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Transplantation of islets of Langerhans as a means of
cempensating for the lack of endogenous functional beta cells
is becoming a viable alternative in the treatment of diabetes
mellitus. The protocols for optima. pancreas storage prior
to the isolation of the islets, however, have not yet been
fully established. ™he scientific studies have rendered
uncertainty as to whether the preciocusly available pancreas
has been maximally protected. The present study wvas
undertaken to first establish in an rat model the optimal
tesperature and preservation solution for pancreas storage
prior to islet isolation.

Rat pancreases were hypothermically (4°C) preserved in
either University of Wisconsin (UW) or Buro-Collins
preservation solution to compare their efficacy. Pollowing
a 24 hour preservation period, islets were isolated by
collagenase digestion and Fiocoll gradient separation. The
superiority of UW solution was clearly evident (p < 0.001) in
total islet yields (318 vs less than 10). Utilization of the
UW solution in rat pancreas preservation would clearly extend
the hypothermic preservation time prior to islet harvest.

Pancreatic ductal distemsion via the common bile duct
miutohotu@:ﬂmétéimvnzﬁ



and 24 hour hypothermic preserved pancreases.

To evaluate the effect of preservation temperature on
islet yield and subsequent islet function, several hypothermic
temperatures (4, 7, 10, and 15°C) were studied. Following
24 hour hypothermic storage, the recovery of islets was
poorest in the 15°C preservation group, followed by the 4°C

(p < 0.05). Islet function, as measured by insulin output
following hyperglyceamic challenge by glucose perifusion, wvas
reduced (p < 0.0001) in all preservation groups. The mean
insulin secretion rate (MISR) was lowest in the 4°C group,
highest in the 7°C group and intermediate in the 10°C group.
The islet preservation index (IPI) was more than double in the
(p < 0.001). significant improves in islet yield and
i‘mﬂmmmmmmmmmm“
7 and 10°C rather than at 4°C.

Comparison of preserving islets which were freshly
isolated, versus those which were isolated after the whole
pancreas pressrvation, showed a similar gualitative insulin
response after cold storage at 7°C for 24 hours. Nowever, the
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carbohydrate metabolism (1). This devastating disease is
characterized by various physiological abnormalities, most
notably, prolonged hyperglycemia (1, 2). Diabetic individuals
experience a digression from normal blood glucose levels, a
consequence of defective biosynthesis, release or utiliszation
of the pancreatic hormone, insulin. The prolonged exposure
to hyperglycemia can have a profound and devastating effect
on the diabetic's physiological state (2, 3). MNetabolic
disturbances brought on by prolonged hyperglycemia include
(2=4). These chronic complications manifested in diabetic

persons lead to diabetics being: ten times more likely to
experience corcnary artery disease vith atherosclerosis
appearing at an earliy age, four to six times more 1likely to
develop cataracts, twenty-five times more likely to develop
blindness, seventeen times more likely to develop kidney
dysfunction and in one half of all diabetics, remal failure

! A portion of this work has been submitted for publication:
Lakey JRT, Wang ICH, Rajotte RV. Transplantation: 1990.



as a result of nodular glomsrulosclercsis, sixteen times more

traumatic amputations, and sensory and autonomic changes due
to neurcpathic deterioration (3, S5, 6). Consequently, the
life expectancy of the nearly eleven million North Americans
afflicted with diabetes is only two-thirds that of the normal
population (4). Diabetes is the fifth leading cause of death
in North America (15.2 deaths per year per 100,000 deaths)
(4, 6).

Diabetes can be classified as primary or
Type I, primary juvenile diabetes or insulin-depend
diabetes mellitus (IDDN), is characterized by the abrupt onset
of symptoms, onset primarily prior to age of 25 years and most
notably absolute insulin deficiency (2, 6). Type II primary
predominately in mid or late life and is prevalent in ocbese
individuals (7). Secondary diabetes mellitus can result from
chronic pancreatitis, hormonal abnormalities, and ocertain
genetic syndrc (7).

release of insulin from the beta call of the pancreas to meet

balance of energy expenditure and strict dietary control (2).



balancing dietary intake and energy expenditure vith exogenous
insulin therapy (2). The exogencus administration of insulin

is required in order to maintain the fasting plasma glucose

concentrations wvithin the normal narrow range (2). However,
stringent control and intensive multiple daily insulin
injections are needed to maintain normoglycemia (8). The
development of portable blood glucose monitoring units, “open
loop® and "closed loop" comtinuous insulin injection systems
have provided a means to better monitor blood glucose levels
(8-10). Howvever, the lack of oomplete success of these
systems and the problems associated with infectiom, chronic
peripheral hyperinsulineaia and the possibility of inadvertent

on the transplantation of viable islets as a means of
compensating for the lack of endogenous insul in-producing
cells (11, 12).

The most physiologically appropriats and logical
alternative to exogenous insulin therapy is "total endocrine

tissue (13). aneplas ,




the pancreas. Whereas, tﬁTHPllﬁtlEiﬁi of a free graft of
pancreatic tissue involves either dispersed pancreatic tissue
fragments or isolated islets of Langerhans. Early efforts to
alleviate diabetes through pancreas transplantation were
itm“lmrthanEVGnhrgqm ski, who
in 1889, were first to shov that hyperglycemia developed
folloving the complete removal of the pancreas (14, 15).
Drs. Williams and Harsant were first to attempt a clinical
transplantation by a subcutanecus implantation of pleces of
a sheep pancreas in 1893 (15, 16). Bowever, this initial
attempt, as well as other early pancreatic allografts, were
unsuccessful on a long term basis (13, 15). The lack of
Success wvas mainly due to the technical ocomplications
associated wvith the procedure, improper control or management
of the exocrine secretion as well as the pancreatic graft
being extremely vulnerable to tissue rejection (13, 17, 18).
A therapesutic approach to managing diabetes was favoured
folloving the introduction of insulin in early 1922 (19).
the physiology lab of Dr. J.J. Nacleod at the University of
ntmmmmmmmnmﬂ




the exocrine portion of the pancreas (19). Banting and Best
wvere then able to successfully isolate the secretion from the
islets in the atrophied pancreatic tissue. On July 30, 1921
this extract, first termed "isletin,” was able to control the
blood glucocse level in a

) tomized dog (19, 20).
Purification of the hormone, insulin, by Dr. J.B. Collip
helped improve the first clinical trials in early 1922 (20).
Banting and Nacleod wvere revarded with the Noble Prize in 1922
for their keen insight into the discovery of insulin (20).
AMnuinistration of insulin appeared to be a cure for the acute
and fatal ocomplications of diabetes. It was Banting,
hovever, who said, “Insulin is a treatment not a cure” (13,
20). This statement scon become more apparemt, because, with
the increase in life expectancy of a diabetic individual on
exogenous insulin therapy, the late chronic complications of
the disease were soon manifested. It was evident that
transplantation of functional Lil.lt.: vas the only method to
achieve totally normal glucose metabolism (13).

With the development of nev surgical techniques and the
sucoess of nevly developed immun ) ive agents such as
transplantation (15). One of the major cbhetacles to the




pancreas. Anastomosis of the pancreatic duct in the
transplanted pancreas to the ureter (21, 22), jejunum (23) and
free drainage into the peritoneal cavity (24) were attempts
made to prevent the autodigestion of the graft and to prevent
vascular thrombosis leading to the loss of the endocrine
function (21, 25). Blockage of the pancreatic duct with
neoprene (26) or ligation of the pancreatic duct (27) have
(13, 21). 8Since the first clinical attespt in December of
1966, by Kelly, Lillehei and associates (28), to June 30, 1989
there have been 2004 clinical whole pancreas transplantations
performed (29, 30). Unfortunataly, the one year graft
survival rate (insulin-ind mmt) has been only 46% (29,
30). Technical difficulties, requirements for, and
complications of imsuncsuppression therapy, and the limited
storage capacity of the whole pancreas, have prevented the

