islets l

involves ihitial digestion of the g]a?d with collagenase and trypsin to

a single cell prgbaratign. The 1so1éiéa;islet cells are then purified,

in the initial studies with discontingous Ficoll gradients, and |

subsequently with the Beckman elutriator. The e1utriato¢§§§rks on the .

principle that cbuntér—current centri}ugatibn separates particles ofA

different size. ”(149) Gyrorotational culture is then used to reaggregate

the isqlafed and purified islet cells intd pseudo-is]éts. The princ%p]e

| ?gyrorotationaT‘cmture was initially described by Mos&oné. (148) He
m?Hasfzed that when cells were placed in gyrorotational tissue culture,

there was -a prdcess of selective aggregation of 1ike cells with each other

fo]lowed by a phenomenon called sorting out of cell types. The sorting

¢
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out occurs via cellular migrations, recognition and adhesion, Using
‘the above pfocedure_a very pure graft preparation can be obtained.
Autotransplants of-pseudois]etsvin diabetic dogs restores normoglycemia
in 25 percent of cases. (29)

Several other means of’151et tissue purification are currently
being inves;igated.*‘Schérp and associates have been investigating a
new f]ow-thréugh electrophoreises device developed by the McDonne1%»
Douglas Corporation. Preliminary studies have‘demonstrafed the feasibil-
ity of partially separating individual islet cell types from each.other;
The fluorescent activated cell sorter has been shown to partially purify
is]et‘cells. Another approach is to use monoclonal antibodies directed
at islet fissue. The antibodies are bound to plastic dishes or columns,
 The ce]]‘preparation to be purified is eifher'passed through the columns

or incubated in the prepared dishes. The antibody complexes with the

. appropriate cell type and retains them. (29)
The problem with all the above techniques is that islet tissue is
lost during the purification process. As a consequence it is not

b possible ggngonsistent]y’restore metabolic function with purified grafts

in the Canfgz model and the yield of islets from the human pahcreas has

been too low to permit clinical tria]s:
INCREASING ALLOGRAFT SURVIVAL

The majority of recent investigations addressing'the problem of
e
allograft rejection have been in the field of 1mmUn;a1tekation, extensions
of the initial work of Lafferty and Lacy. The emphasis has been on
'prolonéing allograft survival without 1mmunosuppression§

Approaches to invitro immuncalteration of islet cell grafts
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essentially involve finding selectjve methods of e]1m1nat1ng passenger
leukocytes or dendritic cells prlqr to transplantation, The initial
study reported by Lacy and.coworkers (25) demonstrated that donor rat
islets cultured at 249C for seven days in conjunction with a single
injection of antilymphocyte serum transplanted into allogenic diabetic
recipients would result in a 100 percent survival rate at 100 &sys. v

Since this report four additional means of immunqalteration have been

described. Bowen and associates (115) showed that aggregates of 50 or

. stand exposure to 95 perce

v y

more mouse islets or mega-islets,unlike isolated islets, would with-

riod of seven days. This

barrier in mice. Lacy and coworkers (113 subseque ;ly demOnstrated'tAat
rat mega-islets would withstand exposure to 9 pe?cens\ﬁg fof a period

of seven days in tissue cultufe. Xenografts %of these cultured rat
mega-islets beneath the renal capsule.of diabetic mice resulted in a 40

to 50 percent survival rate at 70 to 90 days after transp]antatioh.

Another method, described by Faustman and coworkers (150) uses monoclonal

antibody directed against Ia antigens located oh the donor immune cells.

Incubati@n’of donor mouse islets with Ia antibody followed by complement
produced 100 percent survival at 200 days after transplanting the mouse

islets across a major histocompatibility barrier. Lacy (26) reports the

studies of his group examining the effect of treatmént of donor islets

with antidendritic cell antibody. Pretreatment o® donor mouse islets

with ant1dendr1t1c cell antibody and complemen- srevented reJect1on of

"mouse islet allografts in 85 percent of recipient: at 70 days after

-~ transplantation. A foukth method was recently c- .r 5ed by Hardy and

Q
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Lcoworkers. (151,152) These investigators showed that ultraviolet
irradiation of islet cell grafts combined with twenty-four hours of
tissue culture and perioperative cyclosporine could indefinitely prolong
islet allograft survival in rats.

Immunoalteration studies are currently being evaluated in large
animal models. Mu1]§n and associates (153) reported their experience
with co]]agenase digested mini-pig-pancreas cultured for seven days at
either 249C or 379C. As detected by monoclonal antibodies,‘la bearing
cells were significantly decreased but still present after the period
of tissue cu]ture; They‘were unéb]e to prolong allograft survival
‘transplanting these islets acrpSs major histocompatibility barriers.
They concluded that the treatment necessary to remove.dendritic cell
function from islet cell grafts will not bebprattica1 td the treatment .
of diabetes beéause of the great loss of islets. Lacy's group has not
attempted to demonstrate\pro]ongation of functional allograft surviVa]
in the canine model using the theories of immunoa]teratioﬁ. They feel
that these investigations cannot be undertakenjuntif the problem of

islet yield is solved in large animals and man. They have however,

documented a 75.percent~histoTogica1 sgrvqu]-réte of allografts of
seven day cu]fured canine islets aﬂ tdﬁ‘to three weeks after transplant-
atjon.aé comparedato a 25 percent survival rate in‘untreated controls.
They conclude that the passenger leukocyte concept does apply to dogs
and that one of the methods éf immunoalteration successful in rodents
should also prevent rejection of canine allografts. (26)

Because_of £he problem of islet yield there has beenﬁé renewal of

interest in other methods to prolong allograft survival. Again the

emphasis 1is on minimizing systemic immunosuppression,
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Two methods of immune enhancement or treating the recipients to
induce a tolerant state have recent1y Leen described. The first regime
induces unresponsiveness in adult mice by immunizing them with donor
blood.treated with antiserum to Ia antigens prior to transplantation of
islets. fhis regime alone has produced greater than one hundred dey

survival of islet allografts transplanted across a major histocompatibi]-
T

e

ity barrier. Preimmunization with untreated donor blood caused an e

accelerated rejectjen.‘ (154) The second method uses ultraviolet 4:;ht :

to treat donor rat blood prior to.using it for preimmunization of the

reeipients.‘ This'treatment alone has produced- greater than 160 dayq\\\\\

survival of rat islets transplanted across a major histocompatibility o N\

barrier. (155) ‘ ' _ J
There has been renewed interest in transplantation to immuno-

.'privilegedvsites, particularly the renal subcapsular area.’ Prolonged

xenograft survival of rat islets has been demonstrated in a renal

subcapsu]ar position (116,156,157) There are preliminary f1nd1ngs

" that the rena] subcapsular space provides an immunoprivileged site for

islet cell allografts in the dog. (158)



V. RADIATION AND THE PANCREAS

A review of radiobiology and the effects of radiation on the pancreas
-suggests that radiation may be of va]uc in overcoming the barriers to
clinical islet cell transplantation. The studies reviewed suggest that
radiation in moderately high doses can selectively injure exocrine cells

and leave endocrine cells Viab]e.
RADIATION BIOLOGY

Radiation biology is concerned with the fundamental process by
which radiation interacts with 1iving matter.
The spectrum of radigtion includes two distinct forms of energy

production. (159) The first, electromagnetic radiation, comprises a

wide range of wave propagated energy and of particular interest are those
forms used clinically, the roentgen (X) and gamma rays. X-rays and gamma
rays are quite'simi1ar in their interactions but differ in their origin.
Thevformer are machine generated while gamma rays are emitted by the
spontaneous‘decay of radioactive nucleotides such as naturally occurring
ra{iumiand uranium and the man-made'radioisotopes, such as cobalt. Both
X-rays -and gamma rays aré extremely energetic and very penefrating having
characteristics of both waves and particles. The second, particulate
radiation, consists of fast moving particles (alpha and beta), neutrons
and protons. These particles of definite mass and charge are,givén off
by both natural and artificially produced radioactive elements, the
process of'fusioh as in atomic reactors, particle accelerators, and may

also be derived from the interaction of electrgmagnetic radiation with

other matter.
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The familiar unit roentgen or 'r', is used to measure x~-rays 'and
gamma rays. These units are measured in air directly from their source by
means of an ionization chamber, It is défined as the quantity of
radiation required to induce an emission equivalent to one electro-
static unit of charge in one cubic centimeter of air. This unit cannot
be applied to neutrons and the more important aspect of radiant energy
is the quantity absorbed by tissue.  The term ‘rad' has therefore been
adapted for all kinds of irradiation. It represents the absorption of
one hundred ergs of energy per gram of irradiated materia]! To equate
the biological endpoint of the different types of radiation the term
relative biological effectiveness (RBE) has been introduced. It relates
the biological effect of a given dose of radiation from one source to
the biological effect of the same dose from a standard source such as a

250 kv X-ray machine.

'

Initial mechanisms of radiation injury - biophysical events

Radiatioﬁ‘deposits its energy in matter by both ionization and
excitation. Ionization is the displacement of an electron from an atom
or molecule. O0f the two, jonization causes the most significant
biological alterations. Radiatidn deposits energy random]y/in discrete
events manifested as clusters of ijonizations. While the total energy
deposited by biologically relevent doses of radiation is very sma11, 
each energy deposition can be ten to twenty times larger than chemfca]
bond energies, more than sufficient to'induce biochemical alterations.
(159,160,161)

Although it is known that radiatidon causes ionization of.matter

the precise mechanism by which,radiant enerqy exerts s biological



effect on the cell is uninown. Radiation induced ionizations lead to

a sequeﬁce of chemical changes in their vicinity that may result in
damage to biologically important molecules of the cell. Such AoTecu]es
when present in a solvent such as water can be affected by radigtion in
one or both of two ways, (160) They can be affected directly {¥‘the
jnitial radiation interaction occurs in the molecule itself, or
indirectly,by chemically reactive products produced by radiant energy
absorption in nearby water molecules. Since about eighty percent of the
mammalian cell is water it is not surprising the indirect mechanisms
predominate in producihg biologically important damage in the cell. (160,
162-164)

/;4 ization of a water molecule leads to the production of several
major reactive species: the hydroxy1 (OH-) and hydrogen (H') free
fadicals and the aquaeous or hydrated electron (e aq). Emerging evidence
indicates that the OH' radical is the major damaging species and
hydroxyl radical damage to biologically important-molecules may be
primari]y‘the result of hydrogen abstraction (RH+ OH° —»R" + = U
- The resulting organic radica],proddct (R") en undergo fur i.ner

reactions that tend to fix this damage to‘éféi:iz;ersib1e chemical
alteration. (160,161)
Idealized models have been developed from studies on simple
homogenous populations of ce]]siin which radiation effect in ény one
individual is independent of events in other members. As far back as

1924  Crowther proposed a cellular model assumed to contain a radiation

sensitive volume or target. (164) Target theory proposes that radiant
energy acts by direct hits or direct action on the target molecules
within the cell, A single hit ionizes and inactivates a single vital

component or substance. damaging or killing a cell. With only one critical
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target per cell, target theory predicts an exponential cell syryival

as a function of radiation dose, However such an exponential form is

not usually found for mammalian cell inactivation. An initial shoulder

in the survival curves suggests that multiple radiation events are

”necessary‘to inactivate the cell, either one sensitive site to be hit

twice or more, or for one hit to occur in two or more sensitive sites in

the cell. These possibilities are referred to as the muitihit qgf'

multitarget theory. Analysis of data from most cell survival curves

support.the multitarget theory. (160,164)

The transfer of energy to a target atom onjmolecule from the source

of radiation occurs. within microfractions of a second, yet the b1o]og1ca1
! effect may not be apparent for months or even decades Rad1at1on_effect

therefore has a latent period. It is assumed that sequentiallreact%ons

occur which ultimately exertka,detectabfe fuﬁctiona1 or morphological

’effect. The indirect theory as a mechanism; and the multitarget theory

asi:a model for radiation injury relate better to this latent effect. (159)

s
i

% The biological target - damage to living cells v

e

The tissues of the adult human body contain about five.tri]]ion““&zfﬁn_ o

cells. (163) These cells are the basic biological units andﬁreRfeseﬁtiﬁ

the biological target of ionizing radiation. - . fi;i ';;

A]] mammalian cells have certain common features of organ1zatr@n =

such as a nuc]eus (except mature erythrocytes) which is separated from

the Cytoplasm by a nuclear membrane except at the time of ce]l \301s1on

lv

Other common features include the mitochondria for product1on oft energy,\fgifgg

. R
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synthesized and lysosomes representing the digestive system of the cell.
Surroundfﬁg all this is a lipoprotein membrane whose integrity is
essential to the function of the cell. (161,162)

Proteiné are intimately involved with all cellular functions,
including the structural elements of the cell, enzymes which catalyze
essential chemical reactions, and many of the hormones which regulate

.metabo1ic processes. Simple proteins are chafﬁs of amino acids while
conjugated[gpgte1ns contain an organic chemical moiety in addition to
the amino aciZél For example nucleoproteins conéain nucleic acids'plus
amino acid sidechains and glycoproteins contain carbohydrates in addition
to amino-acids. Loss of function of a protein from radiation injury is
not usually due to breaking peptide bonds or otherwise disrupting the
primary skeletal structure of the peptide chain. It may result from a
change’in a critical side ehain or from a break in the hydrogen or
disulfide bonds which maintain the secondary and tertiary strucfure.
Such a break can lead to partiad unfolding of the tightly coiled
peptide chains which in turn can result in a di;organization of the
internal structure, a distortion of necessary sbatial relationship of
side chain groups, or an exposure of amino acid grbups resulting in a
change in ghem1ca1 activity, The hydrogen bonds of the secondary and

tertiary structure are weak bonds. A number¥d¥ tﬁ%m will be temporarily
. . .

) ,)%- 2 . ) 4 =
N z;]brg&sn in the vicinity of an ionization. One primary ionization can

VLaTﬁéﬁiﬁge structure of a mo]ecu{e and lead to an extensive change in
overall chemical reactivity, (163,164)

;% - . -Cumu]ative evidence suggests that deoxyribonucleic acid is the most

vulnerable target to radiation. More specifically tﬁe linkage and bonds

within the deoxyribonucleic acid molecule are vutnerable producing a
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variety of Tesions including single strand breaks, doub]e strand breaks,
~and’ var10us base alterations. The resu1t of this is inhibition of ‘/xr
deoxyr}benuC1eic’a¢id synthesﬁs and interference with and ‘delay of
the mitotic‘process In the clinical range of eeute radiation dqsage
:\ this represents the s1ng]e most 1mportant insult to the cell., (159,160,

’ 169) As well, because of chromosomal injury radiation has the potent1a]
of 1nduc1ng neoplas1a (159) |
v. The macromo]ecuTes within membranes, enzymes_%nd other const1tuents
. are also damaged by rad1at1on; (159,163,165) With large doses of
'radjation there is severe damage to the cell membrane.' A]terations in:
cellular bermeabi11ty after radfation.ere well known. Boeg and'AIexander
beeJieve that many ef the severe. effects of radiation‘on cells are caJsed
by damege to the"maeromo1ecu1es’constﬁtuting both thé 1ntracé11d1ar and
interéei]u]ar membranes (165) Again after high doses, a réduction in
enzyme synthes1s may. be evident as a depress1on in protein synthes1s
This may occur w1thout not1ceab1e ce]]u]ar changes (163) °
The morpho]og1ca1 counterparts of the injuries described above

involve both the cytop]asm and the‘nucleus, but the 1atter, as expected, |
- is more radiovulnerable. Dur1ng the 1n1t1a1 response to radiant energy :
'there is ce]]u]ar‘swe]11ng, cytop]asm1c wacuol1zat1on and alterations
in plasma membranes: H1tochondr1a.en1arge and assume distorted shapes.
. These m{tochondrial‘chanées may be;secondary to other metabolic
dis]oeatmons s1nce many observations'suggest that mitochondria/themse1ves
_are relatively radioresistant. The endoplasmic réticu]um is usually
-affected.. Lysosemes appear'to be more resistant and are dften increased
Lin number. Nuc]ear~chgnges are marked and -nclude nuclear swel]fng,

- vacuolation, focs! disappearance of the nuclear membrane and in severely

.
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affected cells nucgelr”pyknosis or lysis, The cell itself often assumes
bizarre sizes or shapes sometimes with formation of giant cells ‘4

containing a b¥zarre pleomorphic nucleus or more than one nuclei. (159)
Radiation induced cell 1etha11ty

There are two modes of rad1at1on 1nduced cell 168 mitotic

death and interphase death. Cells rece1v1ng a lethal b" moderate
radiation dose will u]timate]y fail to pass through m1tgsis, possibly
after one or more relatively norma] mitosis. “Such ce]is‘are said to |
undergo a mitotic. decth. M1tot1c death is primarily respons1b1e for
the acute effects of radiation on whole animals. ‘Its consequences
predom1nate at the radiation dose ]eve]s used in radiotherapy of

tumors s1nce tumor ce]]s need only to be reproductively inactivated

to prevent further tumor grqyth and metastases, The mitotic death
endpoint is only relevent to cells that have a pro]iferative capacity.
" Doses as sma11 as twenty—five rads may cause necrosfs of frequentlyl
dividing celTs. In a few sensitive cell types or after large doses of

radiation cell progression is minimal and degeneration begins soon after

irradiation, so that the cell never reaches the first mitosis. This

'mode,@g radiation lethality is referred to as 1nternhase death.
Interphase-ce11 necrosis can be caused in any kind of cell and is
un11m1ted in extent, but usua1]y requ1res much Jarger doses than

the product1on of an equa1 extent of m1tos1s linked death, that is doses
in the hundreds or thousands of rads. Except1ons are a few cell types.
such as sma11 lymphocytes, oocytes and spermatogonia that undergo inter-
* phase death_after low doses of radiation, in the drder of dne hundred

rads or less. (162)
' 3 R
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ka‘1osensjt1v1ty

A1l mamma]ian cells can be altered infvarious ways and to various
degrees by ionizing radiation., Indeed all 1iving matter‘oan‘be k111ed
by radiation. The dose required to produce the df??grent effects or
similar degrees of the same effect in different @@pes qﬁ.te11s may vary
greatly. (159,162) The concept of radiation sensitivif&’and radiation
resistence are re]atiQe and are concerned with differences in the degree
of responsiveness of cells of different kinds, in terms of some defined
effect, when they are exposed'to a given amount of irradiation or with
the differences. in the amount of radtatfon neceSsary to cause certain
degrees of a spec1f1ed response '(162) '

The ideas and conc]us1ons of early 1nvest1gators concern1ng the
rad1osens1t1v1ty among ce]] types were summarized in 1906 by Bergon1e
and Tr1bondeao. On the basis of their studies on irradiatgd testes
ihey presented three laws which state the radiation acts more intensely
on cells when: the reproductive capacity of the cell is greatesf§ the
mitotic process is pro]onged and the differentiation and function are
less definitely estab11shed or fixed. (162,163) Although this statement

L3

has become'subjécﬁ to various interpretations it>1s generally and freely
interpreted to'ﬁEan that actfvely pno1iferating ce11§ are the most
sensitive to radiation and that ;he rad1osens1t1vetyg%%‘ce]1s var1es .
inversely w1th the degree of ‘differentiation.

The "above principles are still roughly compatibie w1th much of whath
;}s known concerning the relative radiosensitivity of different classes
of ce]]e. Thezradiosensitivity of various mammalian cells decreases in
the fo11oWing.order: 1ymphob1asts and lymphocytes, thymocytes,'

granulocytes (bone marrow and peripheral blood), germ cells (germinal

~



ium (gastro-

epithelium in testes and oocytes in ovaries), epithe

intestinal tract), endothelium, muscile, connective tissue, bone and

' herve cells. Warren proposed that tumors,may be clgssified as radio-

sensitive, radioreéponsive and radioresistant/when a decrease in size
fo]]bws exposure to twenty-five hundréd rads, twenty-five hundred to
five thousand rads, and over'five thousand rads, respectively. (165)
| While the term 'radiosensitivity' appears to be uniyersaT]y
aécepted ahdhadopted by most authors hany recent investigators are not

‘satisfied with the term. (159,161,162,165) The term refers to the

. radiosensitivity of the process of cell division rather than the -

functional integrity of the cells in the irradiated tissue. The
implication is that cells that do not divide are»radioresist?nt.' The

authors dissatisfied with the term radiosensitivity argue that all cells

“are rediosensitive if a dose of sufficient strendth is administered.