These cbstacles led
of isolated islets of La:
The option of

of the pancreas has theoretical advantages. Islet

exoorine secretiens (13). It was hoped that by tre




a small volume of pure islets there would be a reduoed
issunogenic response. However, islet grafts have been shown
to be as immunogenic as the whole pancreas grafts (31, 32).
imsunogenicity have recently been documented (33, 34).
Bensley, in 1911, wvas the first scientist to extract the
islets of Langerhans via hand picking the islets following
staining of the pancreatic tissue with neutral red stain (33,
36). Hellerstrém developed a method of free-hand micro-
dissection, mechanically removing the islets from the
surrounding tissue via a dissecting microscope (37). HNowever,
this vas labour intensive and islets were not viable following
isolation. MNoskakowski, in 1963, introduced the use of the
mﬁllm.nmmwmm;:
Clostridia histolytium, to isolate functionally viable islets
otththM:ﬂn:ﬂ&:gimph
pancreas (38). The enzyne cleaves the peptide bonds in the
collagen fibers of the tissue and allowed the tissue
dissociation which facilitates the separation of the islets
retrograde perfusion via the common bile duct with Hanks'
balanced salt solution (EBSS) (39). The istralchbular



islets from the exocrine tissue prior to the biochemical
separation via collagenase digestion, enabling high numbers
of islets (200 - 300 islets from a single rat pancreas) to be
attespt separation of the islets from the exocrine tissue by
centrifugation in a discontinuous sucrose gradient (39).
Differences in the density of islets (1.075 - 1.085 g/ca’) as
compared to to the density of exocrine tissue fragments (1.125
-~ 1.141 g/ca’) facilitate a rapid and effective means to
tissue (40). The hypercemolar sucrose solution had been shown
to affect the in yitro response of the isolated islets and vas
replaced with Ficoll, a high molecular weight (400,000 dalton)
polymer of sucrose, by Lindell at al., in 1969 (41). Sharp
at al-, (1973) dialysed the Fiocoll prior to centrifugation to
remove ocontaminants from the Picoll solution and obtained
better islet recovery (42). Islets isolated with the
collagenase digestion and Picoll purification technigues
responded to the gluccse stimulation similar to results found
in the manual technique of hand picking the islets (43, 44).
assist with the identification of islets from the exocrine
contaminants (483). Inpzovemnants in islets yields amd
puritication of the islets from the umwanted exvcrine tissue



have been attempted through a variety of means. Less viscous
iscoemolar solutions such as bovine serum albumin (46, 47),
dextran (48), hypaque-Ficoll (49), and percoll (50, S1) have
all been attempted in place of the Ficoll. Experimental
techniques such as electroph

sresis (17, 36), elutriation (52),

to disrupt the pancreas (in yitro ductal perfusion) (33) are

all methods being examined to increase islets yields (52).
Currently, intralobular distension, dissociation by

collagenase digestion and Ficoll purification are the standard

methods of isolating pancreatic islets of L rhans in rats,

yielding 300 to 400 islets per adult rat pancreas (13, 39).

Partial amelioration of hyperglycemia, polyuria and
glycosuria was achieved in 1972 by Ballinger and Lacy who
transplanted 400 to 600 isolated islets into either the
peritoneal cavity or intramuscularly into the thigh muscle of
rats (54). The rats had been experimentally induced into a
diabetic state by the injection of the B cell toxin,
streptosotocin (54). Reckard ot al.., independently showed
that repeated injections of isolated islets intraperitoneally
normalised blood glucose levels (53). Kemp ot al., in 1973,
further improved the normalisation of blood glucose levels
folloving islet transplantatiom by injection of isolated
islets into the 1liver via the portal vein (3¢, 87).




The specific site of islet transplantation has been shown to
be critical for the utilization of the secreted insulin (13,
18). Reversal of an experimentally-induced diabetic state has
(17), intratesticular (58, 59), intracerebral (60), and renal
subcapsular space of the kidney (13, 61). However, the
as intraportal injection to the 1liver (56, 62), or
intrasplenic (63, 64) transplantation have been shown to be
the most effective locations (13).

Experimental islet transplantation has been able to
reverse experimental diabetes in many animal models (54, 63,

of diabetes (66-69). Current advances in the ability to
isolate highly purified islets from human pancreases (70-72)
have recently made clinical islet transplantation a
possibility (73, 74). Ome of the remaining obsetacles to the
establishment of large scale clinical islet transplantation
programs is the inability to isolate sufficient islet yields
required for successful transplantation. The feasibility of
any islet transplantation program depends on the availability
organ be preserved in yitro for a specific period of time.



A period of twenty-four hours is generally required for the
completion of human leukocyte-associated (HLA) antigen tissue
typing, recipient screening, crossmatching and for the

75, 76). The longer preservation time would provide more

metabolic needs of the organ, its resistance to damage from
ischaemia, and its sensitivity to manipulation must be
evaluated wvhen specific preservation protocols are being
established (13, 17).

Early attempts to preserve pancreatic tissue used those
preservation techniques established for Kkidneys. These
techniques appear to have been less successful becauses of the
pancreatic tissue's greater sensitivity and vulnerability to
damage during removal and preservation (77).

Preservation of the pancreas by
requires that there is complete vascularization of the organ
through cannulation of the arterial blood supply. This method

hermic perfusion

precise techniques (77, 78). Since the pancreas is a low flow
organ and needs only a small amount of blood in the tissues,
massive edema results if the pancreas is perfused at too high
a pressure or flow rate (78). Florack ot al., (1983)

11



preserved canine segmental pancreas allografts for 24, 48 and
72 hours and concluded that cold storage wvas superior and more
reliable than pulsatile machine perfusion (79).

Normothermic preservation involves perfusing the pancreas
vithout decreasing the temperature of the pancreas or the
preservation solution. By maintaining the tissue at 37°2,
the damage vwhich may be inflicted during hypotheraic
preservation may not occur (80). However, by using this
method there is a problem of supplying the ) ¢
substrates, as well as oxygen, to the tissue. A major problem
in normothermic pancreas preservation is the autodigestion of
pancreas. Researchers have had 1little success using
normothernic preservation because of this autodigestion and

the nutrient supply shortfall (80).

Hyperbaric preservation of pancreaticoduodenal grafts
wvere first attempted by Idesuki gt al., in 1968, as a means
of preserving the functional viability of the pancreas for
several hours, vhile attempting to prevent the ischeaic damage
commonly associated vith organ preservation (81). The purpose
of this method of preservation was to inhibit metabolism and

partial pressure wvere harmful to the tissues (81, 82, 78).

-
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Technical difficulties also made this method of preservation
impractical.

Tissue culture as a method of short term pancreas
presarvation is not practical because pancreatic islets must
be isolated prior to culture. Culturing the pancreatic islets
at room temperatures (22°C) is an expensive and time

method of preservation (13), but islet culture doss offer some
advantages following islet isolation (83). In vitro islet
culture following isolation has been shown to alter the

snicity of the isolated islets, resulting in improved
islet allograft survival (84, 85). Cultured pancreatic islets

remain functionally and phologically intact following
prolonged incubation (86, 87). Tissue culturing of isolated
islets is used primarily as a means of maintaining islets for
metabolic studies of the islets, rather than as a practical
method of long term preservation (13).

For long term islet preservation, srvation is a

viable and practical alternative. Cryopreserved pancreatic
islets have been shown to retain their morphological integrity
and physiological capacity to control hyperglyceamia following
indefinite lov temperature preservation in liguid nitrogea at
-196°C (13, 88). Control of the oooling and thawing
procesees, as well as the protection of intracellular ioce
formation, and large osmotic fluctuations through the addition

13



of a cryoprotectant agent, are all critical to successful
recovery of islets (89). The stepvise addition of a
cryoprotectant agent, such as dimsthyl-sulfoxide (Me,80),
precedes the freezing of the islets (89). Rajotte gt al., in
1981, determined that slow cooling (cooling at 0.25°C per
minute to -75°C) followed by immersion into ligquid nitrogen
and rapid thaving (200°C per minute) provide the optimal
conditions for cryopresarvation of rat islets (90). Recently,
it has been shown in islet transplantation studies that slow
cooling (0.25°C per minute) to -40°C in combination with rapid
thawving (200°C per minute) is superior to slow cooling (0.25°C
per minute) to -70°C (91).

Technigques in human islet isolation may not yet be
capable of isolating sufficient numbers of purified islets for
islet transplantation from a single donor. Therefore,
cryopreservation appears to be an effective means to store or
bank islets prior to multiple donor islet cell transplantation
(13, 36).

Another technigue, and the most simple altermative for
organ preservation, is hypothermia alone, simply decreasing
the temperature of the isoclated organ while immersing the
organ in a preservation solution. The duration of the cold
functional success rates of islet transplantations, whether




by whole pancreas transplantation (92)}, dispersed pancreas
fragment transplantation (93, 94) or isolated islet
transplantation (95, 96). Extended hypothermic cold storage
rat islets following preservation (97). The preservation
solution employed to store the whole pancreas has also been
shown to ‘i!'l'ggt islet yields (97) and pancreas transplantation
success (98).

Collins at al.. in 1969, introduced a preservation
solution which vas capable of storing kidneys for up to thirty
hours (99). 8Since that time there have besn many studies
wvhich have proposed "nev and improved® preservation solutions
(98, 100-104). However, many oold storage solutions
originally developed for kidney preservation have proven to
be relatively ineffective in pancreas preservation (103).
Belser and Southard recently developed a multi-organ
preservation solution, the University of Wisconsin oold
storage solution (UW) (105, 106). This solution has proven
to be effective in short term pancreas (107, 108) and liver
presexvation (109) and has also extended the ocold storage time
of kidney preservation (110).
Ht!hﬁliaﬁlﬂﬁ!thimwmm. the low
temperature itself may be injurious to osll ssmbrane structure

1s



and function especially that of ion fluxes (111, 112), which
would lead to irreversible damage of the preserved organ. It

hypothermic survival despite the beneficial and the
deleterious effects of lov temperature. The present study was
undertaken to improve the short-term rat pancreas
Preservation. Several hypothermic temperatures (4, 7, 10, and
15°C) were evaluated to determine the effect of preservation
temperature on islet yield and subsequent

A series of experiments were also designed to compare the
efficacy of UW cold storage -ﬁlwtiﬁii (DuPont, Wilmington, DW)
to Buro-Collins preservation solution (Travemol, Deerfoot,

IL).
Por future clinical oconsideration, freshly isolated

vere then compared to those of the islets isolated after whole
pPancreas preservation for the same time pericd. The glucose
perifusion assay wvas used to measure the functional ability
of the isolated islets to secrete insulin on demand. The
insulin responsivensss of the islets were quantified and
overall sucoess or failure of hypothermic rat pancreas

16



preservation prior to islet isclation vas also assessed using
the islet preservation index (IPI).

17



Nale Sprague-Davley rats (200 - 270 g body mass) were
purchased and kept in hanging individual cages at room
temperature (22°C) in the Biological Sciences Lab Animal
Sexvices facility and were cared for following the guidelines
of the Canadian Council on Animal Care. The animals vere fed

24 hours prior to sacrifice of the animal.

Rats wvere anaesthetized vith a single dose (0.4 mg/g body
weight) of sodium pentobarbital (Somnotol) (N.T.C.
Pharmsceuticals, Nississauga, ON) injected intraperitoneally
(IP). A total pancreatectomy was performed by entering the
bile duct wvas identified and cannulated near the hilus of the
liver vith Intramedic non-radicpague PR S50 polyethylens tubing
(Clay Adams, Parsippany, KJ) attached to a 26 gauge needle

18



(B=D, Rutherford, RJ) (39, 90).
The main pancreatic duct of ths rat

directly into the common bile duct, therefore, following
ligation of the distal end of the common bile duct with
4-0 silk (Ethicon 1Inc., Sommerville, WNJ), intralcbular
distension and disruption of the pancreas oocurr

pancreas vas injected with 10 nL of the specific preservation
solution (either Hanks', UW or Buro-Collins solutions) at the
controlled temperature of either 4, 7, 10, 13°C according to
experimental protocol (i 0.1°C) (39, 90) (see Appendices A, B
and C for complets solution compositions).

was then placed into a small evaporating dish and
immersed with 50 mL of the specific organ preservation

Rats wvere ansesthetized and the common bile duct vas
canmilated following the procedures previcusly described for

specific preservation solution (either UW or Buro-Colline
solution) at 4°C (2 0.5°C) via the abdominal aecta.

19



The intraabdominal organs were moved to the side and covered
with saline soaked gauge. Forceps were used to remove the
fat and connective tissue to expose the descending aorta and
separate the aorta awvay from the inferior vena cava. Sutures
(4-0 8ilk) were placed around the aorta, distally and
anteriorly of the exposed site. These sutures were held by
surgical clamps to occlude blood flov immediately prior to
canmalation of the descending aorta. Pollowing heparinisation
(100 units) (Nepalean, Organon, Toronto, ON), the abdominal
aorta wvas canmlated wvith Intramedic non-radiopague PR 190
polyethylens tubing (Clay-Adams) which had been pretreated
vith siliconized saline solution (10 u/mL). The canmula was
then secured in position with 4-0 silk. The descending aorta
mmxtamammmx_muummuLum
superior mesenteric artery. The intraabdominal organs were
then ocold flushed (4°C) in situ via gravity (approximately 40
ca wvater pressure) until the effluent from the vena cava was
clear in color (approximately 60 - 100 mL). Upon completion
of the vascular perfusion, the cooled pancreas vas distended
via the common bile duct with 10 mnlL of the specific
preservation solution (either UW or Buro-Collins) using the
previcusly described procedures for ductal distension.
The distended pancreas wes then carefully dissected from the
duodenun, using the spleen as an anchor. The excised pancreas



was then placed into a small evaporating dish containing 50 mL

of the specific organ preservation solution. The spleen vas

The isolated pancreas wvas subjected to hypothermic cold
storage preservation extending from 0 to 48 hours (0, 6, 18,
24, 48 hours according to preservation protocols), at fixed
either UW or Buro-Collins organ preservation solutions, in an
attempt to determine the optimal preservation tesperature for
short term pancreas preservation. The temperature of
levels according to experimental protocol using a RTE-110 or
RTE-210 digital oconstant temperature water bath (¢ 0.1°%C)
(Neslad Instrument Inc., Newvington, NN). The preservation
solution temperature was measured using a Type T oopper-
I1) attached to a Thermalert TH-6 digital temperature recorder
(Bailey, Saddlebrook, NJ) to ensure that preservation

sple (Cole Parmer, Chicago,

31



B were isolated using the
collagenase digestion method originally described by Lacy and
Kostianoveky (39) as modified by Rajotte ot al. (90). PFor the
prior to islet isolation. However, the preserved pancreatic
tissue from the preservation groups was redistended with 12
to 15 mL of cold (4°C) supplemented Hanks®' Balanced Salt
Solution (NBSS) (Gibco, Grand Island, NY) which contained 100
mg/dL D-glucose (Abbott Laboratories Ltd., Montreal, PQ), 100
U/aL penicillin (Whittaker Bioproducts, Walkersville, MD) and
100 pg/mL streptomycin (Whittaker Bioproducts, Walkersville,
ND). The distended tissue was then placed into a 100 x 15 mm
Plastic petri dish where the unwanted oonnecting fat
particles, contaminating lymph nodes and major vessels were
excised from the pancreatic tissue and discarded.

The cleaned pancreatic tissue was then cut into small
Pieces (2 cm) and placed into a flat bottom evaporating dish
containing chilled NBSS (4°C) which was placed in a tray
containing ice-water slush mixture (0 - 4°C). The pancreatic
Tools Inc., Vancouver, BC) until fragments of 1-2 mm in sise

Pancreatic islets of Larn




surface during chopping were poured off and discarded and
fresh cold HBSS wvas added. Tissus fragments were then
transferred into a pre-weighed 50 cc polystyrense graduated
conical tube (Corning, Corning, NY). The pancreatic tissue
wvas then centrifuged at 1500 rpm (433 gravities (g)) ftor

centrifuge (Beckman Instrument Inc., Palo Alte, CA) with a
Beckman GH-3.7 svinging bucket rotor. Tissue weight was
determined and 2 mlL of cold HBSS (4°C) wvas added for each gram

(Sigma Type V lot § 27£-6815) per nL of tissue (Sigma Chemical
Co., 8t. Llouis, NO) was added to the pancreatic tissue.
The final collagenase concentration was 8100 units of
collagenase per mg dry weight of collagenase per nL of
pancreatic tissue.

In a 37°C vater bath, the tissue-collagenase mixture vas
vigorously hand shaken until most of the large chunks of

vhen using Type V Collagenase). Addition of cold HBSS (4°C)
vas added to cease digestion when the pancreatic tissue and
collagenase mixture had become mucoid in asppearance (113).
ensymatic activity and agititation of the tissue. The tissue-



collagenase mixture was centrifuged at 1500 rpm (433 g) for
10 seconds and the supernatant was removed. Approximately
15 mL of cold HBSS (4°C) was then added to the digested tissue
and gently shaken to resuspend the tissue. The mixture wvas
then centrifuged at 13500 rpm (433 g) and the supernatant wvas
discarded. Repeated centrifugation steps were then performed,
spinning at 1000 rpm (193 g), 800 rpm (123 @), 500 rpm
(48.1 g) and 1500 rpm (433 g) adding 15 mL of HBSS per spin
and discarding supernatant after each spin. After the last
solution (23°C) was added and vortexed to gently resuspend the
tissue in the 238% Picoll solution. Using an automatic pipette
dispenser (Drummond, Broomall, PA) and serological pipettes,
(Kimble, Toledo, OH) S mL of 23%, 20%, and 11% (all at 23°C)
Ficoll solutions were then carefully added to produce a
layered Picoll gradient. The Picoll was added in order of
decreasing concentration. Procedures of the preparation of
the Picoll solutions are found in Appendix D. The specific
density of the Picoll solutions was confirmed using a hand-
held refractometer (American Optical Company, Keene, NH). The
PFicoll-pancreatic tissue mixture was then centrifuged at 2000
rpm (769 @) for 20 minutes using the swinging bucket rotor in
the Beckman centrifuge. This centrifugation method was used
since islets are less dense than the exocrine portion and in
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Following centrifugation, a siliconized pasteur pipette
vas used to gently remove the layer of tissue from between

solution (first and second layer interfaces). The tissue vas
then placed in a siliconized pyrex test tube (Fisher,
Pittsburgh, PA) (15 mL capacity) containing modified Medium
199 solution (Gibco, Grand Island, NY) (23°C) which wvas

supplemented with Earl's Salts, 100 mg/L L-Glutami

10% fetal calf serum (v/v) (Gibco, Grand Island, NY), 25 =M
HEPES (N-2-Hydroxyethylpiperazine-N'-2-Ethanesulfonic acid)
(Gibco), penicillin (100 U/mL) (Whittaker) and streptomycin
(100 pg/mL) (Whittaker) (see Appendix E for complete solution
composition). The islet tissue vas then centrifuged at 2000

rpm (769 g) for 20 seconds and the rnatant vas discarded.