Alternative words such as radioresponsive or radiovulnerable have been -

»

proposed.
&

Additional factors influencing radiation effect

1

In considering the radiosensitjvity; radioresponsiveheés or radio-
vulnerability of a cell or tissue other factors must be considered. .These
include physical, environmental and biological factors.

" The physical factors influencing -radiation gffects on cells include

s .
the total dose, the jonization density or linear energy transfer (LET)

is adsorbed. For a given dose rate and a given observation period after
- - . 9, ¢ » . " ] ,. .

of the radiation and the time span over which a total dose of fadiation ?

7

irradiation the degree of histobatholog%dai?émgﬁggnctiona1 damage to a

B . 'ﬁ»‘ 5. ’ 1 S .
~tissue or organ usually varies directly wﬁ%%‘sfze of the total dose.
‘ . :ng’ 5 . .
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the linear energy transfer defines the amount of energy transferred
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per un1t@path lTength and involves such cdnsiderations as mass, charge

" and ve]oc1ty The LET value of a form of radiation 1nd1cates the

liklehood of .its having an effect’ on a target area. High LET rad1at1on
is more damag1ng dose for dose,, that is, it &i11 have greater relative
biological effect1veness (RBE) than Tow LET radiation. Gamma rays have
a nplat1ve1y ]ow LET because of the1r penetrability, thus depos1t1ng

the1r energy over a long d1stance Alpha part1c]es because of their

‘]arge .mass and high charge have a much higher LET. The time sgan over

which a g1ven dose of radiation is absorbed plays an 1mportant role in
determ1n1ng its biological action. For a given tota] dose the degree of
h1stopatho]og1ca1 damage to a t1ssue or organ is usua]]y greater than
when it is: cons1derab1y fractionated or part1t1oned in t1me It has
been be11eved that éad%bnt energy was tota]]y cummu]at]ve and had an
additive effect. aAt‘very high dose rates this concept is basically
correct. At re]at1ve1y low doses cells may recover from their rad1ant
injury and repa1r within the time span between exposures. If recovery
is not comp1ete at the time of the second exposure there w111 be an
additive effet;. However the total 1mpact of the radiant energy 1s not

as great as would have been achieved by one single dose equ1va1ent to %

the sum.of the. 1nd1v1dua] doses There is some evidence that fraction-

ated doses, ,of: radfat1on accelerate repa1r of cells and that some

.acquired res1stance or adaptation may occur within exposed but still

vital cells. j(159,162)
The environmenta1 factor that has received the most attention is

oxygen tension. An almost three-fold increase in response has been

demonstrated under conditions of high oxygen tension as compared with
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anaerobic conditions when radiation'of a low LET has been used., This’
abi]ity of dxygen to potentiate.the effects of ionizing radjation is
kﬁown as the 'oxygen effect' and has been observed in both invitro and
invivo systems. Molecular oxygen has two unpaired electrons. It may
therefore interact with radiatjon Thduced free radice]s to 1herease fhe
number of 'hot radicals'. Radiosensitivity of cells invitro has also
been enhanced by-an increase in temEeratere: (159,162,166)

Biological considerations include differences in radioresbenéiveness
between individuals and between.Species. Rats for instance are radio-
" resistant while guinea pigs are radiosensitive. Swine, goats and man
‘fa]llsomewhere in between. (165) 'The response in invivo systems,
particularly latent changes, must take into consideration the
~ consequences. of radiation induced injury to vascular and eupportihg
elements of tissues. If the radiae}on response is high enough to
‘ﬂﬂéduce vascular changes leading to narrowing or occlusion of small
bTood vesée]s, there may be delay in rep]acementzof parenchymal cells
dependent on_ an intact'blood supply. In addition changes fnitiated,in
the vascular or connective tissue are often not repaired in a typical
fashion and this damage may actually increase iﬁ‘sevefity in the -
months and years following radiation. These changes are associated with
ischemia and fibrosis in the tissue. Therefore after radiation there |
_may be secondary changes in parenchymal cells which are a result
- primarily of the vascular damage. It is difficult to assess the indirect

contribution of these changes following massive radiation exposure. (163)
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EFFECTS OF RADIATION ON THE PANCREAS

LJThe exocrine and endpcrine cells of the pancreas behave as long-1ived

-reverting post-mitotic cells, thaf is they divide infrequently but ére
capable of pro]iferafing on demand. (167,168) There has been relatively
Tittle experimenta] investigation of the pathological effects of
,'radiatioﬁ on the pancreas. Both the endocrine and exocrine portions of
the_pantreas‘are generaliy considered radioresistant. (167-170)

A series of o]de} studies using the optical microscope described
morphological changes in the pancreas following irradiatien. Fisher,
Groot and Bachem (171) in 1926 reported their experimental work with
four dogs. Théy resected the head and\body of the pancreas leaving the
| main duct and blood supply to the tail intaét.' They then exteriorizedl
the tail and exposed it to three, four or five erythema do;es ( approx-
imately 500 to 2500 rads) and then replaced it in the aﬁdomina] cavity.

The dogs survived from 14 to 157 days; They reported 'severe hyperglycemia'
| in all dogs. At necroscopy there was evidénce of degeneration and
fibrosis of the pancreas.vaeven (172) in 1933 implanted fadium seeds
into the pahcreas of dbgs de}jvering,a radiation dose of 528 to 1584
millicurie hours. Examination of biopsies taken at various intervals from
47 to 166 days revealed marked fibrosis‘and atrdphy of the pancreas around:
each seed, especially of the acinar tissue. "The '1qsu1ar‘§issue' wgs
reported as appearing normal. Several cher‘eaf]y studies are cited by
Leven (172) and Volk, Wellman and Lewitan. (175) vy, McCarthyvand
Orndoff in 1924, 1n studying the effects of roentgen rays on gastric -
secretion, found a marked fibrous atrophy of the pancreas to one- s1xth
to one-seventh the norm§1 s1ze fo]]ow1ng one human erythema dose '

Rosenbaum in 1927,1rrad1ated exter1pr12’¥nch1cken pancreas. Regressive

AN 2
)-
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changes consisting of hyalinization, vacuolization and nuclear hypo-
chromatosis were shown particularly in the acinar tissue, Islet hyper-
trophy and focal regeneration of the exocrine pancreas were observed in

adjacent non-irradiateﬁ”fissue. Terbugge nd Heinlein 1in 1932 reported

~ that rad1at1on of exteriorized rabbit pancreas caused degenerative changes

(@}

in acinar tissue as well- -as a lethal reduction in b]ood sugar, despite ‘
the presence of normal islets.

“During this early per1od of 1nvest1gat1on there were few funct1ona1.
studies. Orndoff Farre] and Ivy in 1926 exém1ned enzymatic qgil§1ty
of pancreatic secret1on after one erythema dose. They reported a
transient increase in enzymatic act1v1ty wh1ch they attr1buted to a

decrease in the volume of secret1on (174) However, there‘was interest

" in the effects of radiation on pancreatic function from a clinical point

of view., The work done in this area is reviewed by Rauch and Stenstrom.
(175) In 1920 Cu]]er.reported th‘cases of pancreatic fistulas which
were permanently closed following- X-ray therapy and concluded that
radiation was‘beneficf§1 in treating pancreatic fistulas. Morton and
wfdger 1n11940,reported the use of irradiation with 50 to 100 r in air
for a total of 250 to 450 r in the treatment of four cases of acute

pancreatitis., It was their 1mpress1on that repeated small doses of

irradiation may have shortened the episodes in cases of acute edematous

Pancreatitis but had very 1ittle effect on one case of acute hemorrhagic
pancreatitis. Chisholm and Seibel in 1947 noted that serum amylase

Tevels were less elevated in those dogs receiving radiation therapy

following acute pancreatitis produced by injection of bile into the

accessory pahcreatic duct. . They concluded that‘a single exposure to

90 r would be most benificial .in the treatment of acute pancreatitis in
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dogs, while larger doses or repeated small exposures would probably be
de]eteriouﬁqto anAalready damaged pancreas, In 1950 Miller reported
cessation of drainage of a chronic pancreatic fistula subsequent to
2600 r in expoéures of 200 r repeated over a nineteen day period. .The
authors noted that it had been the practice at the University of
Minnesota to use individual doses of 150 to 200 r to é tofa] of 450 to
800 r in the treatment bf conditions necessitatjhg a temporary decrease
of pancreatic- function. |

Rauch and Stenstrom (175) in 1952 undertook a study to look at the
qualitative and quantitative effects of irradiation on pancreatic
secretijons in dogs. Emphasis was placed on vo1ume, pH and enzyme
concentration. The effects of 1rrad1ation‘on the histology of the pancreas
was also studied. Pancreat}c fistulas were created in five dogs. Doses
of 400 to 600 r were then administered to a localized area over the
- pancreas. Stimulation tests were carried out for periods up to eleven
déys. ~On the fifth day an additional 400'to 600 r was administered to
two of the dogs and further stimulation studies performed. Their
. findings were és follows. The volume of pancreatic secretion decreased
temporarily. In a few instances there appeared to be a secondary
increase in volume above normal. No definite alteration of the alkalinity
of the juice was noted., In all instances there‘was a definite depressive
effect on amylase, lipase and trypsin output of the pancreas. In'general
this effect occurred fb]]owing‘a twelve tovthirty—six hour delay and the
period of depression was limited to a few days in each animal studied.

Similar findings were noted with the second exposure to radiation except

for a more persistent suppression of trypsin., No histological changes
. . . . 2 W

were noted in the pancreas.
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One of the first studies to look at sequential morphological

~' changes of the dog pancreas after exposure to high dose radiation was

that by Archembeau and coworkers (174) in 1966. They described the
morpho]ogiéa] changes in the pancreas after 4500 rad to 5000 radbof
250kv  X-ray delivered in divided doses to the upper abdomen over a
peric¥ of one month. The pancreas of(nine dogs was sumgically isolated
to the right side of the abdomen prior irradiation. At the completion
of frradiation and at one{}two,and five months after irradiation
histological examination Aemonstrated progressive interstitial fibrosis
and.scarring which distorted the regular architecture. The acini
remained morphologically intact. The islets showed no'histo1ogical
change. There was no change 1nvfasting blood sugars measured during
and before radiation. The functional response of a single dog prepaféd,
witﬁ a pancreaticoduodenal fistula, prior to, dﬁring, and two weeks
after 4500 rad delivered over a period of three weeks was also summarized.
The secretory volume, stimulated and unstimulated did not change. The
serum amylase was initially e]evated and then decreased. Amylase activity
in the pancreatic secretion increased. The authors éonc]uded that the
dog pancreaé showed fgyfmorphologica1 and functional changes aftey high
dose fractionated radiation. They felt that the changes seen were
predominantly the result of progressive vascular damage Eather than
direct parenchyma] cell radiatjon injury and death. |

The‘wark done by Volk, Wellman and Lewitan (173) jn 1966 represents
the first availabel reference dealing with the untrastructural changes
in the pancreas after irradiation. They exteriorized the pancreas of

32 dogs and selectively irradiated the organ in 23 of the dogs with 5000

to 9000 rads. A 250 kv machine was used which delivered 151 rad ber

65



minute. Aminals were sacrificed at 30 minutes and 1,2,5,7,8,12,14 and
21 days after irradijation. Pancreatic tissue was sampled and examingd
by 1ight microscopy, electron microscopy and submitted for amylase,
lipase and leucine aminopeptidase determinations. With 1ight microscopy
the pancreas showed well granulated beta cells and normal acinar ce]]s.\
Animals sacrificed at 21 days displayed multiple foci of moderate
Jinterstitial as well as perilobu]al fibrosis. With electron microscopy
the acinar cells exhibited large numbers of membrane bound cytoplasmic
lesions with varied patterns. These contained altered cytoplasmic
components as a variety of pleomorphic electron dense structurés
consisting of osmophilic agranular membranes, vacuoles and granules

of varying size and shape. Maximum acinar cell damage was seen from
five to eight days. Between the twelfth and twenty-first days the
number of lesions was reduced although various pleomorphic alterations
were still seen., With lapsing time after radiation there was a reduction
in the number and size of mature zymogen granules. Simultaneous with the
abovesultrastructural changes thére was a decrease in pancreatic amylase,
lipase and teucine aminopeptidase. - The gecrease in enzymatic activity
occurred almost immediately post-irradiation.. Islets exhibited moderate
degranu]ation, swelling of mitochondria, disruption of endoplasmic
reticulum and appearance of electron dense bodies in a number of Beta
cells. Several é]pha,ce]]s demonstrated cystic dilatation of the endo-
plasmic reticu}um, deposition of a finely granular intracytoplasmic
material and swelling of the mitochondria. In contrast to the acinar
cells the alterations in the islet cells bécame hore conspicuous at the

end of the exberiméntal period. Despite these changes daily blood sugar

Tevels and glucose tolerance tests maintained normal levels. The authors
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commented on the pathogenesis of the changes described. The hetero-

 geneous lesions seen in the exocrine cells were simi]ér to structures

observed in the pancreas of various species after the administration of
DL-ethiohine, B3TA, protein deficient diets,and following treatment with
pilocarpine and neutral red. They stated that the decrease in enzymatic

cactivity was a result of an inhibition of protein synthésis induced by
radiation.

gn an extension of the above study, the same authors (176) described
three distinct phases of radiation injury to the pancreas. .The first
was a degenerative phase covering the first few weeks and @xtend%ng
well into the second and third post-irradiat%on months. This was
followed by a recovery phase beginning during the third week but reachiné]

‘its peak during the third and fourth post-irradiation months. A normal-
iiation of the ultrastructural pattern of the acinar cells occurred .
during the third phase from six to nine months after injury. Despite
the morpho]ogica] normalization they noted a persistent enzymatic |
depression.

The number of receht studies of radiation injury to the pancreas,
again, are few in numﬁer. Pieroni and coworkers (177) studied radiation
injury to the canine pancreas in six dogs.v After control secretory,
histological and pancreaticograph1c~studies,ﬁfxThomas'fistu1a dogs were
subjected to a tumor dose of 400 rad delivered in six sessions on
alternate days to a total of 2400 rads. Exoc%ine secretion demonstrated
a conéistent pattern in five of the dogs. There was an initial .ncrease
in vo]ume of secretion followed by a progressive reduction in volume,
bicérbonate and enzyme output (greater than ninety percent after three

months). Laparotomy and pancreatic biopsy were pErforméd at seven and

%
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eight weeks in three dogs.
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and was nodular and .hard, Histologically there was ev1dencewof‘d1ffu§3
&
interstitial fibrosis with a marked reduction of acinar t1ssue. Thené
was no change in fastﬁng blood sugar or glucose tolerance tésts dur1ng

the study.

N
s -

The response of the exocrine pancreas to local irradiation by
intraductal 1nject{on‘of radioisotope has been exdmined in rodent (178)
and canine (179) pancreas. A»significant and rapid reduction in
pancreatic juice enzyme concentration was seen in animafs treated with’
active ebrium compared ta anima]s treated with inactive ebrium or
without 1njection. In tﬂp rodent sfudies endocrine function was not
affected at_eight months. In the canine mode]ﬁzgpeated glucose tolerance
tests revealed no impairment of endocrine secretion over a f1ve month
per1od of study.

Recently Zook and coworkers (180) undertook a study to determiné
the relative biological effectiveness of fast heutrons given in a clinical
fractionated schedule on the normal canine lung. The report described
the pathological effects of fast neutrons and photons on the pancreas,
pylorus énd duodenum which were included within the radiation field.

The dose ranged from 1000 to 6750 rads fractionated over a period of six
weeks. Pancreatic lesions inc]udéd fibrosis and atrophy of the gland
with degranulation and necrosis of acinar ée]]s. Islet cells were not
obviously damaged containing a full complement of insulin, glucagon and
'soma€ostatin granules. |

Two studies have suggested that alpha cells are more sensitive to
radiation than beta cells. Spalding and Lushbough (181) working with

mice, rats and monkeys described necrosis of alpha cells after a single
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ire to 2500 r, More than 5000 r was required to produce similar
}g inéEne beta cells. Sejanov and Guljaev (182) working with rats
recemvm§§ a total body dose of 70 rads, observed death of alpha cells..,
Sommers (170) comments on two studies demonstrat1ng raéﬂ%t1on induced
islet ce11 tumors in rats. Aftgr 430 rads with or w1thogt added 3- methyl—
cho]anthrene rats had a fifty- on& ‘percent surv’9a1 rate of f1fteen
months. In twenty-three males and five females pancreatic islet cell
tumors developed. Two iﬁ#et cell tumors were of alpha or delta cell
types. The éhemica1 cartinogen was not imb]icated. TParabioﬂ?c rats
with one irradiated partner also formed 1s1et-ce11ftumors. o
The&studies reviewed'support the following conclusions concerning
radiation injury to the pancreas. The exocrine'and endocrine pancreag
are relatively radioresistent to doses and dosage scnedu1es of radiation
used clinically. w1th*hign doses of radiation injury does occur. Acinar

cells undergo degrﬁﬁu]ation, necrosis and atrophy. Transient initial

hypersecretion'

pancreatic enzymes is followed by prolonged and severe

reduetion of anoreat1c secret1on. Islet cells may undergo initia]

J‘

v

rad1osens1t1ve than beta ce]ls Islet cel] injury, when present, does
not resu]t 1n a1terat10n of blood g]uqose g]ucose tolerance or signs of

d1abetes me111tus * It is genera]]y agreed that more 1nvest1gat1on s
. »u» ;

necessary to estab11sh prec1se1y the pos1t1on of the pancreas and its

8

: component parts on-the sca]e of rad1osens1t1vuty of “tissues. Casarett

,a&.\-"-
(168) concluded that the stud1es done have not been definitive or

A

suff1c1ent en0ugh .to 1nduce dose-response relationships or provide a
4 '.,. L]

h1stopathoiog]ca1 seqpencegof events.