Medium 199 solution was added and two spins at 1500 rpma
(433 g) were performed to gradually dilute out the FPicoll
solution. The isolated islets were then transferred to a

solution.



Pancreatic islets of lLangerhans were identified under a
binocular dissecting microscope (25 x power) (Olympus, Tokyo,
Japan) with illumination from below through a # 58 green
filter (Bastman Kodak, Rochester, NY) and horizontal
illumination from a dual arm brilliant vhite fiber optic light
source (Cole Parmer, Chicago, IL). Using the illumination
methods described, islets appeared semi-opaque orange-red
structures, round to ovoid in shape, with relatively smooth
and well-defined borders (113, 114). The exocrine tissue
appeared more transparent in color with irregular boundaries
and were clumped together. Islets vary in size from 60 um to
350 um (114). Those islets within the 80 um to 200 um range
as measured using an ocular optical micrometer grid (wild-
Leitz, Willowdale, ON) were hand-picked free of exocrine
contaminants using a siliconized micro-pipette. Islets were
collected and placed in siliconized vials containing
supplemented Medium 199 solution for viability evaluation.
The total number of islets isolated and collected after each




Islets of Langerhans were isolated using the procs

previously described. The islets were collected and placed
in a 15 mL siliconized pyrex test tube (Fisher) containing
modified Medium 199 solution (23°C) and centrifuged at 1500
rpm (433 g) for 15 seconds. The Nedium 199 solution was
removed and replaced with cold (7°C) UW preservation solution.
The test tube containing the isolated islets was immersed in
UW preservation solution and placed in a RTE-110 digital
preservation temperature at 7°C (¢ 0.1°C) for the entire
24 hour preservation interval. Following hypothermic isolated
islet preservation, Medium 199 solution (23°C) was added and
two spins at 1500 rpm (433 g) were performed to gradually
dilute out the UW preservation solution. The islets were then
transferred to a plastic petri dish (100 x 15 mm) containing
supplemented Medium 199 solution. Islets being within 80 to
200 sm in sise wers counted and collected .nd placed in
siliconized vial containing modified Medium 1. solution for
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The morphology of freshly isolated and hypothermically
preserved pancreas vas examined after selectively staining
the isolated islets with dithizone (diphenylthiocarbazone)
(8igma) solution, a histological stain which specifically
binds to the zinc particles fouid within the islet mass (91,
115, 116). Freshly made stock of dithizone solution wvas
prepared from 10 mg dithizone and 3 mL of 960 sl/mL ethanol,
and 3 drops of 30% ammonium hydroxide added to the solution
during mixing (118). Islets were 1 in the stock
dithizone solution for 10 minutes, after which an aliquot of
the islet mixture vas placed on a slide and examined under the
dissecting microscope (25 x power). Photographs of the
isclated islets from each of the preservation groups were
taken for comparative purpoees.

The post-Ficoll exocrine tissue pellet wvas also examined
sedimentation characteristics in the islets following
hypothernic preservation. Dithisone solution (S nlL) was added

to the post-ricoll tissue pellet following islet isolation.




dissecting microscope for red-stained islets embedded or still
attached to partially digested exocrine tissue. Photographic
plates of fresh and preserved post-Ficoll exocrine tissue

viability of the isolated islets of Langerhans was
assessed using glucose perifusion. The glucose perifusion
technigque, a functional metabolic test, wvas used to evaluate
the rate of insulin secretion from a known number of specitic-
sised isolated 1islets when challenged with varying

concentrations of glucose. The used for the

perifusion followed Lacy et al. (117).

Parifusion solutions

RPMI 1640 solution (Giboo) which had been supplemented
with 108 Petal calf serum v/v (Gibco), penicillin (100 U/mL),
streptomycin (100 pg/uL), 2 grams of sodium bicarbonate
(Pisher) and 1.9 mL of 3 N NaOH (Fisher) vas used as the
stock perifusion solution (see Appendix P for complete
solution composition). The two glucose solutioms, 30 mg/dL



and 3500 mg/dL, were made from the stock RPMI solution with the
addition of 50% dextrose solution (Abbott). The solutions
were placed in 300 mlL Erlemmyer flasks and set in a 37°C
le flow

of a mixture of 95% O, and 5% CO, (Carbogen) (Union Carbide,
Toronto, ON) introduced by polyethylens tubing at the bottom
of each of the flasks.

Parifusion chambers

made from modified Nicro-syringe filter holders (Millipore,
Bedford, MA) with a Perfektum stainless steel 16 gauge
hypodernic needle (Popper and Sons, New Ryde Park, NY) drilled
and soldered into the top of the filter holder at a 45 degree
angle. A three-way stopcock with male Leur lock (Cobe,
Lakewvood, CO) was attached to the needle. A plastic tubing

attached to the leur lock portion of the top of the perifusion
chamber enabled the system to become air tight. Inside the
perifusion chamber there was a pretreated 25 sa thick nitex
mesh filter (ISR Thompson, Toromto, ON), a 3/16" width teflon
O-ring, stainless support screen and bottom teflon gasket.



proportioning peristaltic pusp (Technicon, Terrytown, NY) with
grey-grey manifold pump tubing (0.051 I.D.) (Fisher) providing
a flow rate of 1 mly/minute to the perifusion chambers which
vere immersed in 37°C water jacketed beakers (1 L capacity)
(Cole Parmer). The effluent from the chambers passed via
polyethylene saspling lines (PE 160 tubing) (Clay-Adams) to
a modified fraction collector (Model 201) (Gilsom, Villiers
Is Bel, France). The circuit of tubing for the perifusion
system consisted of I.V. tubing (Cutter Biological, Etobicoke,

ON) attached to the chambers via plastic tubing ada s (Clay

Adamns) . The temperature of the perifusion circuit was
maintained at 37°C through the use of a RTE-110 or RIE-210
digital constant tesperature wvater bath (¢ 0.1°C) (Nesladb
temperature thermocouple (Cole Parmer,
Chicago, Il) attached to a Thermalert TH-6 digital temperature

recorder (Bailey, Saddlebrook, WJ).

Loading of Islats
Batches of a known number of isolated islets of
ans of specific sises (80 gm to 200 sm range) were

n



10 nL syringe attached to a three-way stopcock attached to the
needle at the top of the perifusion chamber. Attempts were
made not to allov any air into the system during the islet
on the fraction collector samples was initiated and effluent

vas collected.

vith modified RPMI 1640 solution containing glucose in the
following concentrations: initially 50 mg/dL glucoese for
60 minutes, then 300 mg/dL glucose for the next 60 minutes.
For the last hour of the perifusion, islets were returned to
the 30 mg/dL glucose solution. The effluent from the
perifusion chambers was collected (2 mL sample) at 10 minute
intervals with additional samples taken at 1, 3, S, 7, and
® minutes after the switch to the high glucose stimulatory
phase of the perifusion (118). The perifusion sampling
sequence is found in Appendix G. A total of 20 samples were
collected in an ice bath container and stored at -17°C umtil



Insulin content from the perifusion samples were
determined using insulin double antibody radioimmuncassa
originally developed by Norgan and Lasarov (119). Standard
vorking solutions wvere made using rat insulin (Lot § 850918)
(Novo Biolabs, Bagsvaerd, Demmark) and Pharmacia Diluent
solution (Pharmacia). The principle behind radioimmsuncassays

is that insulin in the perifusion sample competes with
insulin-1'* for specific binding sites on the guinea pig
following the addition of the second |
proportional to the quamtity of insulin in the sample.

T™he insulin samples vere run in duplicats following the
procedures outlined in the RIA kits. A 100 sL of each
1 insulin solution or the 100 sL of unknown sample vas

added to 50 aL of Insulin-I'* (approximately 37 kiq) and 30

uL of antibody (antiserum raised in a guinea pig) in 12 x 75
18, 30, 43, 60, 90, and 180 p U insulin/ml. Samples were



incubated at room temperature (22°C) overnight. Pollowing
the incubation period, 2.0 mL of decanting suspension
(Sepharcse anti-guinea pig, iwsunoglobulin G) was added and
the tubes were further incubated for 30 minutes at room
(1000 X g for 15 minutes) and then decanted for approximately
2 ninutes onto absorbent paper. The radiocactivity of the test
tubes was determined using a 4/600 Nicromedic Automatic Gamma
counter (Rohn and Nass, Norsham, PA) vith a counting time of
2 ninutes. Radicactivity counts were expressed as counts per

million (cpm) and percentage binding of the unknown samples

Insulin values are expressed as s U of insulin.

per islet over the time course of the perifusion, wvere thea
generated using a database and graph generating progras
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Islet yield results are expressed as mnean mmber of
islets per experiment (2 pancreases) : standard error of the
mean. Por comparison, mean islet yields from each of the
preservation grour - were analyzed using a standard unpaired
t-test using the SPSS-PC statistical package. Differences
between the preservation groups and the non-preserved controls
were also compared vith one-vay analysis of variance and
subsegquent Student Newman-Keuls test using the SPSS-PC
statistical package. NISR values collected during glucose
perifusion were analyzed using the unpaired t-test and one-wvay
analysis of variance. IPI values were compared using one wvay
analysis of variance. 1In all cases, significant differences
wvere assumed if the probability (p) was less than 0.0S.