£

bﬂt are otherw1se minimally damaged Alpha cells may be more

09



RADIATION AND PANCREATIC TRANSPLANTATION

Radiation has been applied to the fi&¥d of pancreatic transplant-
| ation\by several investigators. It has been‘used as a means of immuno-

a]terat1on and as a method to depress exocrine secret1on in 1mmed1ate1y
<

vascu1ar1zed pancreas grafts ',_ , {\»
N . - \\ " :
Merkel and associates (183) reported their exper1ence with 30 dogs

who rece1ved whole organ a]]ografts from donors pret eated with 500 rads

to the upper. abdomen. three to seven.days pr1or surggty On]y two dogs

developed septic comp11cat1ons It was the1r c11n1ca1 1 press1on that
rad1at1on was respons1b]e for the Tow rate of comp11cat1on . Kyr1ak1des

and coworkers (184 185) assessed severa] protoco]s to 1nh1b1t autod1ge tion -
of heterotop1c segmenta] autotransp]ants The protoco]s 1nc1uded !
rad1at1on, rad1at1on and stero1ds Trasy]o1 and g]ucagon | In a pre]im- "\
. 1nary report of the1r f1nd1ngs (184) the g]and was best preserved\1n the .
group.rece1!1ng rad1at]onvand stero1ds. :In_the second report (185)
’radiation failed to prevent inf]ammatory and’necrotic changes. ‘The best

‘ resd]ts'were‘seen wtth<§1ucagon Tersigni and coworkers (186)- 1rradtated
duct- 11gated pancreat1c a]]ografts in dogs Two groups “of control an1ma1s
surv1ved five and s1x days posts transp]antat1on An1ma1s rece1ved grafts"
| treated with 1000 rad 5000 rad and lOOOO rad The surv1va] was. 19 days,:'

I

- 27.5 days and 39 5 days respectﬁve]y At thej/ﬂme of necrdscopy the

A

pancreas in contro} an1ma]s showed s1gn1f1cant 1nf1ammatory changes w1th k R
hemorrhag1c necros1s of the g]and In thé 1rrad1ated group, the predom-

1nant f1nd1ng was f1bros1s and 1ymphocyte 1nf11trat1on Faure and-

- coworkers (179) reported the1r exper1ence.wqth 1oca1 1ﬁeadiation of
' t " t . . . ' Lo ) 1} . ‘\' !
.segmenta] autografts by intraductal injjc}jon»of ebrium-169. Glucose

&

™



~ . established that the effects of rad1at1on was 1ndependent of thmt of =~ T~

peripheral disposal (K value) at six.months demonstrated a mean reduction

+f “%percent in an irradiated group versus 40 percent in a nonirradiated

51 group when compared with the preoperative'va1ues in the same
dogs. 0 ’ | &
There are two reports of ghe use of radiation in'clinica1-who1e_
organ fransp1antation. Kelly and assocdates‘(187) reported the case
-h1stor1es of two rec1p1ents of pancreatico- duodena1 allografts. Low doses
of radiation (150 r for several days)were used post transp]ant to
circdmvent rejgction, A1lograft surv1va] was prolonged in one of the
patients‘ Tersigni and associates (188) reported the results of‘three
f1rrad1ated and duct-ligated. segmenta] pancreatlc autotransplants fﬁ ‘\, i f;‘
patients with’ cancer of the pancreat1c head. In the first pat1ent %’é ,ﬂﬁm ,vsu
.graft was treated w1th 5000 rads. The necrot1c graft was removed on the
,f1fteenth postoperat1ve day.  In the second and third patient the graft
rece1ved EBOO rads. Funct1on1ng grafts without exocr1ne secret1on and -i
w1th norma1 carbqhydrate metabo]1sm were reported at seven months in, the
second pat1ent, and at one month in thé third pat1ent
- Lacy and assocxates (189) appear to be the on]y 1nvest1gators who :

a’?."i

have applied rad1@,t1on t%tbef'ﬂe]d o%ﬁ@eatm 151et cgj"l transp1ant-‘ o
“ation. Pretreatment of dogor rats w1th a total body dose of 850 rads

| and silica followed by 1nv1tro cu]ture of the 1s]ets for one to two days
].prolonged survival of a]1ografts across a m1nor h1stocompat1b111ty

barr1er if 'hand- p1cked' clean islets were used for transp]antat1on .A oo
s1ng]e 1n3ect1on of ant11ymphocyte sérum was necessary to pro1ong surv1va1
across.a major h1stocompatﬁb111ty barr1er - Controls w1th1n the study

5111ca The - per1od of t1ssue cu]ture and hand p1cPed 1s1ets were necessary .

t0 prolong‘allograft survivall ,-'" S SRR 'l' ‘ Lf~' X é wwa§
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VI STATEMl:'_»NTWOF HYPOTHESIS

» N .
A pract1ca1 and efficient means of separating the endocr1ne

components of the pancreas from contaminating exocrine cells, as well
.as ducta], vascular endothe11a1, and immung. cells is requ1red to over-
‘come the barriers to- c11n1ca1 islet cell transp]antatIOn _The objective
of thiéﬁ&tudy was to“use Kigh dose radiation to se]ective]y injure |
contaminating exocr1ne ce11s, leave endocr1ne ce11s v1ab1e and purify

a graft preparat1on of pancreat1c fragments To meet this ob3ect1ve

it was necessary to eva]uate two major cons1derat1ons or questions.

““Question 15 The literature available on radiation injury in the pancreas'
suggested that high doses of radiation'administered to the intact and
vascularized gland could se1ect1ve1y 1nJure exocrine cells and leave
endocrine'ce1ls viable. The first quest1on to be answered in this study

- was whether or not similar f1nd1ngs could be observeﬁfwhen radiation in
high doses was: deiivered to a suspension of pancreat1c fragments To
answer this guestion it was proposed to de]1ver a low, ‘moderately high.ﬁi
and,hfgh dose of radiation to a graft-of pancreatic fragments prepared. »

from“%&ﬁjpancreas and compare the response fr0m each dose of.radiation

to a centrol from the same pancreas.' /,/) \\\

Quest1on 2: Methods presently be1ng used ‘or }nve§t1 ed to pur1fy

\
graft preparat1ons of pancreat1c fragments, such as - “ﬁUe culture are

' 1nefffc1ent Insu]in secret1ng F1ssue is lost during the pur1f1cat1on |

_ process As a consequence of ‘this Tow 1s1et recovery autotransp]ants
o

of ur1f1ed 1s1ets in the canlne model have not been- un1formly successfuTi

f

{
The second cons1derat1on iR this study was to assess the recovery of viable

o n

1s1ets after pur1fy1ng 'a graft with radiation ( pend1ng,demons§yat10n

‘e
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that the graft could in fact be purified with radiatioh). To do this
it was proposed‘to Cbmpare survival and metabd]ic function of a control
series of dogs freceiving an 1ntra§p]enic autograft of un%teqted
pancreatic fragments to a series of dogs ;eceiving an intrasbﬂé%ic
autograft of pancreatic fragmenfs treated with a dose of rédiation

necessary to purify the graft.

A
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VII MATERIALS AND METHODS

EXPERIMENTAL DESIGH
Invitro Stodies (F1gure 1)

A graft preparat1on (n=8) of partially purified pancreatic
microfragments prepared from 8 -adult canine pancreases was edua]]y
divided into 4 groups. Group I served as a control and the remaining
groups nere treated with 1ncreas1ng doses ofv»rad1at1on, single
fraction: group II - 2500.rad; IIT - 5000 rad; IV'- 7500 rad. Amylase
activity was mea5ured in the supernatant. of the graft 1mmed1ately
(within 30 min,) follow1ng radiation. Pur1f1cat1o and 1slet recovery

~ were assessed by measurwng the insulin and amylase concentrat1ons of the
, )

pancreas. s psocessed graft (n—7) and groups I-IV 1mmed1ate1y
ot

fo]]owing ation ( JB) and gfter 8h (n=6): and 24h (n=6) of tissue.

culture. These measurements weregqnade on the assumpt1on that the

1nsu11n and amylase content of the graff (per un1t wqgght of tissue) are

pr0port1ona] to islet ce]l mass and exocrine enzxge content of t%g graft -

/J}espect1ve]y ‘and that the fat1o of insulin to amylase (I/A) is anf%ndex
.‘of graft-pur1ty (85). Tissue sampled‘at the same inter?als was fixed
for electron m1crosc0py to evaluate u1trastructura1 changes in the
1rrad1ated.graft Inv1tro v15b411ty of beta ce]ls fiﬂlow1ng radiation

was assessed by st1mu]at1on with g]ucose in per1fus1on. Viable beta

cells respond wigh a typical biphasic release offinsulin (190, 191).
)y “ '
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EXPERIMENTAL DESIGN

kit

4 v'r'

PANCREATECTOMY . UAMN=D
. GRAFT _
" PREPARATION _ /A (N=7)
\.
n 3

' EPRCRN s o
ot PRSH PN
l | | \'v' , l

RADIATION 0000rA0 2500rs0 5000ra0 7500ra0 -

gL |

PERIFUSION

. @' Y

“TISSUE
CULTURE

I/A(N=6)

S . Leow g
FIGHRE 1. Experimental design - Invitro studies. The graft wads divided

1'~nt0 four groups - I,~the control, and groups II-'IV irradiated. [slet
recovery and pur1f1cat1on assessed by comparmg the. insu]in/émy]ase
' 'M.o%" /ﬁ 3\ !

(I/A) ratio® Qf the pancreas, graft, and’ groups I- IV foHowmg rad1at1on

and afftéI‘\Bh and 24h of t1ssue culture. V1ab111ty of endocrme cells

following radiation ‘assessed by glucose challenge 1quer1fuswn.
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Invivo Studies (Figure 2) ?_ R | I
. ) . ¥ X PR o
Thetf1rst 5 dogs undergo1ng tota] pancreatectomy for the 1nv1tro

studies were maintained as apancreatic contro]s. {; 16 dogs tota]
pancreatectomy was performed one week after an 1ntraveno@s g]ucose\

tolerance test (1vGTT). Nine dogs,. group la, received an intrasp]enic

2

autotransplant of fresh graft 1mmed1ate1y fo11ow1ng graft preparat1on.

-
3

Seven dogs, group ITa, received an intrasplenic autotransp]ant of graft

u(‘

o after invitro radiation of the’graft with 5000 rad, single fhaction. It

was proposed to determine fasting serum glucose on day 1,'§;and'6 poét-

76

transplant and then weekly for one month and perform ivGTT at one.month7g}

<)

post-tranép]ant’to compare “autograft functiq, and survival in grdups Ta-

To determ1ne a un1form end -point for comparison of surv1va1 dogs
were sacr1f1ced when they 1ost 25% of preoperative weLght in face of
: P\ L4
hyperg]ycem1a. , - : ‘K

Iy

"M " . . X i 5 il
W »ﬁ * a RN
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EXPERIMENTAL DESIGN L
, .- INTRASPLENIC AUTOGRAFTS
L e S AUTOGRAFTS . AUTOGRAFTS
ANCREATECTOMY CONTROLS “ '™ i 4 - IRRADIATED "
N=16 . Nw9 - E ) - N=7 *
& : ) }Z ‘ /\ ; m‘ N Fes
\ TGRAFT / B
T —> RADIATION: '
PREPARAT ION
‘i:’
o | . -~
* Figqure 2.$ Experimental design - Invivo studies. Autograft function and

3

surviva]vétfone month after tnansplént compared between dpancreatic dogs

N

receiving intrasplenic autografts of untreatad graft (cg\::ol group la)

© and graft streated with 5000 rad (irradiated grgmp IIa).

R
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' ~ ANIMALS AND CARE

Twenty-four mongrel dogs of both sexes (mean ‘age 2.8 years, range
1-5 years) weighing 15-27.5kg were studjed (Table 1). The} were housed
in the large animal yivarium of the Surgical-Medical Research Institute,
University of Alberta, under care of the investigator with advice from a
veterinarian 1in accordance with criteria formulated by the Canadian
Council on Animal Care. Surgical proceduees were carried out under
general enesthesia with sodium pentabarbitol, 30mg/kg/body weight. The
dogs ‘were weighed weekly and permitted unrestricted exercise twice a
day; Full diet consisted of 360g of meat (Dr. Ballard's) and 600g of

"Bufger Bits (Pow %#Racﬂ daily. On postoperative day 1 hydration was

£

'mafntained with 1L of norma1 saline injected subcutaneously. On -

postoperat1ve day 2 water was allowed, "en day 3 a meat diet was offered

iy
and - on dax 4 fulT dietggiesymed : Each meal was supplemented with 8
,capsules of Cotazym~~(0rganon Montreal) Prophylactic antibiotics,
.
’ rDerapen-C (Ayerst, Maﬁ' 1) 3-4ml, were administered at the onset of

surgery, 1mmed1a1e1y gjf}operat1vely, ‘and on postoperat1ve day 1.
’ \- «
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Table 1. Vital statistics on dogs used in study.

EXPER IMENTAL ID AGE SEX WEIGHT DATE OF SYMBOL*
Group ' (YR) (kg) SWRGERY ~
. Invitro E146 2 M 24.0 12/09/84 O
Studies £147 1 M 15.0 26/09/84 O
L E230 4 M 124.0 30/10/84 a
£293 2 F 19.0 06/11/84 &
£283 2 F 20.0 14/11/84 ®
E339 4 F 24.0 20/02/84 ®
E42] 5 M 24.0 20/02/84 - N
E436 5 M 24,0 20/03/84 A
. ' : : e
Control E342 1 M 22,5 18/01/85
Autografts E335 5 M 25.0 01/02/85
(Group la) E388 3 M 23.0 22/02/85
C CEN3 3 M 22.5  28/02/85 ,
| E449 M 20.5 07/03/85 @
v E410 2 M 25.5 27/03/85
E456 2 M 22.0 28/03/85
K E470 4 F 25.5 02/05/85
, E459 .2 M 25.0 04/05/85
w
Irradiated = E368: 1 M- 18.0 05/02/85
Autograftsii's  E418 ] M 24,5 26/02/85
(Group Ha¥  — 'E422 .4 . M 25.0 05/03/85
SRR e g M 27.5 - 12/03/85 n
‘452 72 M 23.0 26/03/85
E478 .7 4 M - 23.0 16/04/85 .
E495 2 M 21.0 23/04/85 %
N

*Symbol usell to represent individual dogs in dnvitro studies and
groups- of dogs in invivo studies for graphical display of results,



PANCREATECTOMY
The dogs were anesthesized with sodjum pentébarbit01 (30mg/kg) then
intubated and\intravenous administration of normallsaline started at a
rate of 150ml per hour. The pancreatectomy was performed as described
in detail by Cobb and Merrel (192). Throug; an upper midline incision
the entire pancreas was mobilized with the four major vascu]ar
connections preserved. Both branches of thergbéhtreatic duct ;Lre

cannulated (20-22 guage polyethylene tubing) while the gland was

insitu. A 0.29 sample of‘panc}eas was excised for insulin and amylase

assay with care being taken to ligate the pedicle from which it was
L

removed. Finally, the blood vessels were clamped, ligated, and the

gland removed. Immédiate]y the pancreas was weighed and ducts distended

by injection of Hank's Qalanced salt solution (HBSS) approximately 60m1

into.the horizontal "limb’ (body and tail) and 20ml into the”vertical 1imb

. | e & .
(Uncinate,;ﬁ;bcess).\u The g]gad was immersed 1n HBSS at 4°C and

studies the abdomen was ‘closed in the 5 dogs maintained as\ﬁﬁancreatic

controls.” The othen 3 dogs were sacrificed by Tleth tion at
<N ¥ .

“completion of pancreatectomy., In the: inyivo sBudies ‘an asgistant

“maintained the 16 dogs under general anesthesia during graft preparation

(group la - 9 dogs) and during graft prepar§tjon and irradiation of the

e

.
graft (group Ila - 7 dogs).

transferred'to the laboratory for graft preparation. In the ijnvitro
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GRAFT PREPARATION
The graft was prepared by,a method previously reported from this

lab by Warnock (22)~, a mOdifiCatioh of the teqhn‘ique i.nitiaﬂy described

by Horaquchi and Merrel (95) (Figure 3). The cannulas, placed

intraoperatively in the two major ducts, were perfused with chilled HBSS
at 10-20m1 per minute for 12 min. The perfusate was then changed to a
solution of 0.4% collagenase (Type V, 250 U/mg, Sigma Chemica1§, St.
Louis, Missouri) 1in HBSS at 37°C. The 1ow was in a retrograde
direction through ducts of decreasing size distending the acini and
rupturing tissue within the pancreatic lobules.  The gland was not
immersed in co11agehase. It was suspended on a 66-um mesh above the
reservoir of collagenase from which the enzyme was reperfused. When thé
gland was mush} or mucoid (average 30 min.) digestion was judged
complete.  The digested glqu was bisected and transferred. to two
mincing jar§ containing 50ml of enzyme-stop solution consisting of 4°C
HBSS supplemented with 2% Trasylol (vol/vol; Mi]es; Phafmaceuticals,

Elkart, Indiana), penicillin 100U/m] and streptomycin 100 ug/ml. The

&

tissue was minced for exactly 90 sezz:dS'in a .mechanical mincer (141).

‘Thetggpernatant fluid was discarded™and the preparation resuspended 1in
fresh enzyme-stop solution and transferred to an ‘Eflegﬁyer flask.
Dissociation was accémplished by shakingu the flask vfgorous]y in an

‘Evapomix for 10 min. at 4°C, followed by filtration through a 400-um
screen, Residual unfi]téred tissue was returned to the Erﬁ%nméyer flask

and passed thraugh the dissociation process again. The residual tissue

4 . . . o
was not further ‘djgested with trypsin as described by "Horaguchi and

Merrel ,(95). Finally, the preparation was. washed x3 in enzyme-stop -

solution, The filtrate was centrifuged at 400g for 20 seconds and -

#

o
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. - supernatant fluid removed. The pé]let of islet tissue was resuspended

et

A S m 30-40cc of enzyme-stop solution prior to radiation in the invitro

%: . sthldies (groups I-1V) and prior to immediate autotransplantation (group

“:\%g#;‘_ia)i Prior- to radiation in the invivo studies (group Ila) the pellet

“

| 'Wasi ‘r"‘esu5pended‘ in 150m1 of tissue culture medium RPMI 1640, (Gibco

(]

L'aborator;_i-ese New York, catalogue no. 380-2400) supplemented with 2%

Trasylol .V‘(;YOI/vol)ﬂ, 10%  foetal calf serum, penicillin 100U/m1 " and

- streptomycin 100ug/ml. Attention was paid to aseptic technique with the

majority of the procedure performed under the laminar flow hood. The

time for graft preparation was approximately 2h.
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DIGESTION

83

GRAFT PREPARATION

T

Counter
Rotating
Blades

J H,0 Bath 0-4°C %
400 u

DISSOCIATION -

, | e
a _ .
) ' -

WASH

Figure 3. Steps included in graft preparation: digestion, mincing,

¢

dissosciation, washing, to prepare a suspension of islet containing

fragments.
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RADIATION
The “;graft was irradiated at the W. W. Cross Cancer Institute,
Edmonton, Alberta (Figure 4). The pancreatic mfcrofragments contained

in tissue culture flasks (Falcon No. 3013, Beckam and Dickinsoh, Oxnord

California in groups I-IV; Falcon No. 3024 in group IIa) were.

’transported in an ice bath. The culture flasks were placed 1n a J1g
made of p]ex1g]ass containg ice which sat within the housing of the
Theratron 780 (Atom1c Energy of Canada Ltd. ). ~.Jhe source of radiation
: was coba]t 60. Exper1menta1 ca11brat1on was done by detenn1n1ng the
dose of rad1at10n adsorbed by 11th1um powder wh1ch was spread on the

-

bottom of the f]asks. “Appropriate- adaustments were made for the f1u1d
,volume (10cc),in each flask. With the co111mators of the TheratrOn 780
wide open -an average dose of 615 rad/min. was de]1vered .to the contents
/ of each flask.. The error in the ca]culat1on was approx1mate1y 3%. To

de11ver an accurate dose to the pancreat1c fragments ‘in groups II-1V

each f]ask was 1eft in the plast1c Jig and exposed to radiation for an

appropr1ate time 1nterva1 For examp]e, in the invitro studies group I1
was removed from the plastic J1g after 4, 06 minutes having received 2500

rad and placed back in the ice bath with the c0ntrol group 1. After
s

8.12 seconds group 111 was removed from the jig, hav1ng rece1ved 5000

rad and placed‘back 1n\¢he ice bath with groups I and II and so on. In

i

‘the invivo studies, group Ila,' the one flask was exposed to radiationm

for 8.12 seconds tg deliver a dose of 5000 rads to the contained
graft. As the eXper1ment progressed appropriate adjustments were made
in the time 1ntervals to correct for decay of the cobalt 60 source,

approximately 1% reduction in dose per month. The procedure Tnclud1ng

transport back to the‘fSurgical-Medica1 Research [nstitute took an

average of 1h.
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THERATRON 780 - . o COBALT 60

oy

— .

collimators
wpen :

<

CALIBRATION 815 cBy /min.

.~\“‘

Figure 4. Irradiation of pancreatic fragménts. Groups" II-1V plaéed in

7

Jig containg ice within hdusihg‘of'Theratron 780. With collimators wide

open a dose of 615rad/min. was delivered to the conteht‘of each flask.