Ductal Disteasioa

The effect of various preservation solutions on islet
yields using ductal distension via the common bile ducts are
shown in Figure 1. If Hanks®' balanced salt solution (HBSS)
vas used to distend the pancreas, islet yields were 974.1 %
73.1 (sem) (n = 10) islets per experiment (2 pancreases).
However, if UW solution wvas used to distend the pancreas prior
to islet isclation, islet yields were reduced to 780.3 t 21.8
(n = 7) islets per experiment. Islet yields were further
decreased if Ruro-Collins solution was used to distend the
pancreas, resulting in only 468.6 t 15.1 (n = 7) islets per
experiment. 1Islet yields from distension via HBSS and UW
solutions were significantly higher than the Ruro-Collins
solution group (p < 0.0001). There were also significant
differences between the pancreases that had either been
distended vwith UW or EBSS solution (p = 0.038).
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Intraal

hdominal vascular flushing prior to islet isolation
resulted in a significant decrease in islet yields, using both
UW and Euro-Collins solutions (Figure 2). If UW solution wvas
used to flush the pancreas, an average of 497.6 £ 26.0 (n = 7)
islets were recovered per experiment. A further decrease in
islet yields resulted if Buro-Collins solution was used
yielding an average of only 295.4 £ 19.3 (n = 7) islets per
experiment. Islet yields following vascular flush using
either UW or Euro-Collins solutions were significantly
different from each other (p < 0.0001).

A comparison of the two control groups, ductal distension

and vascular flush wvith sube ductal distension, as shown

in Pigures 1 and 2, indicate that ductal distension is
significantly superior to vascular flush and subsequent ductal
statistically significantly superior to Euro-Collins

pancreas for subsequent isolation of the islets of Langerhans.

preservation solution (p < 0.0001) in pre-treating the
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Hypothermic preservation for 24 hours at 4°C using UwW
organ preservation solution following ductal distension via
the common bile duct was statistically superior (p < 0.001)

10.1 islets (per 2 pancreases) (n = 7) from the UW solution
group, and fewer than 10 islets from the Buro-Collins solution
group (n = 7) (Figure 3).

Islet yields from pancreases that had been

hermically preserved for 24 hours at 4°C following
1l wvascular flushing and subs ant ductal
distension prior to pancreas preservation, from both
preservation solutions groups, decreased drastically

(p < 0.0001) yielding fewer than 10 islets per experiment
(Figure 3) (n = 7).

S8ignificantly superior results were found using ductal
distension (p < 0.0001) and hypothermic preservation using uw
solution (p < 0.0001) than using vascular flush and ductal
Therefore, all
performed using ductal distension via the common bile duct

srmic cold storage in UW preservation solutionm.




C. Effects of Duration of Hypothermic Preservation:

As seen in Pigure 4, there is a progressive decrease in
the ability to recover islets with prolongation of the
hypothermic preservation at 4°C. Islet yields diminished
significantly from control values (p < 0.0001) to 464.4
(£t 26.5) after only 6 hours of hypothermic preservation
following ductal distension and cold storage in UW
preservation solution; further reductions in islet recovery
to 383.0 (f 11.5) occurred after 18 hours of cold storage;
and to 318.0 (f 10.1) following 24 hours cold storage. Less
than 10 islets were recovered after 48 hours of cold storage
in UW solution at 4°C (n = 7 for each group in this series of
experiments). Thess results hlﬂ.‘lﬁlﬂ that there is a time-
dependent deterioration in the ability to isolate islets
following hypothermic preservation at 4°C.

D. Effects of Temperature on Hypothermic Preservation:

After ductal distension with UW preservation solution
and hypothermic preservation for 24 hours at varying
hypothermic temperatures (Figure 5), the mean islet yield vas
highest at 10°C (466.7 t 28.5) compared to 7°C (410.9 £ 24.4),
4°C (318.0 £ 10.1), and 15°C (44.6 £ 3.9) (n = 7 for each



preservation group). At any given temperature, 24 hour cold
ischemia resulted in significantly fewer islets recovered
compared to control values (p < 0.0001). The islet yield from
the 4°C preservation group was significantly different from
both the 7°C (p = 0.012) and the 10°C group (p < 0.002). While
there wvas no significant difference between the 7 and 10°C
preservation groups (p = 0.194), the ¢, 7 and 10°C
preservation groups were significantly different from the 15°C
group (p < 0.0001).

Extending the preservation interval to 48 hours resulted
in drastic reductions of mean islet yields for all
preservation groups (4°C, 6.1 % 1.0; 7°C, 6.9 £ 1.2; 10°C,
5.3 ¢ 2.3; and 1%°C, 2.9 £ 0.5) (n = S for all groups of
48 hour preservation experiments).

These experiments indicate that the temperature of
hypothermic preservation is critical to the subseguent
successful recovery of islets of Llangerhans following a
24 hour preservation interval, and that preservation at 7 and
10°C is superior to cold storage at 4°C.

40



The ability of isolated islets of Langerhans to secrste
insulin when challenged by various concentrations of glucose
solutions was used as a quantitative functional test to
evaluate the impact of the temperature used and the duration
of pancreas preservation.

A. Control:

The glucose-stimulated insulin response of the freshly

baseline secretion of 0.073 s U/islet/min in the low glucose
solution (50 mg/dL), an approximately 12-fold increase in

to high glucose solution (500 mg/dL). The peak of the first
phase, 0.93% u U/islet/min, oocurred approximately three
minutes following initiation of the high glucose stimulation.
The second sustained phase of glucose-induced insulin
secretion followed with the peak of 1.478  U/islet/min.
stisulation levels within 20 minutes following the conclusion
of the high glucose challenge phase of the glucose perifusion.



B. Hypothermic Pancreas Preservation:

Islets of Langerhans, isolated following 24 hour
hypothermic preservation in UW organ preservation solution
from all preservation groups exhibited a slight biphasic
pattern of insulin secretion; however, the quantitative amount
of insulin released was significantly reduced (p < 0.0001)
from control level in all groups following hypothermic
preservation (Figure 7).

The mean initial baseline insulin secretion levels
(s U/islet/min) were 0.179 for the islets isolated from
pancreatic tissue which had been stored for 24 hours at 4°C,
0.127 for the 7°C group, and 0.154 for the 10°C preservation
group (Pigure 7). Islets from the 7°C preservation group
displayed the highest response during glucose stimulation
followed by that of the 10°C and then the 4°C group.
The glucose-stimulated increase in insulin secretion was
approximately S-fold at 7°C, 3.3-fold at 10°C and 1.4-fold at
4°C for the first peak and a 7.2, 4.7, and 2.9-fold increase,
respectively, for the second peak of the glucose stimulated
insulin secretion (Figure 7).

A delay in the return of the islets to baseline levels
folloving termination of the glucose challenge was noted in
all preservation groups; the 4°C group appeared to be the
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slowest to return to baseline (Pigure 7) and the 7°C group
showed the quickest return to near pre-stimulation levels.
The return to baseline insulin secretion levels wvas
significantly slower in all preservation groups as compared
to the insulin secretion levels found in the islets from the
control group. Insulin secretion levels remained relatively
constant for the remainder of the perifusion with a
progressive decrease in insulin secretion. There were no
perifusions were performed on islets ocollected following
24 hour preservation at 13 °C and 48 hour preservation at all
temperatures due to insufficient islet yields.

An index wvas developed to gquantify the secretory pattern
of insulin release during the entire glucose perifusion. This
index, the mean insulin secretion rate (NISR) is calculated
by dividing the insulin values from the high glucose
stimulatory phase by both periocds of low glucose stimulation.
Further clarification on calculation of the NISR index is
found in Table 1 and graphically in Pigure 8. As presented
in Table 2, the NISR, was highest for the 7°C preservation
group (2.73) but wvas only 54.9% of the control value of 4.97.
The 10°C group had an NISR value of 2.42, 48.7% of the comtrol
and the 4°C group had the lowest MISR, 1.77, only 35.68 of
the control value. All preservation groups vere statistically
signiticant from the freshly isolated islets (p < 0.0001).
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KISR values at 4°C differed significantly (p < 0.0001) from
both 7 and 10°C groups, as did NISR values at 7°C from those
at 10°C (p = 0.031). The total islet yields in both the
ability to secrete insulin were considered in a combined
index, the islet preservation index (IPFI). Using the IPI,
a second index developed herein, a further separation of the
4°C preservation group from the 7 and 10°C groups wvas evident.
The IPI values were 0.722, 1.44, and 1.45 for the 4, 7 and
10°C preservation groups respectively (Table 2). There were
no significant differences in IPI values between the 4°C and
the 7 and 10°C groups (p < 0.0001). There were no significant
differences in IPI values between the 7 and 10°C groups
(p = 0.91; one-way analysis of variance).