Desired dose delivered”to each group by removing each flask from the Jig

after an appropri

tg']ength of exposure.*

i
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TISSUE CULTURE

Fol]ow1ng irradiation the contents of each flask were washed x3 and

?R resuSpended in t1ssue cu]ture medium (TCM) RPMI 1640 supp]emented w1th

2% "Trasylol (vol/vol), 10% foetal calf serum, peniciliin 100u/m1 and

streptomycin  100ug/ml, with a glucose content: of 150mgm/d1."

Approximately 150m1 of TCM was used for%each 1g of"grafé. Incubation
took place ih Stationény f1asks (Falcon No. 3024) 2 per exper1menta1
group, in an atmospher‘e of room\an‘ and 5% CO@ at 37° C for 24h. TCM was
not changed during the cu]ture\;er1od. The contents of d¢nhe flask in

each group was sampled at 8h and the contents of the second fiask in

each group sampled at 24h, The tissue was samp]ed by gently t1trat1ng
approx1mate1y 80% of the TCM from each flask and resuspending the graft’
. in the r:maining TCM by gent]e agitation, Thg/SUSpension of cells was

then pipetted into preweighed vials. FEach.vial was centrifuged for 60

secohds at 400g and the remaining TCM removed. The welight of tissue

recovered was recorded nﬂ//;he 'sample frozen for future insulin and«

amylase assay.

- . PERIFUSION

»

‘The perifusion app ratus\ and procedure used was similgr
principle, to that described by, Lacy (190, 191) (ﬁ;>hre 5). FoT]owing

irradiation, the contents o?\ééggbj%fsk (groups I-1V) were washed x3 in

TCM. A small aliquot of graft (0.1g) was placed on a 25-um Nitex filter

(Tetko; New York) in the perifusion chamber, a Millipore filter unit
(Millipore Corp., Bedford,‘Massachusettes). Perifusion medium RPMI 1640
supplemented with 2% Trasylol (vol/voi), 10% foetal calf serum,
penicillin 100U/ml and stréptomycin 100ug/ml with a glucose content of

50mg/d1 was pumped (Proportioning Pump, Technicon Instruments Co. New
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York) through standard i.v. tubing from a reservoir '(Erlenmeyer flask) >

1

for a 60 min. period of stabilization at a rate of Im1/min., At 60 min.
the g]q;bse content of « ‘ihe )per1fus1on méd1a w;; ﬁncreased to a
‘stimulatory level of 500mg/d1 for awper1od of 60 min. At 120 ‘min. and
g munti] completion of perifusfon at 180 min. the glucose content of the \W////’
perifus{on media was decreased back to 50mg/d]. The effluent from the ;m—
perifusion chamber was sampled mechanical]y /by a computer driven
Autosampler (Technicbn Instruments Co., New York). The e%f]uent was
collected at 5 min. intervdls except for a 10 min. period fo]]owihg
initial stimulation when Qampling was at | ﬁin. ﬁntervals.  After the
volume was recorded the sémp]es were’ frozen_'for subsequent insufin

assay. The apparatus was placed in an incubator and the procedure

performed in 95% 0, and 5% CO, at 37°C. -



T

PERIFUSTON ( L
A
[
\\ . "
SERVOIR T
\
PERIFUSION CHAMBER
& 4
[.)
: ’ |
COLLECTING APPARATUS
\

\

Figure 5. Perifusion. A small sample of graft rests on a f%]ter within
~the berifusion chamber. The pump pulls medium from the reservoir
propelling it through the perifusion chamber, A COmputer.driven‘auto—
sampler (collecting apparatus) samples effluent for the rate of insulin

secretion. ' The. entire apparatus is. placed -in an incubator and procedure

performed in an atmdépﬁere bf'95%H02 and 5% CO,.
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ELECTRON MICROSCOPY
N

.Graft was fixed for electron microscopy in 25% (vol/vol) -

. 4
- glutaraldehyde followed by 1%, (wt/vol) osmium tetroxide. Both fixatives
were dissolved in 0.05M phosphate buffer adjusted to ph7.4. After
dehydration the'fixed.tissue was embedded in Araldite CY212 (Marivac,

Halifax, Canada). Sections were prepared on the Porter-Blum MT-2 Ultra-

Microtome (Sorvalle, Newtowne, Connecticut) picked up on 300-mesh copper .

grids and stained with uranyl acetaté£1193) followed by lead citrate
‘ , . p

(194). The electron microscopy was carried out with a Ph%]ips EM-410

(Philips Co., Eindhoven, Holland) transmission electron Microsc0pe.

TISSUE ASSAYS ,

Samp1es of fresh pancreas, fresh processed graft and 1rrad1ated‘and
cultured graft were yeigh&a\homogenizéd and sonicafed for insulin and
amylase aséajs. " Insulin was extracted after sonication in 5ml of
‘chilled acid: alcohol. Afier 24H the samples were neutralized and
diluted in DelbeCco's phosphate buffer so]uéion (Gibco, Grand Island,
New York). | Insulih was measured by double-anfibody radioimmunoassay

(195) and amylase (no acid extraction) with Dri-STAT Amy]ase-DS Reagent

(Beckman Instruments, Carlsbad, California) (196).

14

TRANSPLANTATION PROCEDURE )
The graft, resuspended in 30mi of éhi]]ed HBSS wiﬁh 2% Trasylol,
penicillin ané streptomycin, was isograftéd immediately following graft
preparation 1in .9 dogs (group la) -and immediately following gfaft
brepafation and radiafion in 5 5555 (group Ila). The spleen Qas

delivered into the operative field and 22 gquage polyethelyne tubing

inserted by venotomy into superior and inferior terminal splenic veins
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advancing éhe tubing to the hilus and not into the spieen. Vascular
clamps were applied to the splenic pedicle. The graft suspension was
'injected into the cannulas oVLr a period of 5 min. to allow tiséue to
reflux into venous sinusoids. The cannulas were then withdrawn and
veins ligated. The vascular clamps. were released 5 min. after injeétion

of the graft was completed.

v

+

3LO0D" INDICES K
Samples taken_preoperatively, during ivGTT, and at the specified
tjmes postopératjvely were collected in tubes containing heparin and
serum removed at once. Fasting serum glucose (BG, mgm/d1) ‘was measured
with the Beckman Glucose ana]yzéfﬁ(197).’ Immunoreactive insulin (IRI,
ul/ml) was determined by dbub]e-antibody rqgi jrmunassay (195) using
porcine 1nsulin standards (Wellcome Reagepts, Beckenham, Eng]and)} For
ivGTT saphenous veins were cannulated, iglucose (O.Sg/kg body wt) was
“injected and blood collected at 0, 1, 5, 10, 15, 30, 60, 90 min. for
assays of gluéoseAand insuiin. The K Value‘(l96), a measure of the

_ decline in glucose level (percent/min.) was determined from glucose

levels at 5, 10, 15 and 30 min. >

ANALYSIS OF DATA

ATl results are expressed as mean t SEM. The data were analyzed’

with +analysis of variance'qr Student's t-test for paired or unpaired
data as applicable. Differences are stated as significant when P < 0.05

unless indicated otherwise.
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VII RESULTS:
1 .

INVITRD STUDIES

\
Amylase Activity - Supernatant (Figure\6) ‘

The amylase activity (IU/L) measured in the supernatant of groups

[-1V immediately after radiation.showed a.consistent response. In 5 of

the 6 dogs the amylase activity appeared to detrease in the irradiated

%

groups (II-1V) compared fowfhe_control group (1), The mean response

followed a similar trend: group 1=4,818 + 1497; [1=4,229 + 1,266

[11=3,870 + 1,041; 1v=3,651 + 1,229. The differences observed in the

mean response. were dot statistically significant. VarjabiIity between

R 20
T T

dogs was statistically sigaificant/(P < 0.01). ;;;:*“17}?
. . k’,}{'jfj b

—
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Figure 6. Amylase activity measured in the supernatant of groups I-1IV
.immeddéteTyaffoTlowing radiation. Scattergram shows response 1in
individual dogs. iEﬁCh dog is represented by a different symbol (Table

1); Solid hoﬁizoqta] bars- indicate mean and vertical lines the SEM.
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Amylase content - Tissue (Figure 7)

The ég}lase content (IU/g) measured in tissue sampled from the
pancreas (P), untreated graft (G) and groups -V immediately following
radiation did not show a consistent response. Relative to the control
group (I) the amylase content of groups (II-IV) increased or decreased
in different dogs with increasing doses o% radiation. The mean response

was: P=2,360 t 441; G=1,149 t 248; 1=1,143 #+ 339; 11=1,050 + 301;

[11=1,096 + 278; - IV=1,117 t+ 314. (hese means were significantly™

different (P < 0.0T). The apylase content of the untreated graft and
groups I-1V diffefed signif'cant]y from the amylase content of the
pancreas (P < .01). The mprginal decrease in amylase’content of the
irradiated groups (II-IV) relative t% the control group .(I) and ‘the
untreated graft was not significaﬁt. 3The variability between dogs was

significant (P < 0.01),
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Figure 7. Amylase content of paaneas, untreated graft and groups I-IV
immediately following radiation. Scattergraﬁ shows ' response in
individual dogs. Each dog is represented by .a different symbol (Taple

'

1). Solid horizontal bars indicates mean and vertical lines the SEM.



Insulin Content - Tissue (Figure 8) N
A 0

The insulin content (uU/gm) measured in tissue sampled from the

pancreas, untreated graft and groups I[-IV followed a consistent

pattern. There was an increase in insulin content fn 6 of the 8 dogs {n
the irradiated groups (II-IV) compared to thé control group (I). In 3
of these 6. dogs islet recovery appeared' to be the best in group III
(5000 rad). In the other 3 islet récovery was best in group IV (7500
rad). The mean response was: P=1466 + 411; G=1117 + 273; I=1586 + 479;
[1=1643 + .376; [11=2112 t+ 423; 1v=2151 % 535, The means were not
significantly different. The varability between dogs was significant (P

< 0.01).
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Figure 8. Insulin content of pancreas, graft and groups'I—IV

immediately = following radiation. Scattergram shows response 1in

individual dogs. Each dog is represented by a different symbol (Table

1). Solid horizontal bar indicate mean and vertical lines the SEM.
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‘InsuIin/AmyIase Ratio (Figure 9) |

o ‘The insulin/amylase (I/A) ratio followed a consistent pattern with

- an increese ,seen in the irradianed groups (II-IV)- reIetive to the

cohtrbivgroup'(l)Vinasrpf'the 8idogs. -.The mean responseywas: P=0.7 ¢t
~.01; -G=1. 8 t 0.8; I=2 9 ¢ 1.1; Il=2.6 % 131;‘III=5.2 t,é.3; IV=4.6 t

I The means were 51gh1f1cant1y d1fferent (P 0. OI) The I/A rat1os

of groups III and IV d1ffered s1gn1f1cantly fran the I/A rat1o of the

97
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pancreas (P < OOI) and from the I/A ratio of the untreated graft (P <
0.01). The d1fferences between groups I and I1I and the untreated graft
were not s1gn1f1cent. Var1ab111ty between dogs was s1gn1f1cant (P <

0.01).



INSULIN:AMYLASE RATIC
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Figure 9. Insulin/amylase ratio of pancreés, graft and grOUps

immediately following - radiation. Scattergram shpws response
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individual dogs. Each dog is represented by a different symbgl (Table
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Tissué Culture.

’ Insu]in/amylase ratio A similar trend was observed in groups I-

IW. "The I/A ratio in 5 of the 6 dogs increased over the 24h period of

‘tissue culture. The mean I/A ratios from the 6 dogs studied are

. recorded in Table 2. The d1fferences observed in the mean response

between groups I-IV  and w1th1n each group were not stat1st1ca1]y

. significant.. HoweVer, compayed to the I/A ratio of the untreated graft,

a significant increase in the I/A ratio at 8h was seen in group I (P <
0.05) and group II (P < 0.@5) and ‘at 24h in group I (P < 0.01), group
[IT (P < 0.05) and group IV (P < 0.05).

" Table 2, Insulin/amylase ratio of graft (groups I-1V) during tissue

A cu1£ure (mean + SEM).

99

I . II ¢ 11, W,

0000 rad 2500 rad 5000 rad - 7500 rad’

Immediately ' . ‘ IR
after radiation 1.5 £ 0.7 1.8+ 0.7 2.0t 0.7 2.4
(n=6). - ‘ - -

i R

11;3ff

After 8h of - : : )
tissue culture 3.2+ 1.5 3.8+ 1.5 3.3+1.8 3.74%1.7-
(n=6) : : ' A

After 24h of

tiss?e c§1ture . 6.7 £ 3.1 4.3: 1.9  6.3:3.2 _3.7+1.4
n=6

4Pancreas (n=6)=0.6 + 0,2 - Graft (n=6)=1.2 + 0.6



Insulin content of tissue: A similar trend was observed in group

[-IV. The insulin content (uU/gm) was>maintained in the 6 dogs studied
for ‘the first 8h of tissue culture. From 8h to 24h of tissue culture
the -insulin content decreased in all 6 dogs. The mean insulin content
measured after 8h and 24h of tissue culture is recorded in Table 3. The
differences observed 'in the mean response between the grpups.were not
statistically significant. The decrease in insulin content in group If
and IV from 8h to 24h of tissue culture was signiffﬁant (P < 0.05).

Table 3. Insulin content (uU/gm) during tissue qygfbre (mean' + SEM).

L.

I I 111 Iv

0000 rad 2500 rad 5000 rad 2500 rad

Immediately » P

~after radiation 1711 + 601 1712 + 428 2260 + 522 2349 + 706
(n=6) ‘

After 8h of : ‘ )

tissue culture 1983 + 614 2004 + 572 1899 + 614 1735 t 53]
(n=6) -

After 24h of :

tiss?e c§1ture © 852 t 469 716 + 380 774 t 463 619 + 298
n=6 _
Pancreas’ (n=6)=1634 + 443 ~ -~ Graft (n=6)=1122 % 323
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Amylase content of tissue: A similar trend was observgd in groups I-
. G k) '

IV. The anylase content (IU/g) dedreased in 5 of the 6 .dogs for the
‘ l

‘first 8h of tissue culture. A ‘fdrther‘ decrease in amylase content
| : :

occurred in all 6 dogs frop 8h to/ 24h of tissue culture. The mean
amylase content measured after 8h and 24h of tissue culture is recorded

in Table 4. The differences observed in the mean response between the

groups'”were" not statistically ‘Significant. The decrease in amy]ase '

content over the first 8h of tissue culture was significant in éroups I
to IV (P < 0.05). The°decrease in amylase content from 8h to 24h was
also significant in groups I and II (P < 0.05) and groups III and IV (P
< 0.01). -

Table 4: Amylase content (I1U/g) of graft (groups I-IV) during tissue

culture (meén t SEM).

I ' I . I IV

0000 rad 2500 rad 5000 rad 7500 rad -
Immediately '
after radiation 1474 t 355 1348 + 312 1426 + 238 1439 # 317
( n=6) . . N i
_After 8h of . .
tissue culture 543 £ 106 570 + 103 719 % 135 566+ 104

(n=6)

"

After 24h of

tissue. culture 112 + 47 153 + 74 95 + 41 - 142 t 48
(n=6) |
Pancreas (n=6)= 2668 + 374 Graft (n=6)= 1308 + 225

-
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Electron Microscopy
Electron microscopy was reviewed in 6 of the 8 dogs. The findings

were similar in each dog. Representative sections from groups I-1IV

immediately after radiaqion, from - one dog, are reproduced ih

Photographic Plates 1-4. These photographic plates were reviewed with
the assistance of a pathologist. U

Exocrine tissue is seen in all 4 se¢tions. Group ! (Photographic
Plate 1) and group II (Photographic Plate 2) appear eimi1ar. Normal
exo;rine tissue 1is . seen, Dérk staining zymogen granuals fill the
cytoplasm. The nucleus appears normal. The endoplasmic reticulum is
visible., In group III (Photographic Plate 3) the exocrine tissue
appears altered. The nucleus apﬁears shrunken and pyknotic. The
‘cytoplasm is featureless, : The endOplaémic .reticulum is no Tlonger
visibfé. There is a genera]ldecrease in intracellu]ar organelles. The
number of zymogen granuals.-appears} to be detreased. f In group 1V
(Photographic Plate 4) the injury patterﬁ is more marked. There is
hydrobic swelling in the region of the nucleus. Numerous vocuoles fill
the"Cytoplasm.' Mitqchondria appear swollen. Ce]lulaf and .nuclear
membranes are no longer distinct.

Electron microscopy of the graft after 8h and 24h of ‘tissue éhlture
revealed autolytic tissue only. There was no difference in the 4
groups. ; | D i

Is]ets'were_not identified in any of the sections reviewed.
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»7 Photographic Plate 1.° Electron micrograph of untreated. graft (group
1), Magnificatioh x1300. Enlargement x6.8. Exocrine cellg'are~shown

with nucleus (N), zymogen granuals (ZG) and endoplasmic reticulum (ER)

labelled.



Photographic Plate 2. Electron micrograph of graft, treated with 2580
rad.- (group II) Magnification x1300. Enlargement x6.8. Exocrine cells

are shown with nucleus (N), zymogen granuals (ZG) and endoplasmic

reticulum (ER) labelled. o~

{tid
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Photographic Plate 3. Electron micrograph of graft treated with 5000
“ rad (grQup 1. Magnifjcation x1300. Enlargement x6.8. Exocrine

cells are shown with nucleus (N) and cytoplasm (C) labelled.
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Photographic Plate 4. Electron micrograph of graft treated with 7500
rad (group IV). Magnification x1300. Enlargement x6.8. Exocrine cells

are shown with néeleus, (N), intracytoplasmic vocuoles (V), and

mitochondria (M) labelled.



PERIFUSION

In 7 of the 8 dogs the nonirradiated and irradiated tissue
responded to glucose chal]engehin a similar fashion with an increase in
1nsdlin secretion. In 1 dog (A) the irradiated tissue did not respond
with an increase in insulin secretion.The perifusibn results compiled
from the 8 dogs for groups I-IV are shown in Figﬁres 10-13. A similar
response was seen in all 4 groups. An initial baseline of insulin
secretion was seen followed by a small peak in insulin secretion with
glucose stimulation at 60 min. During the period of stimulation from 60
to 120 min. the rate of insulin secretion incfeased. When glucose
stimulatiqb was stopped ‘at 120 min. the rate of insulin secret%on

decreased. During the post-stimulation period from 120 ‘min. to 180 min.

the rate of insulin secretion did not return to baseline “in all 4

groups. This appeared to be more marked with increésing doses of
radiation. The biphasic pattern of insulin secretion seen in all 4
groups indicates viability of the endocrine component of the graft.

There was no significant differénce in the rate of insuliﬁ secretion

between groups I-IV of any point of the perifusion.
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Figure 10. Pattern and rate of insulin secretion (mean + SEM) from
untreated graft (group I) with dinvitro glucose challenge in
perifusion. Vertical lines at 60 min. and 120 min. indicate period of

stimulation.
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Figure 11. Pattern and rate of insulin secretion (mean + SEM) from
graft treated with 2500 rad (group II) with invitro glucose challenge in
perifusion. Vertical lines- at 60 min. and 120 min, indicate period of

stimulation.
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Figure 12. Pattern and rate of insulin secretion (meam\t SEM) from
graft treated with 5000 rad (group III) with invitro glucose\challenge
in perifusion. Vertical lines at 60 min. and 120 min. indicate period *
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graft treated with 7500 rad (group ‘IVF) with invitro challenge with
glucose. ' Vertical lines at 60 min. a'nbd 120 min. indicate period of
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’ INVIVO STUDIES

Apancreatic Lontrols .

The 5 dogs became severely diabetic and suTN&Med for 10 % 2 days.

The mean b]ood glucose was 446 t 33 terminally.

Intrasplenic Autogréfts
The assessment of islet recovemya&and purification in group  Ia
(nonirradiated autografts) and group IIa (irradiated autografts) is

shown in Table 5.

Table 5, Insu]inAcontept and I/A ratio of pangreas and grafts in group
-Ia, nonirradiated autografts and group: IIa, irradiated autografts.
- (mean + SEM). ‘

"Spun ~ Insulin Approx. Total I/A

Volume Content ~ Insulin ratio
(m1) (ul/g) Content ‘
' (thousands) (ub)
v (thousands)
‘ ]

o : &
Pancreas 58.9 + 5.5% 3.55 £ 1.50 193.94 + 68,90 17.0 + 11.8

+

la R
E Untreated : : o
graft 19.1 + 1.7 2.62 + 0.34 50.18 + 6.96 4.7

H
00

o

Pancreas 0 59.7 £ 3.7% 2,76 + 0.80  159.25

1+

45 .54 1.1t 0.4

- Ila“ Uhtreated ‘
‘ graft 17.6.

+ 0.7 2.01 + 0.19 36.16 + 45.19 1.9 + 0.5
- ~ Treated ' B} | P . |
graft 127 0.7 2.14 % 0.19 27.09 + 2.74 1.8 £ 0.3

*weight (g)
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| 'A%tograft survival at 1 mqnthfafter transplant is symmarized in

® Table 6. In gro:p Ia therg were'two technica] failures. In one dog the.
splenic hilar area was injured during removal of the cannuias. The
other dog died on day 2 post'mplant from géngrenous bowe]l sécondary to a
massive small bowel 1nt%é;:j;eption.- A1l engréftmenté were technically
successful in Group Ila. 1In Group Ia one dog died from graft failure on
day 28 postimplant. In Group Ila, twd dogs died from graft‘fai1ure,
both on day 26 “postimplant. The survival of technically successful
autografts atll month postimplant was,.6 of 7 dogs in group Ia and 5 of

7 dogs in group Ila.

‘Table 6. "Autograft survival at 1 month after transplant (No. of dogs).

m7 la _ I1a

S/ : Nonirradiated ' Irradiated
autografts autografts
(n=9) . (n=7)
Technically
successful grafts 7 7
| | ’ A\ .

Death from

graft failure

before 1 mo 1 2

Survival at 1 mo. - 6 o : 5




In\group Ia the 6 dogs surviving at 1 mo. were normoglycemic‘(fasting-'

serum glucose < 150 mg/100ml). In group Ila, 4 of the 5 dogs surviving
at 1 mo. were &Qgrmoglycemic. The mean fasting serum glucose: levels
recorded during the first 4 week postimplant in the “dogs which were
normog]ycemié at 1 MO. are shown in Figure 14, The differencesvobserved

in the means were not'significa@t.

FASTING SERUM GLUCOSE
-« RUM o
GLUCOSE
" ‘ (46 100my)

170 A

160 -

®-114 CONTROL N=6
150 1

B-114 IRRADIATED N.4

&

140 -
130 |

120 -
1o
) 100 |
90
80
‘ 1wk wee WK 3 WK 4
| | SURGERY ,

TIME AFTER AUTOTRANSPL AN TAT ION

. 13 :
Figure 14, Fasting serum glucose concentrqggons'(mean t. SEM) during the

. £ s
first 4 weeks after intrasplenic aJ%otransp]antation in  dogs’

normoglycemic at 1 mo. postimplant.
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Autograft function in dogs normoglycemic at 1 month postimplant is
“summarized in Table 7. There was no significant difference between the
two gréups at 1 mo. postimplant with respect to percent wt. loss. The K
value and peak 1nsulin.responsé in group IIa were significantly lower (p

< ,001) than observed in gfoup la.

’

Table 7. Autograft function at 1 month after transplant.

1’

Ia “lla

’ ‘ Nonirradiated Irradiated
‘ Autografts -Autografts
(n=6) ¥ (n=4)
Wt. 1oss at 1 month
(percent of preop. - : }

body wt.) 8.0 + 1.6 8.0 £ 2.1
K value during ivGTT
(percent decline in

glucose) ' 1.66 + 0.25 0.93 + 0.16

Insulin peak during . .
IVGTT (uU/m1) 7.2 £ 0.9 2.0 £ 0.7.




The serum glucose recofded during ivGTT in  both groups,
pfeopefative]y, and at 1 mo. péstimp]ant, is shown in Figure 15. The
preoperative K values for group la and group Ila, 3.81 + 0.37% and %.74
t 0.35% respectively, were simjlar. - The decrease- in the K va]ues@‘éen
at 1 mo. postimplant from the preoperativevlevelg was significant . in
group Ia (P < 0.071) and Qroup Ila (P < 0.0?). The mean K value for

group Ila fell within the diabetic range (K < 1.0%). ,
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SERUM GLUCOSE-1vGTT
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Figure 15,

preoperatively

P s 01 30 60 90
GLUCOSE TIME (uiw)

Serum glucose (mean + SEM) recorded during

(top) and at 1 mo. after transplantation (bottom).

ivGTT
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The plasma insulin recorded during ivGTT in both groups,
preoperatively, and at 1 mo. postimplant, is shown in Figure' 16. The
' peak insulin response in group Ia, 54.9 % 9.7 ulU seen at 10 min, and in
group Ila, 40.8 + 13.0 uU seen at 15 min. was not signficantly
different, The peak' insulin response during ivGTT at 1 mo. p&stimp]ant
in group Ia was significantly (P < 0.05) lower than the pre'operative
level. In group 1Ila the peak insulin respon‘égﬁ*f‘é{t 1 mo. was

significantly (P < 0.05) reduced from the preoperative level as well,

and appeared to be shifted to the left.
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PLASMA INSULIN-1vGT T
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Figure 16.  Plasma insulin (mean t+ SEM) recorded during ivGTT

preoperatively (top) and at 1 mo. after transplantation (bottom).



IX  DISCUSSION

Exﬁerimenta]]y pancreatic islet cell transplantation is very
successful. In syngeneic strains of rodents isolated and purified
islets from multiple donors infused into the portal vein of diabetic
recipients can completely normalize serum glucose and insulin (9,49,78,
79,90)(and reverse microvascular complications (18,19,41,52-54). The
techniques used to isolate ‘and purify islets in rodents cannot be adapted
to the fibrous mammalian pancreas. (10,20;21,91-94) Clinical trials of
pancreafic islet cell tran;p?qntatign have not been successful. (11,69,
70) The major barrier to c]inieéi success at the present time is the
inability to harvest a sufficient volume of viable islets from a single
pancreas to completely restore metabolic function when transplanted to a
diabetic recipient. A partial solution to this problem in the canine
model has been to e]iminate the steps of purification used in the rodent
and transplant pancreatic fragments (20,21) consisting of islet cells as
well as contaminatingrgxocrine, endothelial,ductal and immune cells.

In the canine model paﬁcreafic fragments from one donof pancreas trans-
planted into the sg]een of an apancreatic recipient can maintain long-
term normog]ycepia (20-22,91,95-101) bﬁt metabolic function is not
completely restored to normal (20-22;99-101).

The contaminatjng components of the graft, particularly the exocrine
cells have been responsible for reports of severe comp]icétions %nc]uding
~ disseminated intravascular coagulation (102,103) and liver dysfunction (102,
129) following intraportal infusion of these grafts clinically and in
experimental models. Contaminating components of the graft that express
Class 11 éntigens, the sole stimulators of certain immune responses (10,
. 28,117), have been implicated in the vulnerability of islet cell grafts
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to allograft rejection. Class II antigens are found in high concentrat-
ions on dendritic cells or fixed tissue macrophages and are present on
ductal and vascular endothelial cells and exocrine cells. Islet ce]];
appear to be devoid of Class II antigen. (10,117,120,121) In the rodent
model, by treating isolated and purified islets to remove dendritic
cell function or Class II antigen from the graft, g]]ograft survival can
be prolonged without systemic immunosuppression. (25,26,113-117,150-152)
This s an extension of the "passenger leukocyte" éoncept initially
prépared by Snell in 1957, |

A pure preparation of islets is therefore desirable for immunologic
reasons as well as the safety of the transplant procedure. For these
reasons considerable effort has beeq directed at purifying preparations
of pancreatic fragments. The majori%y of methods involve tissue cu]ture-
techniques. At least a 24 h period of *iss.- culture in combination

with antidendritic cell antibody or ultraviolet irradiation, for example,

is necessary toﬂremove dendritic cell function from a graft. The
preparation of relatively pﬁre suspensions of "pseudoislets" by
elutriation and gyrorotatibna] culture of single cell preparations of
islets is being investigated. (16:53,130,148) A.major problem with the
above techniques as well as other methods being investigated to purify
pancreatic fragments is the loss of insulin secreting tissue during the
purificatioﬁ process. (19,26,29,141,142,143) As a'éonsequence of this
low islet recovery after pUrification attempt§ to autotransplant islet
ce}] grafts purified by the above means has not been successful in large
animal models. (10,130,141,142,153) In. fact it hés not been possible to

‘test the theory of immunoa]teration in the canine model.

For clinical islet cell transplantation to be successful graft

Led
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preparation has to be improved to increase islet yield and more
efficient means to purify graft preparations are necessary. In general,
a practical, clinically applicable, and efficient means to separate the
endocfine component of the pancreas from contaminating exocrine cells

and other compggents is necessary. In this study experience with high
ggﬁ

dose radiatioﬁ%ﬁﬁ a new means to purify a graft preparation of pancreatic
' [ 3

o

fragments in the canine model has been documented.

EFFECTS OF HIGH DOSE RADIATION
ON THE CANINE PANCREAS

The findings in this study support and are consistent with evidence
from previous investigations (170-188) that’radiation in high doses can
injure thé exocrine compsﬁent of the canine pancreas and leave the
endocrine component viable. The changes in acinar cells that have been
previously documented include: degranulation (173,180,186), intracyto-
plasmic inclusion bodies (173,186), nuclear changes (180), necrosis and
atrophy (171,172,177,180). Parallel with these structural changes a
decrease in enzyme content of the pancreas (173) and secret%on of
_enzymes (175,177,178,179)“have beeh documented. The changes observed
progress‘with time. (173,175,176) Structural changes in beta cells,
when observed, have been minimal (173,177,180) consisting predominantly
of degranulation. (173) Dogs remain normoglycemic following high doses
of radiatioh to the pancreas. (173,175-177)

In contrasting the findings in this study to those in previous
investigations a consideration df the experimental models used is necessary.
A1l previous studies in the canine model have involved radiation of the
intact and vascularized gland. The general approach has been to exterior-

ize the pancreas and radiate the gland followed by creation of a controlled
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pancreatic fistula for functional studies (174,1753177) or sacrificing
the animals at various intervals after radiation tb sample the pancreas
for structura]'changes. .(1i1-177,180) An example of this fype of
experimental model 1s that used in the studies of Volk and associates.
(173,176) They de]ivéred doses varying from 5000 to 9000 rgds, single
fraction, to the exteriorized canine pancreas. Dogs were sacrificed at
1n£;rvals from 30 min to 21 days after radiation and the pancreas sampled
and examined for enzyme content and structural changes.

There are several problems with the above models that are illust-
rated in the ékamp]e given. The first is that the changes observed,
particularly toward the end of the observation period, could be secondary
to radiation induced vascular changes in the gland as opposed to primary
radigtion injury to the components of the pancreas. C(Casarett (168) and
Archembeau (174) feel that the differential susceptibility of'the exocrine
and endocrine pancreas to high dose radiation cdn be explained on the
basis of vascular injury. Another problem is the accuracy of the dose
of radiation. In the example given, the study of Volk and coworkers,
changes in the pancreas at 21 days were contrasted to changes in the .
pancreas at 30 min fo]]owing radiation. Comments were made on the
progression of radiation injury in the pancreas with time. The results
are difficult to assess as one dbg may have received 5000 rad and the
other 9000 rad. In the exaﬁb]e cited as well as other studies reviewed
no attempt was made to establish a dose-response relationship. Inaccurate
doses of radiation would make dose-response relationships difficult to
assess even if such considerations were 1ncorpordted into the experiment-
al design. In making comparisons between the previous studies and the

present investigation, an important factor is that the dose, dosage

i
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schedule, rate of delivery, and type of radiation was differént in each
Study. For example Zook and coworkers (180) delivered doses up to 6750

rag/6? photons in 4 fractions per wé%k for 6 weeks. Rauch and Stenstrom
/ b ‘

e =

(175) used a 250 Kv X-ray machine” to deliver doses up to 1000 rad over

a bweek period. The study of Volk and coworkers is the only investigation
in which the dose of radiation used (5000 to 9000 rad, single fraction)
s somewhat comparable to the doses used 1h the present Study.

- The experimental model used in the present study has several unique
features. Thé first is that a suspension of pancreatic cells was
irradiated and not the intact vascularized gland. As a consequence
changes secondary to radiation induced vascular injury are not a consid-
eration, Thékbthggmfeature is that three separate doses of radiation
were delivered very 2bcuf§te1y to the panéreatic cells of one pancreas
and‘the results compared to a control from the same pancreas. It was
therefore possible to compare an& contrast the effééts of several
different doses of radiation on the pancreas apd make inferences concern-.
ing dose-responée relationships. To obtain a similar volume of data using
the intact vascularized Pancreas four times the number of dogs Qou]d have
to be used. As well, another'considerat{bn would become necessary, tid
variability between individual dogs. This variabi]ity was marked and
statistically significant in this study. The variabi]ityvzou]d be
accounted for by such factors as differences in age and inherent differ-
ences in radioresponsiveness between the dogs.(165) Another factor, and
a disadvantage of the model used in the present study, is the imprecise
nature of the graft preparation, particularly the co]iagenase:digestion'
step (10,29,92,93) resulting in différenf relative quantities. of viab]e
endocrine tﬁssQe as well aslcontaminating exocrine tf?gue in each graft,

[z
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'However, the exper1menta1 des1gn used in th1s study perm1tted the

(' )
variability between dogs tg be e]fm1nated in the stat1st1ca1 anJ]ys1s

of the data.

In ‘the present 1nvest1gat1on the'structural changes cons1stent1y

B seen in the acinar tissue after high doses of radiation 1nc1uded degran- ‘

ulation, 1ntracytop1asm1c vaCUo1es and nuclear changes Changes 1n

"m1tochondr1a and ‘endoplasmic reticulum were observed as well. These

changes were not apparent after a dose of 2500 rad"and appeared to“be_
progressive with the higher doses of radiation. Intracytoplasmic

inc]usion bodies as descr1bed by Volk and associates {173,176) were~not

' seen. - The authors fe]t these 1nc1us1on bod1es represented autophag1c

1ysosomes. Accord1ng to Sw1ft (197) autophag1c 1ysosomes 1nd1cate a a

reparat1ve process in the cell and represent a non- spec1f1c response to .

1n3ury Intracytoplasmic vacuo]es, nuc]ear a1terat1ons, and changes "in

"the mitochondria and. endop1a€m1c reticulum are patterns of injury

descr1bed in irradiated ce]]s (159)

In this. study the amy]ase content of the pancreas did not cons1stent1y
decrease with 1ncreas1ng doses of rad1at1on ~ The mean response demonst-
rated a very marg1na1 and 1ns1gn1f1cant decrease in the 1rrad1ated group

compared to the contro] ~In the study of Vo]k and coworkers (173) the |

- amylase content of the 1rrad1ated pancreas was 1ess than the amylase . y

e

content of the controT”dogs. ~This decrease'was most apparent.1n dogs

sacrificed 5 to 8 days after radiation The reSu]ts reported in‘this_

»study were from t1ssue samp]ed 1mmed1ate1y after radiation.. The amylase
‘activity measured in the supernatant of the graft immediately. fol1ow1ng

- radiation cons1stent1y decreased w1th 1ncreas1ng doses of - rad1at1on

ThlS decrease 1n amy]ase act1v1ty ‘could be a resu]t of a rad1at10n
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1ndu€ed decrease in protein synthes1s (163) or a decrease in enzymatic

~act1v1ty‘secondary to structural alterations of the enzyme from radiation

W

1ngﬁéﬁ changes‘1n chem1ca1 bonds. (163,164) The functional response of

the;‘xpcr1ne pancreas to h1gh dose radiation was not assessed in this

study.
~In the present investigation endocrine cells were viable immediately
after radiation with doses up to.7500 rad. This was indicated by a |

\

pattern of insulin release with glucose stimulation in perifusion}'

After stimulation the rate of insulin secretion did not return to the
baseline level in the control and the irradiated groups. This feature

appeared to become more pronounced with increasing doses .of radiation.

This could indicateﬁa'degree,oftinjury,to~the'beta cells. A similar
pattern,‘feilure to return to baseline 1eve1siof insﬁ]in secretioﬁ
postst1mu1at1on, is seen w1th per1fus1on of cryopreserved canine pancreat1c
fragments in this lab,v The v1ab111ty of these cells has beer estab11shed

by their ability to’maintain 1ong-term.normoglycemia in apanereatic dogs
following intrasplenic autotransplantation. (126) In this study metabolic
functien at 1 mo;'postimpjant was significantly better in‘the control

series of.dogs than in dogs receiVing a graft treated with 5000 rad. This

Aagain.might indicate a degree of 1njury to the beta‘ee]]s fo]]owing a dose

5 ofiSOOO rad, sing1e fraction. - However, the irradiated graft was transp]anted
"approximate1y 1.5 h after.graft preparat1on. In the control series the-

vuntreated graft was transpianted‘IS to 20 min. after graft preparat1on,

The possibility that islet viability cc 'A befaffected by the manipulations

invb]ved in the raeietion of the‘graft as opposed to radiation injury

per se has to be considered. In-retrospect,.the graft used in the cohtro]

an1mals shou]d ‘have been taken through the same man1pu1at1ons as the

5
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irradiated graft jnc1ud1ng‘susnension in tissue culture nedia, transport

to and from the Cross Cancer Instftute an& resuspension in chilled Hank's ° ;
solution. In the, studies of Volk and associates (173, 176) dogs rema1ned
normog]ycem1c and had normal g]ucose to]erance tests during a 12 mo.

period of observat1on following doses-of radiation similar to that used"
'in.thié Study. Blood glucose has remained normal following radiation

of the pancreas in other studies (175,177-179), however the dose of
radiation was genera11y']ess than that administered in the present
investigation, AIn my opinion, the viability of endocrine cells one month
following a dose of 5000 rad, sing]e fraction, remains 1n question. The
b1o]og1ca1 effects of rad1at1on may not become man1fest for a per1od of
t1me after’ 1n1t1a] injury. (159)

It wou]d be interesting, using the same experimenta] nodel to see

if s1m1]ar changes in the acinar tissue could be 1nduced with Tower

doses of rad1at1on by modifying the cond1t1ons of radiation. Considerat-
ion could beng1ven to one or more of tne following. The pancneatic
fragments could be irradiated at room temperature instead‘of 4°C. The
;;adlosens1t1v1ty of cells can be enhanced by an increase in temperature
(159 162,166) Warm ischemia alone has been used to se]ective]y Jestroy
exocrine cells. (136) An hypoxic sensitizer such as metranidazole (166)
could be added to the ductal perfusate pr1or graft preparat1on, the
‘enzyme stop- so1ut1on during graft preparation or to the t1ssue cu]ture’¢r”a\
media prior to radiation. The ab111ty of oxygen to enhance the effect bf /
radiatiorn: (oxygen effect) has been observed in invitro systems. (166)

The dose could be fractionated, 2500 rad to the panéreas prior graft
preparation and 2500 rad aftér graft pré!brat1on for example. There is

g
ev1dence that fract1onated doses of rad1at1on accelerate repa1r of cells



128
. - ) '

and. that some acquired resistance or adaptation may occur within viable
cells, (159,162) Particu]ate-radiation With a higher LET could be used.
The ideal objective would be to achieve interquse necrosis (162) of
exocrine and other contaminating ce)]s,'1eav1ng'endoCr1ne‘ce11s viable.