E. Rypothermic Preservation of Isolated Islets:

preservation solution at 7°C for 24 hours prior to glucocee
perifusion (n = 24 perifusion chambers from 12 animals)
(Figure 9). Pollowing an initial baseline secretion of 0.021
s U/islet/min in the lov glucocse solution (50 mg/dL), an
cbeerved wvhen the islets were subjected to high glucoee



solution (500 mg/dL). The peak of the first phase of the
three ninutes following initiation of the high glucose
stimulation phase of the perifusion. The second sustained
phase in the high glucose induced insulin secretion followed
with a peak occurring at 0.554 s U/islet/min. A blunted
secretory response in the high glucose stimulated insulin
release, similar to the 24 hour preservation groups, occurred
in the 7°C islet preservation group. Pre- and post-glucose
stimulation values appear to be lower in the islet
preservation group than those found in the hypotheraic
pancreas preservation group. The return to basal insulin
secretion levels at the termination of the glucose stimulation
was much quicker in the islet preservation group (Figure 9).
These results indicate that the rreserved isolated islets show
a superior ability to comtrol insulin secretion as ocompared
to islets from hypothermically preserved DancCreases. These
observations become further evident when the NISR index wvas
evaluated. The NISR valus for the preserved islet group vas
4.91 £ 0.181, almost 998 of the 4.97 control value (p = 0.059,
unpaired t-test). The NISR value (4.91) from the islet
preservation group was significantly greater than the NISR
value (2.73) from the 7°C pancreas pressrvation growp
(p < 0.0001).
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Positive Iidentification of pancreatic islets of

examination of the pink-red stained islets under the
dissecting microscope. hot phic plates illustrating the
ability of dithizone to selectively stain the freshly isolated
islets and islets isolated from hypothermically preserved
pancreases are presented in Plates I and II respectfully.

I. Bxanination of the Post-Ficoll Exocrine Tissue Pellet:

Dithizone staining of the post-ricoll exocrine pancreatic
tissue pellet revealed that there were islets still attached

(Plates III-IV). Islets attached to clumped masses of
post-Ficoll exoorine pellets (comtrol group) (Plate V).
However, the actual mmber of whole and fragmented islets
preservation groups. The "trapped” islets in the post-Fiocoll
exocrine pellet may be a result of inadeguate distemsion of
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ypothermic preservation (94, 95). The

intralobular distension of pancreatic tissue needed for the

physical separation of the endocrine portion from the exocrine

portion and the exposure of the collagenase enzyme to the

ancreatic tissue may not occur if the pancreas is not
sufficiently redistended following presarvation.

sation of the Ficoll Gradient Purity:

A noticeable change in the purity of the upper Ficoll
layers during islet isolation was noted in all hypotheraic
preservation groups. Photographic Plats VI illustrates the
typical green gel technique of observing freshly isclated
"clean” islets found in the first and second layer interfaces
following Picoll purification. Photographic Plate VII
displays the contamination of exocrine tissue into the first
decrease in purity of the Ficoll layers in islet isolation
following hypothermic preservation may be partially explained
by cellular swelling of the exocrine tissue during hypotheranic
mmiﬁazm“mtmmﬁsﬁlm
mermmmmmmmmm
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As a result of the "dirty” islet ocollections following Ficoll
purification in all hypothermic preservation groups, islets
were double picked if subsequent perifusion studies were to
tissue and thus prevent the exocrine tissue from appearing in
the Ficoll layers were undertaken in this study.



specifically in the mass isolation of islets of Langerhans,
have lead to the first successful clinical islet

research, clinical islet transplantation may soon becoms a
common surgical procedure. To expedite this ambition, the
optimal conditions necessary for the successful isolation of
islets following the obligatory period of organ storage must
determining the optimal conditions for short tera hypothernic
rat pancreas preservation. The actual tesperature of vhole
pancreas preservation prior to the isolation of the islets of
Langerhans wvas evaluated vwith the aim of improving or
maintaining the ability to isolate islets following the period
of organ storage.

The first series of aeaxperiments dealt vith the
methodology of pancreas removal prior to whole pancreas
distension via the common bile duct is superior to pre-storage
vascular flushing of the pancreas via the descending aorta
prior to islet isolation. The diminished islet yields and
m;::emmﬂinﬁletﬁtmﬂﬂm



(94, 93). The failure to recover islets following aortic
flushing may also be a cons ance of the excessive pressure
used during flushing (13). Interstitial edema caused by in

and cell lysing (13). The dramatic reduction in islet yields
following vascular flushing has recently been shown to occur

(1989) have recently shown that, in islet yield and subsequent
islet transplantation experiments, in both rat and canine
models, that the vascular flush method was inferior to ductal
distension of the pancreas (935, 96) Kneteman at al., (1990)
found poor islet function from human pancreases that had been
in aity cooled with UW solution and stored for periods longer
than 18 hours (120). All sul t experiments in this study
these findings.

An experiment was designed to evaluate a recently
developed synthetic preservation solution, University of
the best efficacy in whole rat pancreas




Results from this study indicate that UW solution is superior
to Euro-Collins solution in both ductal distension and
vascular flush experiments. Islet yields were signiticantly
reduced following a 24 hour preservation bout (Figure 3).
group that had been preserved in UW preservation solution.
The components contained within UW solution (see Appendix B)
tly provided better protection of the essential

cellular functions, prevented cellular swelling, and supplied
the necessary nutrients needed for the successful isolation
of islets following cold storage. Based on these finding, all
subseguent experiments were performed using the UW organ
preservation solution.

temperature of hypot

islet recovery and subseguent islet function. Nany current
preservation techniques utilize deep hypothermia (0 - S°C) as
a means of minimizing cellular damage and of decreasing the
ongoing matabolic processes (106). Noderate hypothermia
(7 = 10°C) increases the cell's metabolic needs more than deep
hypothermia. Consequently, replenishment of the energy stores
azmemwmtﬁtﬁmnemmmym
the preservation solution is required to support the higher

ic preservation had any effect on
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metabolic activity at 7 to 1i0°%. Rationale for using
hypothermic conditions for organ preservation is based on the
principle that ongoing metabolic processes within the cell are
temperature-depandent processes (121, 122). By decreasing the
organ's temperature, the -m of activated molecules
available to take part in physiological processes are reduced
and the metabolic rate is slowed down,” potentially increasing
the storage time by reducing the demand for cellular
metabolites (122). Oxygen oconsumption, a measure of
metabolism and a critical metabolic factor in energy
production, is 3% of the normal value at 0°C (106, 123).

isolated organ from 37°C to 0°C should extend the preservation
time by a factor of 12 to 13 based on a Q of 2.0 (106).

The obvious benefits of extended hypothermic preservation
may be counteracted, however, By the underlying deleterious
effects of lov temperature itself. Low temperature could
induce alterations of the 1lipid portion of the ocellular
membrane leading to increases in membrane viscoeity and
eventually a separation of the 1lipid and integral membrane
proteins if the ocritical temperature (T,) for liquid
crystalline to gel phase transition is reached (111, 124).
Cooling of tissues during hypot aic preservation has also

been shown to reduce the activity of the essential membrane



ion exchange mechanisms, specifically the Na'-K' ATPase system
(112, 125). The loss of ionic regulation has been shown to
result in an intracellular gain of extracellular sodium
leading to an increases in cell water content, cell swelling,
deterioration of cellular function and eventually cell death
(112, 126). The inability to regulate the intracellular
calcium concentration at low temperatures, leading to the
accumulation of intracellular calcium, may also be involved
in the deteriorating of cells in isolated organs (111, 127).
An excessive calcium accumulation inside the cell may be due
to a reduced capacity for calcium efflux as the hypothermic
conditions cause a decrease in the capacity to pump calcium
out of the cell leading to the deterioration of the cell's
ionic gradients (121, 127). By attempting to keep the calcium
concentration very 1low in the preservation solutions,
nimicking intracellular cation concentrations to extracellular
concentrations and temporarily removing the transasmbrane
ionic imbalances, cell energy may be oonserved (106).
Also, by maintaining the organs at preservation temperatures
nearer to or above the critical temperatures where these
damaging effects arise, improvements in Dhypothermic
preservation of organs should, theoretically, result.

There have been few studies which have specifically
addressed the subject of the optimal temperature for short



-~

term organ preservation. Work by Belzer has shown that the
viability of cultured kidney tubule cells was highest at 6°C
(128). Kruuv gt al., studied the cell sise as a function of
preservation temperature and reported that for cultured lung
fibroblasts storage, the optimal storage temperature is at
10°C (129, 130). Winchell and Halass (1987) have shown that
creatinine clearance wvas significantly improved if the
rabbit's kidney was perfusion-preserved at 8°C rather than at
0°C (131). Recently, it has been shown that mild hypothermic
(23°C) perfusion preservation results in better functionmal
preservation of kidneys than either cold (4°C) or normothermic
(37°C) preservation (132). uiinq a lung perfusion model,
preservation at 10°C vas found to be superior to preservation
at 15°C and 4°C (133). Continuous liver perfusion at 10°C for
24 hours showved significantly higher tissue adenine nucleotide
levels than those continucusly perfused at 4°C (134). This
study also revealed that cold storage of rat liver tissue at
10°C in Narshall's preservation solution was superior to
simple cold storage at 4°C (134).