The findings in this investigation that radiation in high doses can
injure exocrinetcells’and leave endocrine ceﬂls viab1e, at least immediat-
ely after radiatioo, are consistent with previous reports of the effects
of high dose rad1at1on on the intact and vascularized pancreas It
cannot be concluded that the 1nJury is entirely selective as there may
_be a degree of injury to the beta cells. Unlike previous investigatioos
the changes observed in the pancreas in this study cannot be attributed
to radiation induced vascu]ar 1nJury

The findings in this study as well as in previous investigations are
not entirely consistent with the traditiona] concepts of radiosensitivity
as originally proposed by Bergonie and Tribondeau. (162 163) Their theory _
has genera]]y been’ interpreted to mean that actively pro]1ferat1ng cells.
are the most sens1t1ve to radiation and that the radiosensitivity of cells
varies 1nverse]y with the1r degree of d1fferent1at1on The implication
of the concept is that ceHs wh1ch do not d1v1de are . r'esxstent
The term "rad1osens1t1v1ty" as 1t is cuﬁrent]y used referes to the sensit-
ivity of the process of cell division rathe? than the funct1ona1 integrity
of the cells in the irradiated tissue. Both endocrine and exocrine cells
‘ represent a fixed post-mitotic population of ce}]s. (168) The differ-
ential susceptibility of the components of thevpancreas to high dose
radiation is consistent with the more recent‘concepts of radioresponsive-
ness. It has been proposed that all cells are rad1osens1t1ve if a dose

H

of suff1c1ent strength is administered ‘and d1fferent cell popu]at1ons
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vary in the dose required to injure the cell irrespective of their
reproductive capac1t1es (159,161,162,168)

Deta11ed stud1es of the histopathological and funct1ona1 response of
the pancreas to h1gh dose radiation have not been done. The mode] used
in the‘invitro aspect of this study, with the addition of functional
asseSSment'of exocrine ce]]s}by invitro challenge with eecretagogueéjin
perifusion,would provide a good basis.for a deta%]ed examination of fhe

jmmediate effects of radiation on the components of the pancrees.
. !

HIGH DOSE RADIATION AS A MEANS
b ~ OF GRAFT PURIFICATION

i 4
et

.JUnder the conditions defined in the invitro aspect of this study
radietion-in doses of 5000 to 7500 rad, single fraction, delivered to a
graft preparation of pancreatic fragments can significantly pufify the
Untreated graft by a factor of 2 to 3. . Treatment of'the graft with 5000
rad s1gn1f1cant]y 1ncreased the insulin:amylase ratio 7 to 8 fold over
whole pancreas. Graft preparation alone insignificantly 1ncreased the
— insulin:amylase ratio 2 to 3 fold over whole pancreas.

The increase in the insulin concentretion and the insu]iﬁ:amylase
ratio of the graft was more pronounced_then expected from the insignif-
icant decrease in the amylase concentration. This suggests that a
decrease in contaminating components of the graft, other than exocrine

~ tissue,is responsible in part for the purification seen. Cdntaminating )
componenfs'other than exocrine tissue would include ductal, endothelial,
connective tissue, and specific immune ceils. As well, the dégree of
purification seen cannot be attributedyentire]y to radiation. Although
the méan respone was not significantly different from the untreated

graft or whole pancreas, the control group consistently had a higher
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insulin:amylase ratio than the untreatedgraff, A part of the purification

.seen could tHerefore be attributed to the manipulations involved in the

radiation. The pancreatic fragments were suspended in chilled Hank's -
balanced salgvso]utioﬁ for approximately one hour, thé time spent in
transporting aﬁd irfadiatingAthe tissﬁe. it would appear that a,short
period of cold ischemia alone can increase the insulin:amylase ratio.
_The assessment of islet recovery.and purification .in the*invi&o
studies was not consistent’with the ‘results obtained in the invitro
studies.' The mean insulin:amylase ratio of the irradiated graft was
1ower than ;hat of the untreated graft.’ Mdre surprising than this was
: the‘maghftude of the mean fq§u1in:amy]ase ratio of the pancreas. In
- the control group the ratio was 3 to 4 fold higher than that gf the
untreated graft, and apprdximate]y twenty-five times greater than the
mean insulin:amylase ratio of the eight pancreases used 1n.the invitro
studies. There is one consideration that could explain a part of the
obse}ved discrepancy. In the invitro studies the tissﬁe was weighed
andhfrOZen for sﬁbsequent insulin and amylase assay immediately after
sampling. In the invivo studies the tissue was p]acéd in a ;effiger-
ator un&%l completion of the transplant procedure at which time the
-samp]eszere weighed and then placed in a freezer. In otﬁer words
these samples wére subjécted'to a period of cold ischemia which was
approximately 3 to 4 H/for the pancreas, 2 to 3 h for the untreated
graft and 1 to 2 h for the irradiated graft. As demon§trated in the
invitro studies the insulin:amylase ratio can increase with as little
as 1.5 h of cold ischemia. In retrospect the tissue should have been
frozen immediate]y after saﬁp]ing in the invivo studies. From the

uabove consideration it is my opinion‘that the assessment oflis1et

130
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. recovery and purificatien in the invivo studies is.inaecurate and shou]d
be excluded from evaluation in this study;

In a serijes ofﬁstudies reported by Matas and‘associates (141,142),
tissue culture for a period of 24 h increased the insulin: amy]ase~Lat1o
of pancreatic fragments prepared from the canine pancreas by a factor of
six over whole pancreas. The purification was associated with a rapid

and significant decrease in the amylase concentration of the‘graft As

well the 1nsu11n concentrat1on decreased to less than f1fty percent of .

oo

“its original level dur1ng>the first 4 h of t1ssue culture and then
stabilized. These resu]ts are similar to the f1nd1ng§ %tem the tissue
cu]ture stud1es in this investigation. For example, the 1nsu11n amylase
rat1o of the nonirradiated graft was pur1f1ed by a factor of 11 over
whole. pancreas in association with a significant decrease in amy]ase
concentration and a greater thanvfifty percent heduction in insulin
coneentration dnning 24 h of tissue cu]ture. The greater degree of
purification achieved and the ma1ntenance of the insulin concentrat1on
‘of the graft for the first 8 h of tissue cu]ture in this study is
probab]y a result of the volume of t1ssue cu]ture media used, Matae
and associates used 25 ml ‘per g of graft wh11e in this investigation
150 mi per g of graft was used. .

The observation that an acce]erated destruct1on of exocrine t1ssue
re]at1ve to 1s]et tissue occurs in t1ssue culture was first observed
\by Lazarow and assoc1ates (140) One explantation for'th1s phenomenon
is that exocrine cells are autodigested rapidT}ldue to. the action of
“intrinsic digestive enzymes. Islet cells 1ntr1ns1ca11y Tack the potent
‘digestive enzymes ‘and a]though some 1s]et loss is inevitable from the

action of released enzymes they are re]at1ve]y spered. . The addition

4
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of an enzyme inhibitor such as Trésy]o] to the culture media has beeﬁ
shown.to‘s1gn1ficant1y improveoislet-recovery in tfssue culture By
protecting the 1s]ets from the released enzymes. (141,142) -

The trends seen in the tissue culture were similar for bofh the
‘nonirradiated and {rradiated tissﬁe.' The observatiofi-that the untreated
ygraft appeared to Benefjt'more in terms of purification than the
irradiated graft is not surprising as the irradiated graft wés‘part1y
_purified when placed .in tissue cu]ture; ‘The only significaht difference
~in the performance of the irradiated and nonirradiated graft was the
decrease in 1nsu11nrfrom 8 hto 24 h o%~cu1ture observed in the.graft
treated with 7500 rad. This could reflgct a loss of‘is1ét viabi]iti
secondary to radiation injury after this dose or possibly increased
damage by re]éased exocriné”enzymes secondary to acce]erqfed'destruétion.
of exocrine cells. The decrease in amylase concentration from 8 h to
24 h of culture appeared to be faster in the groups receiving the higher
doses of radiation.-

Islet cell grafts purified,by tiésue culture (141,142) and relatively
pure preparations of aggregated islets or "nseudoislets" (10,130) have

been autotransplanted in the canine model. Matas and coworkers (141,142)
transplanted pancreatic fragments cu]tured for 24 h to 15 diabetic doés.
Six dogs were reported surviving and normoglycemic at 1 mo pqst-imp]ant.
There are two important considerations in evaluating this study. ‘The
model for diabetes was partial pancreatectomy‘andlstreptozotocihin. One
of 14 diabetic control dogs was normoglycemic at 1'mo. Transplantation
involved 1hfusion of fifty percent of. the graftyintrapéritoneal]y and
fifty percent‘ihgﬁébdrta11y. ‘It is therefore difficult to compare the

results of this study to the present investigation or other recent studies
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where pancreat1c fragments are autotransplanted to the spleen in tota]ly
pancreatectomized dogs Scharp and associates (10,130) report that 25
percent of apancreatic dogs receiving an intrasplenic autograft of
pseudoislets are normoglycemic at 1 mo post-implant. Lorenz and coworkers
(104) have reported successful transplantation studies using Ficoll
geparated\is1ets in the canine model. This work has not been reproduc-
ible 1ﬁ'other laboratories. It is generally felt that density gradient

sedimentation, used successfully to purify islets in rodents, cannot be

applied to the fibrous mamma11an pancreas. (10,20,31,91—94) The newer \\\\\

methods of purifying islet cell grafts being investigated, for examb]e
counter-currént e]e;trophoreisisiép zero gravity have not rea;hed a level
of*practjca]ity or efficiency %hat will permit transplantation studies.
The use of radiation to purify pahcreatic fragments hqs not been
previously ;eported. In this study survival of apancreatic dogs receiving

an intrasplenic autograft of pancreatic fragments treated with 5000 rad

was considerably bettér than apancreatic controls, - Although metabolic Q
function was éignificant1y poorer than that observed in dogs receiving
untreated grafts, the 70 percent survival at 1 mo post implant suggests
that the recovery. of viable islets after this means of pur1f1cat1on is
better than with prev1ous]y reported methods of purifying islet cell
grafts in the canine model. |

In summary, asguming the 1nsu1ih:amy1ase ratio is an index of graft
purity, radiation in high doses can purify graft preparations of pan-
creatic fragments in the canine model. The increase in the insulin:
amylase ratio approximates that observed with 24 h of tissue culture.
There are two important differences in grafts purified by 24 H of tissue
| culture and grafts purified by radiation. Although radiation is

\
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is associated with injury to exocrine cells there is not a significant

decrease in fhe amylase concentration of the purified graft as seen

with tissue culture. In cgntrast to grafts purified by tissue culture.

theré appears tb be an increase in insulin concentration of the graft

purified withhradiation...The recovery of viable islets following high

dose radiation appears to be superior than that seen following 24 h of

tissue culture.

APPLICATION OF HIGH DOSE RADIATION
TO PANCREATIC IRANSPLANTATIQN
The ultimate barrier to clinical success of immediately vascularized

pancreas and islet cell grafts is allograft rejectioﬁ. More immediate

problems of a technical nature face both forms of transplantation. The

technical problem with immediately vascularized pancreas grafts is

controlling the exocrine secretion of the paﬁcreas.f For islet cell

transplantation the technical problem is islet yield.

witﬁ'respect to allograft rejection one of the major advantages of

is]e£ ce]]Itransp1antatioﬁ over immediately vascularized pancréatﬁc

grafts is the potential to red&ce immunogenecity ofhthe graft invitro

prior transplantation. This potential has been convincingly demonstrated
in the rodent mode] (25,26,113-117,150-152) and in principle applies to
the canine model. (26) The loss of insulin secreting tissue or low
islet recovery associated with techniques used to purify grafts hés
prevented use of this theory to demonstrate prolonged allograft survival
without immunosuppression in large anima]lmode1s. (26,153) The reason

€ work has been successful-in rodents is that islets can be pooled from
multiple synd%neic»donors.

' It cannot be concluded.that  dendritic cell function was removed or
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even decreased in the purified graft preparation obtained in this study.
However, it is very likely that the antigenecity of this graft preparation
is reduced. Smaller doses of radjation than used in this investigation
can destroy lymphocytes and macrophages. (165) The “passenger‘leukocyte"
concept as it applies td pancreatic islet cell transp]ahtation ;;QB{Qes
removal of other contaminating components of the graft expressing Class
I1 antigen. A pure preparation of islets is necessary. Radiation in
doses of 5000 to 7500 rad ach;eved significant purification of the
graft in this study. Two previoué studies demonstrate that pretreatment
of pancreatic tissue with radiation can reduce antigenecity of the graft
and that doses of the magﬁitude used in this investigation may be
necessary to achieve this without the use of tissue culture. Lacy and
coworkers'(189) reported that pretreatment of donor rats with a total
body dose of 850 rad prolonged survival of Ficoll separated and hand-
picked islets across a minor histocompatibi]ity barrier provided the
islets were cultured for 24 h. Tersigni and coworkers‘(186) demonstrated
prd]onged allograft survi?a] of immediately vascularized segmental grafts
treated invitro with high doses or radiation. Animals receiving grafts
treated with 5000 rads survived on average of 27.5 days and treated with
10,000 rad on average of 39.5 days. Treatment of the graft with 1000 rad
resulted in an average allograft survival of 19 days.-

Ihe survival of nonimmunosuppressed islet cell allografts, using the
same ;echniques for graft preparation and transplantation as dgscribed
in this study, have been previously reported from this lab. (198) The
mean time interval to the appearance of hyperglycemia and the mean

survival was 5;0f 0.6 days and ié.Ot 3.4 days respective]y. Islet

recovery following purification of the graft with radiation, as reflected
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by the 70 percent autograft survival of 1 mo post-imﬁ]ant, would be
adequate .to test the theory of immunoalteration in the canine model.
[slet yield is the maJor barrier to clinical islet cell transplant-
ation. This is reflected by the metabolic function of the contro] series
of autografts at 1 mo post-implant in this study The rate of decline of
glucose during IVGTT was 50 percent of that observed preoperatively and
the peak insulin during IVGTT was less than 25 percent of the preoperat-
ive level. These resufts are similar to the findings of other invest-
igators in this lab (22) and in othér ldboratories. (21,96) It is not
surprising that autotransplants with grafts purified by methods which
are qséociated with a loss of insulin secreting tissue fail. That an
increase in islet yield will solve the problem of completely normal-
izing metabolic function hés not been demonstrated in the canine modeT
for obvious reasons. The earliest experimental studies in rodents,
using multiple syngeneic donors, established that transp]éntation of a
larger number of islets improved metabolic function. (9,24,78,79)
Previous experiméntal work on rodents and the canine model has shown
that pretreatment of donors or the pancreas with agents . that Se]ective]y
destroy or Hegranu]ate exocrine cells,such as DL-ethionine or pilocarpine,
results in at least a two-fold increase in islet yield. (29,138,139)
In this study radiation in high doses was shown to injure and degranulate
exocrine cells. The pattern of injury seen with DL-ethionine is similar
to that-seen with radiation, (173) It would be intere._ting to irradiate
the intéct gland, invitro, prior graft preparation and assess islet
yield. An increase in islet yield would theoretically permit any further
manipulations of the.graft necessary for purposes of immunoalteration,

such as a short period of tissue culture, without precluding successful
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transplantation studies,

In diabetic rodents less islets are required to completely normal-
ize metabolic function when infused into the liver as opposed to other
- transplantation sites. (9,80,83) The contaminating components of
grafts of pancreatic fragments has precluded the safe and success?u]
utilization of the liver as a transplantation site in large mammals.
(102,103,129) The purified graft preparation obtained in this study
could.be'used to examine this aspect of islet cell transplantation in
the canine model.

High dose radiation has been applied to the technical problem of
controlling exocrine secretion in immediately vascularized pancreas
grafts. (183-186,188) The results have been variable. ATl attempts to
suppress exocrine secretion of these grafts, the most successful being
occlusion of the duéf with synthetic polymer, are complicated by
progressive fibrosis of the graft with an accompanying decrease in
endocrine function. (12,13,62-68) A late consequenée pf radiation
~injury in intact vasculafizéd organs is ischemig and fibrosis (159,163)
and this has been démonstrated following radiation of the pancreas (171-
176).This feature would severely iimit if not be a_contraindication to
the invitro manipulation of immediately vascularized pancreas grafts

7

with high dose radiation.

There is one final consideration in the potential app]ication of high
dose radiation to pancreatic transplantation. Radiation can induce
neoplasia. Islet cell tumors have been reported to develop in mice
following doses of 450 rad. (170) For this reason alone long-term
follow-up of animals receiving grafts of‘irradiated tissue, 1n.terms of

« . : . - [N ‘ . . --
years, is necessary before any consideration 1s g1ﬂgg?to clinical applic-

ation of this tool to pancreatic transplantation.



X CONCLUSIONS

Radiation in high doses is a relatively simple, efficient, and
practical means of purifying a graft preparation of panéreatic micro-
fragments.

! The increase in the insulin:amylase ratio in the graft imhediate]y
after high doses of radiation approximates that seen following 24 h of
tissue cu}ture. Unlike tissue culture the purification seen with
radiation is not associated with a significant decrease in amyiase
concentration of the graft. This imp]ieé that a part of the purifiﬁation
is a result of destruction of other contaminating components of the |
graft., The purification with radiatfon, in contrast to 24 h of tissue
culture, is not associated with a decrease in insulin concentration of
the graft.

The recovery of viable islets jn a graft treated with 5000 rad is -

sufficient to permit better autqgéxig‘surviva1 than previously reported
u’f\* .- R
Y il

following other means of graft pigl
A Y i i wid

graft preparation, purified with ra®ation under the conditions defined

in this study, could be used to test the theory of  immunoalteration

in the canine model.

- Radiation in high doses cam injure exocrine ce1<s*<ffgm the results
of this study it cannot be concluded that the injury is entirely selective
as it is possible the beta cells are injured to a degfee as well, The
pattern'of injury in exocrine cells is simi1ér to that seen with chemical
agents such as DL-ethionine. Selective injury to exocrine cells in the
intact pancreas has been shown to enhance the yield B?‘%slets with graft

preparation. Potentially radiation;,in ,,,,, the doses used in this study

y
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or in smaller doseS'wﬁth modifications of the conditions of radiation
to achieve equiva]enf effecté om’the exocrine tissue, could be used to .
increase islet yie]d.  ‘ o o @

‘The use of high dose radiation for the purpose of immunoalteration
fbr to_suppress exocrine Secretion in immediately vascu1arizedgpancrea$
‘grafts;isdyimited; if nbt contrajhdjcated, because‘of»radiétion induced
- fibrgsis of the gland. . . |

Further experihenta] evaluation of the app]icafions of high dose

radiation to the field of péncreatic-ﬁs]et cell tranép]antation is

justified,



10.

11.

12.

13.

‘14,

X1 BIBLIOGRAPHY

| a
Cahill GF. Diabetes mellitus. In:  Wyngaarden JB, Smith LH,

eds. Cecil: Textbook of Medicine. Philadelphia: W8 Saunders,
1982: 1052-1072. ‘

Rossini AA. Why confro] blood glucose levels. Arch Surg; 1976:

S 3: 229-233.

Tchobroutsky G. Relation of diabetic control to development of
microvascular complications. Diabetologia, 1978; 15: 143-152.

Tchobroutsky G. ° Metabolic control and diabetic complications.
In: - Brownlee M, ed. Handbook of Diabetes Mellitus, Vol. 5:
Current and Future Therapfes. ~New York: Gartand STPM Press,
1981: 3-40. -

Raskin P. Treatment of dinsulin - dependent ‘diabetes mellitus with
portable insulin infusion devices. * Med Clin: North Am, 1982;
66(6) : ]269—1?82. -
Tamborlane WV, Press MC. Insulin infusion pump treatment of type
I diabetes. Pediatr Clin North Am, 1984; 31(3): 721-734. i

Unger RH. Benefits and risks of meticulous control of diabetes.
Med Clin North Am, 1982; 66(6): 1317-1324, . ’

Unger RH. Insulin-glucégon—somatostatin interactions. In:
Rifkin H, Raskin P, eds. Diabetes Mellitus, Vol. 5. Maryland:
Prentice Hall, 1981: 43-54. :

Sutherland = DER. Pancreas énd pancreatic -~ islet cell
transplantation. 1. Experimental Studies. Diabetologia, 1981;
20: '161-183. ' o

Scharp DW. Clinical feasibility of islet transplantation.
Transplant Proc, 1984; 16(3): 820-825.