The apperent success of these preservation studies at
slightly higher temperatures in other organ systems stimulated
the present study. DResults from this study have indicated
that islet yields were significantly higher in pancreases that
vere hypothermically preserved in UW solution at 7 and 10°C as



compared to 4°C. However, following 24 hours of hypothermic
pancreas preservation at any temperature resulted in
significantly fewer islets that were harvestable than from the
control group. This suggests that islet fragility and
disintegration increase following in yitrxo

preservation within the temperature range studied. Notably,

the losa of recoverable islets was most significant at 1s°,
followed by that at 4°C and then 7°C and 10°C (Pigure 5). The
ability to isolate islets following preservation is essential
to the success of future islet transplantation studies. Our
results have shown that preservation at intermediate low
hypothermic temperatures (7
islet harvest.

PFollowing islet isolation, it is critical that the
viability of the islets be verified. The ability and the
kinetics of the isolated islets to secrete insulin following
glucose challenge was chosen as the bioassay. Our results

10°C) can result in a greater

(Figure 7) indicated that islets from all preservation groupse
glucose stimulation (a slight biphasic pattern), although
their levels of insulin secretion were significantly lower
perifusion results compliment recent canine islet




deterioration of pancreas function following prolonged
hypothermic preservation (94, 138). Islets from the 7°C
pPreservation group demonstrated a higher ability to secrete
insulin as cowpared to islets collected from the other

preservation indicates a deterioration of the islets' ability
to precisely recognize the varying concentrations of the
glucose stimulation and to "turn off" the insulin secretion
accordingly. The initial basal levels of insulin during the
perifusion have also been used as an indication of islet
damage (136). All preservation groups showed a higher basal
insulin level than the control group, vith the highest initial
insulin level found in the 4°C group. A period of tissue
culture following islet isclation has been shown to allow
sufficient metabolic recovery of the islets and restore
insulin secretion capabilities to near control levels (136).
However, this study focused primarily on islet yields and
insulin secretion capabilities immediately following islet
isolation.

We have developed a ratioc, the Nean Insulin Secretion
Rate (NISR) (Table 1 and Figure 8) to quantify the imsulin
response to glucose stimulation in the perifused islets.




factor of PForeman and Taylor (1989) developed for viability
assessmaent following cryopreservation of islets (136).
Foreman and Taylor compared the insulin secretion during the
initial non-stimulatory period to the insulin secreted during
the stimulatory periocd of the glucose perifusion, whereas our
ratio provides the islets' response throughout the entire
perifusion, before and after the high glucose stisulation
(Pigure 8). This is functionally mere appropriate since there
is a delayed return of insulin secretion to baseline following
the termination of high glucose stimulation. A lov NISR value
would, therefore, reflect the damage and impairment of islet
function following preservation and islet isolation. A high
basal insulin secretion, and a dimninished stimulatory
response, including a delay in the islets’' response gollowing
high glucose stimulation to "turn off" the insulin secretion,
are likely to result in low NISR values. The MISR values of
all preservation groups studied were significantly lower than
that of the control group (Table 2). The lowest NISR vas from
4°C (1.77) and the highest NISR was froa 7°C (2.73): the 10°C
group (2.42) wvas intermediate (Table 2).

The Islet Preservation Index (IPI), a nev parasster
developed in this study, combines both the mesn islet yield
before and after preservation and the insulin response (MISR)
during glucose perifusion. The IFI thus reflects soourstely
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& measure of the overall success in preservation. If, for
example, a preservation group had a lov islet yield but had
high insulin secretion capabilities, the IPI would have taken
such disparity into consideration. The IPI values for the

7°C and 10°C preservation groups were very similar (p = 0.90)
and wvere more than double that of the 4°C preservation group
(P < 0.0001) (Table 2). We have found that evea though 7°C
islets hed a higher secretion capability than islets isolated
following 24 hours storage at 10°C. Both groups were more
successful than preservation at 4°C. The overall superiority
of preserving pancreatic tissue at these slightly higher
constitutes a significant step towards the development of a

following 24 hour whole pancreas cold storage in UW solution
at 7°C was undertaken to determine if there were any
& signiticant differemce between the two growps (Teble 3).
T™he quantitative amount of insulin eecreted during the




lower in the pressrved islet group than in the whole pancreas
preserved group (Figure 9). By preserving the islets as
opposed to the whole pancreas, islets appear to retain the
ability to "turn on" and "turn off" insulin secretion

capabilities as seen in the comtrol group (Figure 6). It is
not clear if this is due to less islet deteriorationm or to a

of hypothermic preservation may be sufficient to allov some
metabolic recovery following the very damaging effects of the
islet isoclation processes. A period of oold islet
preservation may also serve to dilute out or remove any
residual insulin molecules found in the cuter membrane of the
isclation processes. Islets which have been perifused
insulin molecules lesking cut of the membrane vhich mormally
would not be expelled out of the islet. A period of islet
culture, even cold islet preservation at 7°C, appears to be
beneficial to islet recovery. The MISR valus from the
isolated islet prese: groups wvas significantly higher than
the whole pancreas preserved group (4.91 vs 2.73). HNowever,




approximately thres fold higher in the control group
(Table 3). The pre-glucose stimulation insulin values were
lower and the return to low insulin secretion ococcurred faster
mmulnmnmmmnmmm1m
there is some metabolic recovery of the islet function. Short

effective alternative to wvhole pancreas preservation.



1. University of Wisconsin organ preservation solution
ration solution in
24 hour hypothermic in yitrp whole rat pancreas preservation
prior to islet isolation.

2. Ductal distension via the common bile duct is
superior to vascular flushing the pancreas prior to islet
isolation both in fresh and in 24 hour hypothermically whole

(UW) is superior to Buro-Collins prese:

rat pancreas preservation.

3. The temperature used in hypothermic pancreas is
critical to the successful recovery of islets following
24 hour in yitro hypothermic storage; pancreases preserved at
7 and 10°C for 24 hours yield significantly higher numbers of
3 preserved at 4°C.

4. Prolomgation of the preservation period at any
mtnmlﬂﬁlmiﬂm
significant loss of recoverable viable islets.

S. Isolated islets following 24 hour pancreas
capabilities (64.48 for 4°C, 51.3% for 10°C, and 45.1% for
7°C) following glucose challenge as compared to that of islets

islets than




6. Islets which have been isolated from fresh

88 and preserved at 7°C in UW preservation solution

tar:ihmnuhnrﬁetlmh:hlmlhmﬂﬂln

to that from islets isolated after 24 hour whole pancreas

preservation, however, the former display a significantly

better regulation of insulin secretion prior to and following
the high glucose challenge than the latter.

7. Of the preservation tempe:
mm;ﬁmﬁlﬁimﬂm‘cmﬁ:uﬁ

evaluated, whole

the total insulin ocutput following gluccee challenge.

8. [HRypothermic preservation of the pancreas above the
standard temperature of 4°C should be evaluated in other
islet harvest for subsequent islet transplantation.



FIGURE 13

Islet isclation immediately following ductal distension
via the common bile duct with Hanks®' solution yielded the
(2 pancreases)). Islet yields wvere reduced in the UW solution
group (780.3 t 21.8) and further reduced in the Buro-Collins
solution group (468.6 t 15.1). Bars represent +1 standard
error of the mean. N = 10 (20 animals) for the Hanks' control
group and n = 7 (14 animals) each for the UW and Buro-Collins’
control groups. Bars sharing identical symbols indicate
signiticant difference (p < 0.05) in mean islet yields between
groups.
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FIGURE 2:

Mean islet yields following
flushing prior to ductal distension were significantly higher
for UW solution than for Buro-Collins solution (497.6 % 26
and 29%5.4 t 19.3) following immediate islet isolation.

Bars represent +1 standard error of the mesan. N = 7
(14 animals) for both experimental group * gymbol indicates
significant differences (p < 0.05) in mean islet yield between

the two experimental groups.
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solution for 24 hours results in the highest islet yielas
following (318 10.8) as compared to preservation in Ruro-
Collins solution following ductal distension (7.3 £ 1.6) or
pPreservation for 24 hours in either solution following
vascular flush (10.7 $ 1.7 for UW and 6.6 1.5 for Ruro-
Collins solution). Bars represent +1 standard error of the
Wean. N = 7 (14 animals) for all of the experimental groups.
Bars sharing * gymbol indicate statistical differences
(P < 0.05) in mean islet vielas.
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FIGURE 4:

Extended hypothermic storage of pancreas at 4°C results
in a progressive decrease in the ability to recover islets.
Islet isolation following cold storage for 6 hours yielded
islet yields were cbserved vhen the preservation interval wvas
extended to 18 hours (383 t 11.5); 24 hours (318 £ 10.1) and
48 hours (6.1 £ 1). Bars represent +1 standard error of thae
mean. N = 7 (14 animals) for all of the experimental groups.

the 0 hour control group (p < 0.038). In addition, bars
sharing the same symbols indicate significant differences
(p < 0.05) in mean islet yields.
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FIGURE $:

Mean islet yields (2 pancreases) wvithout preservation
(control) and following 24 hour cold storage at various
preservation temperatures (4°C = 318 £ 10.1; 7°C = 410.9 £ 4.4;
10°C = 466.7 £ 28.5; and 15°C = 44.6 £ 3.9). N = 7 (14 animals)
for all preservation groups and for the control group.
Bars represent +1 standard error of the mean.
All preservation group values are statistically significantly
less (p < 0.0001) than the control value. In addition, bars
sharing the same symbols indicate significant difference
(p < 0.05, in mean islet yields.
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FIGURE ¢:

In yitro insulin response of freshly isolated islets to
low (50 md/dL) and high (500 mg/dL) glucose stimulations
during perifusion. The mean insulin secretion rate
(s U/islet/min) from 28 perifusion chambers has been plotted
vith the vertical bars representing +1 standard error of the
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FIGURE 7:

In yitro insulin response of isolated islets to low
(50 mg/dL) and high (3500 mg/dL) glucose stimulations during
perifusion following 24 hours of hypothermic
The mean insulin secretion rate (s U/islet/min) from 21
perifusion chambers for the 4°C group, and 24 chambers from
the 7 and 10°C groups, has been plotted with the vertical bars

rvation.

representing +1 standard error of the mean.
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FIGURE 8:

Calculation of the Mean Insulin Secretion Rate (MISR)
and the Islet Preservation Index (IPI) from glucose
perifusions. "A" and "C" each represents the area under the
curve for the pre- and post-glucose stimulation period
respec’.ively. Whereas, “B" represents the area under the
curve for the high glucose stimulation period of the

The MISR and IPI are calculated using the egquations
found in Table 1.
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Perifusion graph comparing secretory capabilities of

vhole pancreas preservation at 7°C. The mean insulin
secretion rate, (s U/islet/min) from 24 perifusion chambers
from both groups, has been plotted with the vertical bars
representing +1 standard error of the mean.
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TABLE 1: Calculations for the Determination of Mean Insulin
s(.exptx.) tion Rate (MISR) and Islet Preservation Index

Mean I,\nnn Secretion Rate:

MISR = _DB
A+C

Where A, B, and C are areas under the response curve
in pre-glucose, high glucose stimulation, and post-
glucose periods.

Example:

. Outou

(¥ of Samples) (§ of Islets Perifused)

B= __496.1 _
(11) (100)

B = 0.451

&
0.178% + 0.2476
MISR = 1.06

Islet Preservatioa Index:

IPI = . Mean Islat Yislds Following
Mean Islet Yields (Control)

Example: 24 Hour Preservation at 4°c

IPI = 2,772
780.3
IPI = 0.722

8l



TABLE 2: Pancreatic Islet Count, Nean Insulin Secretion Rate
(MISR) and Islet Preservation Index (IPI) following
24 Hour Preservation at Varying HRypothermic

4°c 7°c 10°C 15°C

ISLET 780.3 318.0 410.9 466.7 44.6

(x sem) (21.8) (10.1) (24.4) (28.5) (3.9)
t”ar et "ﬁ-i 52-7 Si-l Si_?

NISR 4.97 1.77%* 2.73%¢ 2.42%¢ -—-
(¢t sem) (0.223) (0.071) (0.102)  (0.096)
s or ——— 35.6 4.9 48.7 -——

Iz ———— 0.722%° 1.44° 1.45° ——-
(+ sem) (0.03) (0.05) (0.06)

statistical differences (p < 0.08) for pairvise
comparisons of MISR or IPI are indicated by the same letter
(*a® superscript denotes significant difference of NISR
betwvean 4 and 7C).



TABLE 3: Nean Insulin Secretion Rate (MISR) Pollowing 24 Hour
Whole Pancreas Preservation or Isolated Islet
Preservation at 7°C.

WHOLE PANCREAS ISOLATED ISLETS
NISR 4.97° 2.73%* 4.91°
(t sem) (0.223) (0.102) (0.181)
s or ——— 54.9 98.8

Statistical differences (p < 0.0%5) for pairvise
comparisons of NISR are indicated by the same letter ("a"
superscript denotes significant difference betwvean the control

and the 7°C pancreas group).
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(g/L)
Inorganic Salts:

cacCl, 0.14
KC1 0.40
KH, PO, 0.06
NgCl,.6 H,0 0.10
Ng80,.7 H,0 0.10
NaCl 8.00
Na,HPO,.7 H20 | 0.09
NaHCO, 0.33

solution Specifics:
pit at 25°C 7.40 £ 0.30
Osmolality 284.0 £ 5.0 § mOsmy/Liter
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Substance Amount in 1 Lits:

(9/L)

K'-Lactobionate 37.73
KH,PO, 3.40
Ngso, 1.23
Raffinose 17.83
AMencsine 1.34
Glutathione 0.92
Insulin (24 UI/mg) 0.004

Penicillin/streptomycin
(25,000 units/mlL 23%,000 mog/alL)

Dexanethasone 0.008
Allopurinol 0.136
Rydroxyethyl Starch $0.0

4.5 nL

Solution Specitics:
pH at 25°C 7.40 £ 0.30

Osmolality 320.0 £ 5.0 § mOsm/Liter
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(g/L)
XN, PO, 2.08
KHPO, 7.40
KCl 1.12
NaKCo, 0.84
D-Glucose 3.0

Solution Specifics:

pH at 25°C 7.40 £ 0.30
Osmolality 355.0 £ 5.0 § mOsma/Liter
The solution was either from Travenol

Laboratories Inc. (Deerfield, IL) or mede from
chemicals purchased tﬁnli_ (8t. Louis, M0).

103



Stock Solution:

Dissolve 54.0 g of Ficoll 400 DL

(8igma) in 162 mL of Nanks' Balanced
Salt Solution (HBSS) (Gibco) with 25 m
HRepes (Gibco)

50.0 mL e
45.60 nL 4.40 nL
40.26 muL 9.76 L

21.06 nL 28.96 nL
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APPFENDIX B:
MEDIUM 199 SOLUTION

Inorganic Salts:

CacCl, 200
!i(ﬂsh'i "0 0.72
400
HFO. 7 B0 200
NacCl 6100
NaHCO, 2200
NaH,PO, H,0 140
Other Components:
AMaenine sSulfate 10
Meanosinetriphosphate 1.0
(disodium salt)
Menylic acid 0.20
Cholesterol 0.20
Deoxyribose 0.50
D=Gluocose 1000
Glutathions (reduced) 0.50
Guanine nCl 0.30
] 5958
0.30
200
0.50
30
0.30
20
3.0
3.0
50
70
60
0.11
20
150
100




mponent Amcunt in 1 Lits
/L
Amino acids: continued (/%)
L—Hiitidi.m HC1'H0 21.88
DLin 10
40
70
30
50
40
S0
60
20
40
Vitamins:
Ascorbic acid 0.05
a-Tocopherol phospha 0.01
(disodium salt)
d=-Biotin 0.0}
Calciferol 0.10
D-Ca pantothenats 0.01
Choline chloride 0.%0
Polic acid 0.01
i-Inocsitol 0.08
Nenadione 0.01
Niacin 0.02%
Niacinanide 0.025
Para-amincbensoic acid 0.03
Pyridoxal NCl 0.023
Pyridoxine BCl 0.023
Riboflavin 0.01
Thianine NC1l 0.01
Vitanin A (acetates) 0.14
Solution Specifics:
pH at 25° 6.80 £ 0.30
Osmolality 2956.0 £ 5.0 § mOsa/Liter



APPENDIX F:
RPNI 1640 SOLUTION

Formula §# 80-5013
Component

Inorganic Salts:
Ca(MN0,);'4 H,0
XC1
NgS80,
NaCl
Na,HPO, (anhyd.)

Other Components:

Glutathione (reduced)
HEPES
Phenol red

Amino Acids:
L-Arginine (free base)
ine

tmzc aciad

L-Cystine 2BC1
L~Glutamic acid

L~Glutamine
Glycine
L~Rystidine {tm base)

L-lgﬂruym ine
L~Isoleuc (allo free)

I~leucine (methionine free)
L~Lycine NC1

L~Nlethionine

:mx m(bydmy free)
L~Serine

L~Threonine (allo free)

L~Tryptophan
L~Tyrosine (discdium salt)
I~Valine

Vitanine:

Biotin
D~Ca pantothenate
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Component

Vitamins: continued

Choline chla:iéc

Folic acia
i-Inositol

Nicotinamide
Para-aminobensoic acid
Pyridoxine HCl

Riboflavin

Thiamine HC1l

Vitamnin B,
Solution Specifics:

pH at 25°C

Osmolality

(mg/L)

O M O b

7.0 £ 0.30

260.0 £ 5 % Osm/Liter
(vithout NaHCO,)

292.0 £ 5 § mOsm/Liter
(vith NaHCO,)



Sample: Time:
¢ (minute)
shakadhdtddd 50 ﬁ/ﬂL L1311 333333333142}
Glucose
1l 41-43
2 51-53
3 59=61
*RRANRReRed 500 