Sutheriand DER, Goetz FC, Chinn PL, Elick BA, Najarian JS.
Pancreas transplantation. Pediatr Clin North Am, 1984; 31(3):
725-750. : ‘ .

_Suthef]and‘»DER. Selected. issues of importance in clinical

pancreas transplantation. ~Transplant Proc, 1984; 16(3): 661-670.

Groth CG. Clinical pancreatic transplantation. Transplant Proc,
1984; 17(11): 302-306. ' - .

Lacy PE. Pancreat;; transplantation as a ‘means of dinsulin
delivery. Diabetes Care, 1982; 5(suppll): 93-97.

140



15.

16.

17.

18..

19.

20,

21..

22,

23.

24.

25.

26.

27.

28.

A

5

Barker CF, Naji A, Perloff LJ, Dafoe DC, Bar%ﬁett, S. Invited
commentary. An overview of pancreas transplantation-biological
aspects. Surgery, 1982; 92(2): .133-137.

Lacy .PE, Kostianowsky M. Method for isloation of intact islets of
1angerhans from the rat pancreas. Diabetes, 1967; 16(1): .35-39,

Ballinger WF, Lacy PE. Transplantation of intact pancreatic
islets in rats. Surgery, 1972; 72(2): 175-186.

Mauer MS, Sutherland DER, Steffes Mw; Leonard RJ, Najarian JS,

- Michael AF, Brown DM. Pancreatic islet transplantation effects-

on the glomerular lesions of experimental dibetes in rats.
Diabetes, 1974; 23(9): 748-753. :

Mauer MS, Steffes MW, Sutherland DER, Najarian JS, Michael AF,
Brown DM. Studies of the rate of regression of the g]omeru]ar
lesions in diabetic rats treated with pancreatic islet
transplantation. Diabetes, 1975; 23(3): 280-285,

Merkovitch V, Campiche M. Intrasplenic autotransplantation of
canine pancreatic tissue: maintenance of normoglycemia after
total pancreatectomy. Eur Surg Res, 1977; 9: 173-190.

Kretschmer GJ,. Sutherland DER, Matas AF, Steffes MW, Najarian

~JS. The d1spersed pancreas: s transplantation without idslet

purification in totally pancreatectomized dogs. Diabetologia,
1977; (13): 495-502.

Warnock GL ‘Rajotte RV, Procyshyn AW, Normoglycem1a-after reflux
of islet conta1n1ng fragments into the splenic vascu]ar bed in
dogs. Diabetes, 1983; 32(5): 452-458.

Reckard C, Barker C. Transplantat1on of isolated pancreatic
islets across strong and weak h1stocompat1b111ty barriers.
Transplant Proc, 1973; 5(1): 761-763, ~—~

Reckard C, Ze®gler M, Barker C. Physio]ogic - and immuno]ogi@’

consequences . of  transplanting isolated pancreatic islets.
Surgery, 1973; 74(1): 91-99, =~ . ‘

Lacy PE, Davie JM, Finke EH. Pro]ongat1on of islet allograft
surv1va1 following invitro culture (24°C) and a singie inject of
ALS. Science, 1979; 204: 312-313. * -

-Lacy PE. Experimental 1mmunoa1terat1on World J Surg, 1984; 8:

198-203. _ a4

Lafferty K, Coo]ey»M WOoLnough J, Walker K. Thyroid allograft
1mmunogenec1ty is reduced after ' per1od ‘in  organ culture.
Sc1ence 1975; 188: 259 -261. " e :

Lafferty , K."'A? The ‘,1mmuNOgenéc1ty of foreign tissue.
Transp]antat1agﬁ ﬁ980 29(3): 179-182.

+ AM.

-

141



29.

30.
31,

32.

33.
34.
35.

36.

41.

42,

3

Scharp DW. Isolation and transplantation of. islet tissue. World
J Surg. 1984; 8: 143-151.

Cahill GF, Arky RA. Diabetes: In: Rubenstein E, Federman D,

eds. Scientific American Medicine. New York:. Scientific

. American Inc., 1983; 9(6): 1-20.

. P, eds. Diabetes Mellitus, Vol 5. Maryland: ~ Prentice-Hall,

Freinkel, H. On the etiology of diabetes mellitus. In: Rifkin
H, Raskin P, eds. Diabetes Mellitus, Vol. 5. Maryland:

Prentice- Hall, 1981:- 1-6.

Albin J, Rifkin H. Etiologies of diabetes mellitus. Med Clin

North Am, 1984; 66(6): 1209-1225,

Naji A, Silvers WK, Bartlett ST; Francfort "J, Barkér c.
Immunologic factors in pathogenesis and treatment of human and
animal diabetes. WOr]d J- Surg, 1984; 8: 214-220, -

Cahill GF. The future of diabetes. In: Rifkin H, Raskin P,

eds. Diabetes’ Me111tus, Vol 5. Maryland: Prentice-Hall, 1981:

375-3780 .

Lief PD. Renal 1mpa1rmeqf f ygabetes mellitus. In:. Rifkin H,
Raskin P, eds. ijvabe'.‘wﬁ a{tus, Vol 5. Maryland: :Prentice-
Hall, 1981: 265-268, ="/ i 34 .

» V‘
.

Henkind P, Walsh JB. Diabetic retinopathy. In: Rifkin H, Raskip
1981: 253-258.

Rifkin H, Ross H. Control of diabetes and longterm
complications. In: Rifkin H, Raskin P, eds. Diabetes Me111tus

Vol 5. Maryland: Prentice-Hall, 1981: 233-240.
Foster DW. Diabetes mellitus. In: Petersdorf RC, . Adams RD,
Braunwald E, et al, eds. Harrison's Principles of Interna1

. Medicine. New York: McGraw-Hill, 1983: 671-679.

Lee CS, Mauer MS, Brown DM, Sutherland DER, Michael AF, Najarian,
Js. Renal transplantat1on in diabetes me111tus in rats. J Exp
Med, 1974; 139: 793-800.

Engerman R, Bloodworth JMB, Nelson S. Relat1onsh1p of

microvascular disease in d1abetes to metabolic control. Diabetes,
1977 26(8): 760-769. ‘ :

Gray BN, Watkins B. Prevention of vascular comp11catiohs of
diabetes by pancreatic islet cell transplantation. Arch Surg,
1976; 3: 254-257. : ' /

L

‘Pirart J. Diabetes mellitus and'its‘degenérafive complications; a

prospective study of 4,400 patients observed between 1947 and
19M3. Diabetes Care, 1978; 1(3): 168-188.

142



43.

44.

45.

46 .

47.

48.

a9,

50.

51.

52.

53.

- 54,

Keid1ng HR, Root HE, Marble A. Importance of control of diabetes
in prevention of vascu]ar comp11cat1ons. JAMA, 1952; 150: 964-
969. :

Steno Study Group. Effect of 6 months of strict metabolic control
on eye and kidney function.:in insulin-dependent diabetics with
background retinopathy. Lancet, 1982(Jan 16): 121-123,

Eschwege E, Job E, Guyot-Argenton C, Rubry JP, Tchobroutsky G.
Delayed progression of diabetic retinopathy by divided insulin
administration. A further follow-up. Diabetologia, 1979; 16:
13-15, - : . o .

Miki E, Fukuda M, Kuzuyu t, Kosaka K, Nakao K. Relation of the

course of retinopathy to control of diabetes, age and therapeutic

agents in diabetic Japanese patients. Diabetes,  1968; 18(2):
773-780, :

Gabbay K, Fluck1gen R. Clinical significance of glycosylated

, hemog1ob1n. In: Rifkin H, Raskin P, eds. Diabetes Mellitus,.Vol

5. Maryland: Prentice-Hall, 1981: 241-246,

Raskin  P. Transplants, artificial pancreas and  new

pharmocological advances. In: Rifkin.H, Raskin P, eds. :Diabetes
Millitus, Vol 5. Maryland: Prentice-Hall, 1981: 367-374,

Reemsta K, Weber CJ. Pancreas and pancreatic islet cell
transplantation. In: Sabistan DC, ed. Davies-Christopher

Textbook of Surgery. .Philadelphia: WB Saunders Co., 1981: 537-

542.

_ ‘ , -
Stein W, Steer M..  The pancreas. In: ‘Schwartz SI, ed.
Principles of Surgery. New York McGraw-H111 1984: 1345-1373.

Brown:J Mullen Y, Clark W, Mo]nar G, Heininger D. Importance of

hepatic portal c1rcu1at1on for. 1nsu]1n action in streptozotocin-

diabetic rats transplanted wtth foetal pancreas. .J Clin Invest,
1979; 64 -1688-1694,

Federlin KF, Bretzel RG. The effects of 1slet transplantation on
comp11cat1ons in exper1menta1 diabetes of the ra%. World'J Surg,
1984; 8: 169-178.

Weil R, Nozawa M, Koss M, Weber C, Reemsta K, McIntosh R,
Pancreatic transplantation in diabetic rats: renal function,
morphology, -Ultrastructure and immunohistology. Surgery, 1975;
78(2): 142-148, ‘

Steffes MW, Brown DM, Basgen JM, Mauer MS, Amelioration of
mesangial: volume -and surface alterations following islet

~transplantation in diabetic rats. Diabetes, 1980; (29): 509-515.

143



55.

%6.

57.

58.
59.
60.
61,

62.

63‘.

64..

65. .

66

67.

renal comp]ication; in mice. Metabolism, 1983; 32(5): 451-456,

Hof fman L, Mandel TE, Carter WM, Koulmanda M, Martin FIR, Campbel.]
DG, \McMillan N. A comparison between islet transplantation and
parental insulin in the control of diabetes and prevention of

L
Pozza G, Seccni A, Bosi E, Micossi P, Piatti PM, Monti LD,
Cristallo M, Pontiroli AE, Gelet 'A, Dubernard JM, Traeger J.
Artificial - insulin delivery systems versus pancreas
transplantation: effect on metabolic control. Transplant Proc,
1985; 17(1): 358-359, S

Wellman KF, Volk BW. Historical RéView. In:  Volk Bw; WelIman
KF, eds. The Diabetic Pancreas. New-York:\ Plenum Press, 1977:
1-14, .

Downing R. Historical review of pancreatic islet
transplantation. World J Surg, 1984; 8: 137-142. :

Van Beek L. Leonid V. Sobolev 1876-1919, Diabetes, ]979; 7(3):
246-248,

Connoly JE.  Pancreatic whole organ transplantation. Surg C]iﬁ
North Am, 1978; 58(2): 383-390.

Jonasson 0. Transplantation of the pancreas 1978. Transplant

Proc, 1979; 16(1): 325-330..

Gleidman ML, Gold M, whittaker J; Rifkin H, Soberman R, Freed §,
Tellis V, Veith F. Pancreatic duct to ureter anastomesis for

exocrine drainage in pancreatic transplantation. Am J Surg, 1973;
125: 245-252, . -

Groth C, Tyden G, -Lundgren G, Wilczek H, Klintmalm G, Ost L,
Gunnarsson R, Ostman J. Segmental pancreatic transplantation with
enteric exocrine diversion. World J Surg, 1984; 8: '257-261.

Kyriakides G, Arora V, Lifton J, Nuttal F, Miller J. Porcince

-pancreatic transplants II. Allotransplantation of duct lTigated

segments. J Surg Res, 1976; 20: 461-466., -

Groth CG, Lundgren G, .Gunnarsson R, Arner P, Berg B, Ostman J.
Segmental pancreatic transplantation with dyct Tigation. or
drainage to a Jejunal roux-en-y loop * in  nonuremic “diabetic
patients. Diabetes, 1980; 29(suppll): 3-9.

Kyriakides GK, Rabinovitch A, Miniz D, O0lson L, Rappaport F,
Miller  J. Long-term study of vascularized free-draining
intraperitoneal pancreatic segmental allografts in beagle dogs. J
Clin Invest, 1981; 67: 292-303, ,

Traeger J, Dubernard 9, Touraine JL, Neyra P, Malik MC, Pelissard
C, Ruitton A. Pancreatic transplantation in man: a new method of
pancreas preparation and resylts in diabetes correction.
Transplant Proc, 1979; 16(1): 331-335, -

144



68.

69.
70.

71,

72.°

73.

74,

75.

76.

77,

78.

79.

80.

~in diabetic Iats. Diabetologia, 1973:

Dubernard J, Traeger J, Bosi E, Gelet A, Yafi S, Devonec M, Piatti
PM, Chiesa R, Martin X, Monein-Long B, Jouraine J, Pozza G.
Transplantation for the treatment of insulin-dependent diabetes:
clinical experience with polymer ‘obstructed pancreatic grafts
using neoprene. World J Surg, 1984; 8: 262-266.

Sutherland DER. Pancreas and islet transplantation registry
data. World J Surg, 1984; 8: 270-275,

-Sutherland DER, Kendell D. Clinical pancreas and islet transplant

registry report. Transplant Proc, 1985; 17(1): 307-311.

Bewick M, Miller B, Compton F, Gonzales-Carillo, Augohstis A,
Eaton B. Canine pancreatic endocrine function after intePruption
of pancreatic exocrine drainage. Transplantation, 1983; 36(3):
246-251, ‘ _

Liu T, Sutherland DER, Heil J, Dunning M, Najarian JS. Beneficial
effects of establishing pancreatic duct drainage into a hollow
organ (bladder, Jejunum, or stomach) compared to free
intraperitoneal drainage or duct injection. Transplant Proc,
1985; 17(1): 366-371. :

Sutherland DER, Matas AJ, Najarian JS. Pancreatic islet cell
transplantation. Surg Clin North Am, 1978; 58(2): 365-382.

Browniny H,  Resnick P. Homologous and heterologous
transplantation of pancreatic tissue 1in normal and .diabetic
mice. Yale J Biol Med, 1951; 24: 141-152. ~

Moskalewski S. Isolation and culture of the islets of langerhans
of the guinea pig. General and Comparative Endocrinology; 1965;

5: 342-353.

Scharp DW, Kemp BC, Knight MJ, Ballinger WF, Lacy PE. The use of
ficoll in- the, preparation of viable islets of Tangerhans from the
rat pancreas. Transplantation, 1973; 16(6): 686-689.

Finke EH, Lacy PE, Ono J. Use of reflected green light . for
specific -identification. of islets in vitro after collagenase
isolation. Diabetes, +1979; 28: 612-613, :

huhpf KD, - Lohlein D, Piéh]mayr R.  Multiple transplantations of
islets of langerhans. Eur Surg Res, 1977; 9: 403-410. ;
Henriksson C, Bergmark J, Claes G. Metabolic response to
isologous transplantation of small numbers of isolated islets of
langerhans in the rat. Eur Surg Res, 1977; 9: 411-418,

Kemp CB, Knight MJ, Scharp DW, Ballinger WF, Lacy - PE. Efect of
tranplantation site on the results,of%bancreatic islet isografts
9: 486-491. '

145



8l.

82.

83.

84 .

85.

86 .

87.

88.

89.

90.

9.

92.

93.

Matas AJ, Payne WD, Grotting JC, Sutherland DER, Steffes Mw,

Hertel BF, Najarian JS. Portal versus systemic transp]antatlon ofﬂ

dispersed neonatal pancreas. Transplantation, 1977; 24(5): 333-
337, ‘ '

GrYffin RC, Scharp OW, Hartman BK, Ballinger WF, Lacy PE. A
metabolic study of intrahepatic portal vein islet’ isografts,
Diabetes, 1977; 26: 201-214. “o

Feldman SD, Hirsnberg GE, Dode G Rallman M, Scharp Dw Ba]11nger
WF, Lacy PE. Intrasp]en1c islet 1sografts Surgery, 1977;
82(3): 386-394. . .

Yasunami " Y, Lacy PE, Finke E. A new site for. islet
transplantation - a peritoneal-omental pouch. Transplantation,

$1983; 36(2): 181-182,

Lenoard RJ, Lazarow A, Herge 0. Pancreatic 1s1et tranSplantat1on
in the rat. Diabetes, 1973; 22: 413-418.

Matas AJ, Sutherland 'DER, Steffes MW, Najarian JS. Islet
transplantation using "neonatal. rat pancreas: quantitative
studies. J Surg 'Res, 19763 20: 143-147.

Mullen Y, Clark WR, Kemp J, Molnar JG, Brown J, | Reversal of
experimental diabetes -by foetal rat pancreas II. critical
procedures for transplantation. Transplantation Proc, 1977; 9(1):
329-332. ’

Brown. J, Clark WR, -Molnar JG, Mullen YS. Foetal pancregs
transplantation for reversa] of streptozotoc1n induced diabetes in

-rats, Diabetes, 1976; 25: 56-65.

McEvoy R, Hegre 0. .. Syngeneic transp]antat1on of foetal rat
pancreas., III. Effect of insulin treatment on the growth and
differintiation of pancreatic implants after reversal  of
diabetes. Diabetes, 1979; 28: 141-146, :

Zeigler M, Reckard C, Qprker Cs+ - Longterm metabolic and
immunologic considerations’  #n " transplantation of pancreatic
islets. J Surg Res, 1974y -i6: 575-581.

Mirkovitch V, Campiche M. Intrasplenic autotransplantation of
canine pancreatic tissue: maintenance of normoclycemia after
total pancreatectomy. Eur Surg Res, 1977; §: 173-190.

Scharp DW, Downing R, Merrel RC, Greider M. Isolating the elusive
islet. D1abetes, 1980 29(supp1 1): 19- 30 :

Scharp DW, Mubphy Jd, Newton WT, Ba1l1nger WF, Lacy PE.
Transplantation of ijslets of 1angerhans in diabetic ‘rhesus
monkeys. Surger;if1975; 88(1): 100-105.

146

g



94,

95.

96.

97.

98.

99.

100.
101.

102,

103.

104,

105.

Sutherland DER, Steffes MW, Bauer GE, McManus D, Noe B, Najarian
JS. Isolation of human and porcine islets q? langerhans and islet
transplantation in pigs. J Surg Res, 1974;716:  102-111.

Horaguchi A, Merrel RC. Preparation of viable islet c%l]s from
dogs by a new method. Diabetes, ]98]; 30: 455-458, .

~Mehigan DG, Zuidema GD, .Cameron JL. Pancreatic islet

transplantation in dogs: critical factors 1in technique. Am J
Surg, 1981; 141: 208-212. . .

Kretschmer GJ, Sutherland DER, Matas AJ, Payne WD, Najarian JS.
Autotransplantation of pancreatic fragments to the portal vein and
spleen of totally pancreatectomized dogs. Ann Surg, 1978; 187(1):
79-86. ' - _ '

Kolb E; Ruckert R, Largardier F. Intraportal and intrasplenic
autotransplantation of pancreatic islets .in the dog. Eur Surg
Res, 1977; 9: 419-426.

Alderson D, Farndon JR.  The metabolic = effects of islet
transplantation in the diabetic dog.  Transplant Proc, 1984;
16(3): 831-833, ' :

Alderson D, Farndon JR, Albert KGM. Islet - transplantation
corrects disordered 1lipid metabolism of diabetes in dogs.
Transplant Proc, 1985; 17(1): 388-390.

Rajotte RV, Warnock GL, Procyshyn DW, Wieczorek K. Intrasplenic

isografts. of canine pancreatic islets, metabolic study.
Trdnsplant Proc, 1984; 16(3): 834-837.

Mehigan DG, Bell NR, Zuidema 'GD, Eggleston JC, Cameron JL.
Disseminated intravascular coagulation and portal hypertension
following pancreatic islet autotransplantation. Ann Surg 1980;
191(3): 287-293.

Miller BHR, Bewick M, Compton FJ, Needham JM, Godwin KL, Winter
M.~ Disseminated intravascular coagulation after dispersed
pancreas transplantation in dogs: causitive agents.,
Transplantation, 1983; 36(3): 348-350.

Lorenz D, Lippert H, Tietz W, Worm V, Hann NJ, Dorn A, Koch G,
Ziegler M, Rosenbaum KD, Transplantation of isolated islets.of
langerhans in diabetic dogs: I. results after allogenic
intraportal islet transplantation. J Surg Res, 1979; 27: 181-
192.- -

Toledo-Peyera LH, Bandlein KO, Gordon DA, MaCKenzie GH, Reyman
TA. Renal subcapsular islet cell transplantation. Diabetes,
1984; 33: 910-914. - ’

147



148

106. The Canadian Multicentre Transplant Study Group. A randomized
. ¢linical trial of cyclosporine in cadaveric renal
transplantation. New Engl J Med, 1983; 309(14): 809-815.

107. Gunnarsson R, Klintmalm S, Lundgran G, Tyden S, Wilczek H, Ostman
J, Groth CG. Deterioration in glucose metabolism in pancreatic
transplant recipients after conversion from azothioprine to
cyclosporin. Transplant Proc, 1984; 16(3): 709-712,

108. Reemsta K. Experimental islet cell grafting: a transplantation
model. Trans Proc, 1970; 2(4): 513-515.

109. Nash JR, Peters M, Bell PRF. Comparable survival of pancreatic
islets, heart, kidney and skin allografts in rats with and without
enhancement. Transplantation, 1977; 24(1): 70-73.

110, Perloff LJ, Naji A, Silvers WK, McKearn JJ, Barker CF.
Vascularized pancreas versus isolated islet allografts: an
immunological comparison. Surgery, 1980; 88(2): 222-230.

111. Reckard CR, Stuart FP, Clayman JL, Buckingham F, Schulak JA.

‘ Differential susceptibility of segmental and 1isolated islet
allografts to rejection and enhancement. Transplant Proc, -1981;
13(1): 819-8?2., . e

/ .

112. Finch DRA, Morris PJ. The effect of increasing islet numbers on
survival of pancreatic islet allografts in immunosuppressed
diabetic rats. Transplantation, 1977; 23(1): 104-106.

113. Lacy PE, Finke E, Janney C, Davie J. Prolongation of islet
xenograft survival by invitro culture of rat megaislets in 95%
0,. Transplantation, 1982; 33(6): 588-592.

114, Lacy PE, Davie JM, Finke EH. Effect of culture on islet
rejection. Diabetes, 1980; 29(suppl/.1): 93-97,

115. Bowen K, Andrus L, Lafferty K. Successful allotransplantation of
- mouse  pancreatic islets to nonimmunosuppressed recipients.
Diabetes, 1980; 29: 98-103, e

116. Yasunami Y, Lacy PE, Davie M, Finke E. Prolongation of islet
xenograft survival, (rat to mouse) by invitro culture at 37°C.
Transplantation, 1983; 33(4): 281-284,

117. Faustmad D, Lacy PE, Davie JM. - Transplantation without
Jimmunosuppression. Diabetes, 1982; 3(suppl.4): 11-13,

118. Naji A, Silvers WK, Barker CF. Influence of organ culture on the
survival of major histocompatibility complex compatible and
incompatible parathyroid allografts in rats. Transplantation,

-1981; 32(4): 296-298, '



119,

120,

122.

123.

124,

125,

126.

127.

128,

129.

130.

131.

Lacy PE, Davie J, Finke E. Induction of rejection of successful
allografts of rat islets by donor peritoneal exudate cells,
Transplantation, 1979; 28(5): 415-420,

Parr E. The absence of Ho antigens from mouse pancreatic B cells
demonstrated by immunoferritin labelling, Exp Med, 1979; 150:
1-9,. '

Hart DNJ, Newton MR, Reece-Smith H, Fabre JW, Morris PJ. Major
histomcompatibi]ity complex antigens in the rat pancreas, isolated
pancreatic islets, thyroid and adrenal. Transplantation, 1983;
36(4): 431-435, '

Naji A, Silvers WK, Barker C(F. Transplantation, 1983; 36(4):
355-361,

Weber C, Ting W, Rosenkrantz K, Rivera S, Pernis B,'Reemsta K.
Islet transplantation in diabetes aladbies mellituys. 1984; 16(3):
845-848. ’

Squifflet SP, Sutherland DER, Florack 8, Morrow CE, Najarian Js.

Physiologic comparison of segmental pancreas and islet transplants
in rats. Transplant Proc, 1985; 17(1): 378-380.

Uhlschmid G, Largiader F. Pancreas organ preservation: a review
of the literature -and results of the authors. Transplant Proc,
1980; 12 (No.4,Suppl.2): 157-162, .

Rajotte RV, Warnock GL; Bruch LC, Procyshyn Aw. Transplantafion
of cryopreserved and fresh rat -islets and canine pancreactic frag-

ments: comparison of cryopreservation protocols, Cryobiology,
1983; 20: 169-184.

Rajotte RV, Warnock GL, Kneteman NM. .Cryopreservation of insulin-
producing tissue in rats and dogs. World J Surg, 1984; 8: 179-
186 . ‘

Izumi R, Konishi K, Shimizuk, Hirosawa H, Takahashi N, Miyazaki
I. Isolation of human pancreatic islets from cryopreserved
pancreas. Transplant Proc, 1985; 17(1): 383-384.

Walsh TJ, Eggleston JC, Cameron JL. Portal hypertension, hepatic
infarction and 1liver failure complicating pancreatic islet.
autotransplantation. Surgery, 1982; 91(4): 485-487,

-

'Long JA, Britt L, O0lack BJ, Scharp Dw. Autotransplantation of

isolated canine 1s1et$. Transplant Proc, 1983; 15(1): '1332-1337.

Lacy PE, Lacy ET, Finke EH, Mdsunami Y. An improved method for

the isolation of islets from the beef pancreas. Diabetes, 1982;
31(suppl.4): 109-111. ‘

-
—



132.

133.

134,

135.

136.

137.

Downing R, Scharp DW, Ba]linggr WF. An improved technique for
isolation and 1dent1f1cép)on of mammalian islets of langerhans,
Transplantation, 1980; 29(29):  79-83.

Ono J, Takaki R, Fukuma M. Preparation of single cells from
pancreatic islets of the adult rat by the use of dispase.
Endocrinol Japan, 1977; 24(3): 265-270. :

Henrikkson C, Bergmark J, Claes &. Use of trypsin for isolation

of islets of langerhans in the rat. Eur Surg Res, 1977; 9: 427-
431. .

Hinshaw DB, Jolley WB, Hinshaw DB, Kaiser JE, Hiﬁshaw K. Islet
autotransplantation after pancreatectomy for pancreatitis with a
new method of islet preparation. Am J Surg, 1981; 142: 118-122.

Hasiguchi H, Taguchi T, Takeda Y, Ursell P, Klomp GF, Dobell WH,
Whole-organ incubation as a first step in the isolation of
pancreatic islets from large animals. Artif organs, 1983; 7(2):
250-253.

Gray DWR, McShane P, Morris PJ. A method for isolation of islets
of langerhans from the human pancreas. Transplant Proc, 1985;

/””’*\17( ): 381-382.

138.

139.

140,

141,

142.

143.

Payne WD, Sutherland DER, Matas AJ, Gorecki P, Najarian JS. OL-

ethionine treatment of adult pancreatic donors. Amelioration of.

diabetes in multiple recipients with tissue from a s1ng1e donor.
Ann Surg, 1979; 189(2): 148-256.

Vrbova H, Theodorov NA, Tyhurst M, Howell SL. Transplantation of
islets of langerhans from pilocarine-pretreated rats. A method
of enhancing islet yield. Transplantation, 1979; 28(%'  433-435,

Lazarow A, Wells LJ, Carpenter AM, Hegre Q, Leonar J, McEvoy

RC.  Islet differentiation, organ ltwre, and transplantation.
Diabetes, 1973; 22(1): 877-912. /F4HL

Matas AJ, Sutherland DER, Steffes MW, Najarian JS. Short-term
culture of adult pancreatic fragments for purification and
transplantation of islets of ‘langerhans. Surgery, .1976; 80(2):
183-191.

Matas AJ, Sutherland DER, Kretschmer G, Steffes MW, Najarian JS.
Pancreatic tissue culture: depletion of exocrine enzymes and

purification of 1islets for transplantation. Transplant Proc,
1977; 9(1): 337-339,

-Lundgren G, Andersson A, Borg H, Buschard K, Groth CG, Gunnarrson

R, Hellerstrom C, Ostman J. Structural and functional integrity
of isolated human islets of Tlangerhans maintained in tissue
culture for 1-3" weeks.. Transplant Proc, 1977; 9(1): 237-240.

150



144,

145,
146,
147,

148.
149,

150.

151 L)
152.

153.

154,

155.

156.

151

Aggérsson A, Borg H, Groth CG, Gunarrson R, Hellerstrom C,
Lundgren G, Westman J, Ostman J. Survival of isolated human
islets of langerhans maintained in.tissue culture. J Clin Invist,
1976; 57: 1295-1301.

Weber CJ, Hardy MA, Lerner RL, Reemsta K. Tissue culture

isolation and preservation of human cadaveric pancreatic islets.
Surgery, 1977; 81(3): 270-273.

Reemsta K, Weber CJ, Pi-Sunyer FX,. LLerner RL, Hardy MA.
Alternatives in pancreatic transplantation. Tissue culture
studies. Diabetes, 1980; 29(suppl.l): 45-51.

Merrel RC, Schap DW, Gingerich R, Feldme1er M, GreidergM, Downing
R. New approaches to separation of 1slet cells. Sur&ﬁcal Forum,
1979; 30: 303-304.

Britt LD, Stojeba PC, Scharp CR, Greider MH, Scharp DW. Neonatal

pig pseudoislets. A product of selective aggregation. Diabetes,
1981; 30: 580-583. ' r) .

Lindhall PE, Principle of a counter- streaming centrifuge for the
separation of particles of different 51zes Nature, 1948;. 164:
648-649. ‘

Faustman DL, Steinman RN, Gebel HM, Hauptfeld V, Davie JM, Llacy
PE. Prevent1on of" mouse 1s1et a]]ograft reJect1on by e11m1nat1on

of intraislet dendr1t1c cells. Transplant Proc, 1985; 17(1):
420 422. ,

Hardy MA, Lau HT, Reemsta K. Prolongation of rat islet allografts
with the use of ultraviolet irradiation, without
immunosuppression. Transplant Proc, 1984; 16(3): 865-869.
Hardy MA, Lau HT, Weber C, Reemsta K. Pancreatic islet
transplantation: immunoalteration with ultraviolet irradiation.
World J Surg, 1984; 8: 207-213, 32 S
Mullen Y, Yoneda K, Fujiya H, Brown J, Sasaki -N, Dam]ousuA ,
Survival of cultured- foetal pancreas transplants 1n m1n1@@are»”
pigs. Transplant Proc, 1985; 17(1): 417-419. .

Faustman D, Lacy P, Davie J, Hauptfeld V. Prevention’ Qf allograftf
rejection by 1mmun1zat1on w1th donor blood depleted of Ia~bear1;‘?
cells. Science, 1982; 217: 157 158 - L L

Lau H, Reemsta K; Hardy MA. Pancreat1c lslet allo@ggftﬁg'
prolongation by donor-specific blood transfus1ons treated wfth“_f,
ultraviolet radiation. Science, 1983; 221: 754-755, o jn§5\¥ A
Serie JR, Hickey GE, Schmitt RV, Hegre OD: Pr@longation of = .

cultured-isolated neonatal . 1s1et xenografs 3 ;_WjQPOUt e
immunosuppression. Transplantation, 1983; 36(1): 6-§lgin - .- = =




157,

158,

159.
160.

161,

162,
163.
164,
165,
166,

167.

168.

Bobzien B, Yasunami Y, Majercik M, Lacy PE, Davie JM.
Intratesticular transplants of islet xenografts (rat to mouse).
Diabetes, 1983; 32: 213-216,

Toledo-Pereya LH, Bandlien KO, Gordon DA, MacKenzie GH, Reyman
TA, Renal subcapsular islet cell transplantatign. Diabetes,
1984; 33: 910-914.

Robbins SL, Cotran RS, Pathologic basis of disease .2nd ed.
Philadelphia: WB Saunders Co., 1979: 550-558, ‘

Ritter MA. Radiobiology of mamm%Jian cells. Semin Oncolog, 1981;
8(1): 3-17.

Little JB, Williams JR. | Effects of ionizing radiation in
[ggmma]ian cells. In: . Lee DH, ed: Handbook of Physiology.
ethesda: American Physiologic Society, 1977; (9): 127.

Casarett GW: Radiation histopathology. Boca Raton FL: CRC
Press, 1980; (1): 1-49, :

Duncan W, Nias AHW. Clinical radiobiology. Edinburgh: Churchill
Liuchgstone, 1977,

Andrews HL. Radiation biophysics. New Jersey. Prentice-Hall,
1974, ‘

Berdjis cC. Pathology of ,irradiation. Baltimore: Wiliams and
Williams Co., 1977: 1-31. -

Chapman DJ.  Hypoxic sensitizors - implications for radiation
therapy. N Engl J*Med, 1979; 301(26): 1429-1432,

Fajardo LF, Berthrong M.  Radiation injury in surgical
pathology. LPart III. salivary glands, pancreas and skin. Am J
Surg Path, 1981; 5(3): 279-296.

Casarett GW., Radiation histopathology. Boca Raton, FL:  CRC
Press, 1980; (2):. 58-61. A . ‘

White DC. An atlas of radiation, histopathdlogy. Virginia:,

Nationmal Technical Information §ervT§%, 1975: 93-105.

‘ A
Sommers SC. Effects of ionizing radiation upon endocrine
gl ands, In: Berdjis CC, ed. Pathology of Irradiation.
Baltimore: Nilliams and w11kins, 1971: 434-435,

Fisher HF, Groot JT, Bachem A. The effects of x-ray on the
pancreas., Am J Physiol, 1926; 76: 299-305.

Leven NL. An experimental study: the effects of radium emanation
on the pancreas of dogs, Am J Cancer, 1933; 18: 899-904.

%

152



[N

117314§vo1k BW, Nel]man,KF,'Lewitan A. The effects of radiation on the

- «% fine structure and enzymes of the dog pancreas. I short-term

. studies. Am J Pathol, 1966; 48: f721-753,?

174, Archembeau J, Griem M, Harper P. The effects of 250-kv X=rays on

the dogs ° pancreas: morpholtogical and functiohal changes.
Radiation Research, 1966; 28: 243-256 .

175. RaucH RF, StentStrom KW. Effects bf-x-ray radiation on pancreatic
function in dogs. Gastroenterology, 1952; 20(4): 595-603. '

176. Wellman QF,4Vo1k Bw, Lewitan A. The effect of radiation on the
‘ fine structure and enzyme content of the dog pancreas. II. Long-
term studies. Lab Invest, 1966; 15: 1007-1023.

177." Pietoni RO, Rudick J, Adler M, Nacchiero M, Rybak BJ, Perlberg JH,

Dreiling DA. Effect of irradiation on the  canine exocrine

pancreas..  Ann Surg, 1976; 184: 610-614.
ane, }

178. Devonec M, Fahre' JL, Blanc-Bruhai H, Dubernard JM, Traeger J.

- Effects of pancreatic intraductal injection of a radioisotope in
dogs. Transplant Proc, 1980; 12(4 suppl.2): 141-144, L

l79,,wFaﬁre JL, Provensal B, Dubernard JM, Martin . X, Devonec M,
Margonari J, Traeger J. Effects of intraductal irradiation’ n the
canine pancreas. Transplant Proc, 1984; 16(3): 752-754. -

4]

-180. Zook BC, Bradley EW, "Casarett GW, Rogers CC. Pa%ho]ogic effects

of fractionated fast neutrons or photons on the pancreas, pylorus

© and ‘duodenum of dogs. Int J Radiatiom Oncology Biol Phys, 1983;
9(10): 1493-1504. ' o

laugerhans in rats (Abstract). Fed Proc, 1955; 14: 420,

181. Spaulding OF, Lushbaugh CC. Radiopathology of islets of-

182. Sejano? GC, Gulgaev 'VA. the death of ‘A-cells of the pancreatic
langerhans' islets following irradiation. Radiobiol-Radiother,
1983: 24(4): 453-458. . - :

183, Merkel -FK, Kelly WD, Goetz FG, Manéy J. Irradiated heterotOpic:
' segmental canine pancreati¢ allografts. Surgery, 1968; .63(2):,

29]_297~. . v ) s . . . o

184, wariakides G, Miller J, Lifton J, Nuttal F. Exocrine function in
©° duct 1igatedtaprcine pancreatic autografts (Abstract). Diabetes,
1974; 23: 359, - : . _—

185, Kyriakides'GK, Vijender K,rAro}a K, Lifto J, ‘Nuttal FQ, Miller

J. *Porcine pancreatic transplantation I: autotransplantation of:

.duct Tigated segments. J Surg Res, 1976; 20(5): 451-460.

153



186.

187.

188.

189.

190.

191.

192.

,49:  502-505.

'Tersigni R, Toledo-Peyera LH, Palestini M, Cavallini M, Capua G,

Caramla F, Stipa S. Effect of ex vivo hypothermic irradiation on

. duct-ligated pancreas allografts in  dogs: functional,

histological and ultrastructural findings. American Surgeon,
1980; 4b:Y) 713-721, ’ .

Kelly WD, Lillehi RC, Merkel FK, Idezuki Y, Goetz FC.
Allotransplantation of the pancreas and. duodenum along with the
kjdney in diabetic nephropathy. Surgery, 1967; 61(6): 827-837,
Teféigni R, Toledo-Peyera LH, Falluca F, Cavallini M, Capece G,
Giagrande L, ‘Capua G, Stipa S. Transplantation of irraditated
heterotoric segmental human pancreas. \Beg4can Surgeon, 1983;

Polongation of islet
(3): 171-174.

Lacy PE, Davi JM, Finke EHy Scharp D e
allograft survival. Transplantion,1979;

Lacy PE, Walker MM, Finke CJ. Perifusion, of isolated rat islets

;1nvitro-part1cigation of the microtubular system in the biphasic

release of insulin. Diabetes, 1972; 21(10): 987-9971,

~Lacy PE, Finke EH, Conant S, Naber'S.' Long-term perifusion of

isolated rat islets invitro. Diabetes, 1976; 25(4): 484-493,

Cobb LF, Merrel RC. Total pancreatectomy 1n‘dogs. J Surg Res,

19845 37(3):  235-240.

195,

194,

195,

196.
197,

198.

199.

‘Watson ML. Staining of - tissue .sections for electron microscopy

with heavy metals. ~J Biophys Biochem Cytol, 1958; 4: 475-478.

Reynons’ES. The use of lead citrate at high ph as an electron-
opaque stain in'e]ectron microscopy. J Cell Biol, '1963; 17; 208~

212.

Morgan CR, Lazarow A. Immunoassay  of insulin: two-antibody

system. Diabetes, 1983; 12: 1]5,&1

Pierre KG, Tung Kk, Nadj H. A new enzymatic kinetic method for

determination of a-amylase (Abstract). Clin Chem, 1976; 22:
1219, - - ‘

Kadish AH. A new method for the continuous monitoring of blood

glucose by measurement of dissolved oxygen. Clin. Chem, 1965;
11: 869, ‘

Moorehouse JA, "Grahame GR, Rosen NJ. Relationship - between
intravenous glucose tolerapnce and the fasting blood glucose level
in healthy and is diabetic subjects. J Clin Endocrinol, 1964;
24: 145-159,

Swift H,“Hruban Z. Focal degradiation as a biological. process.
Fed Proc, 1964; 23: 1026-1037. co

Fan
7
s

154



: 155

a . » B Y ' H

200. Kneteman NM, Rajotte RV, Procyshyn AW. @#nine pancreatic fragment
allotransplantation with cyclosporine A." Arch Surg (in press).



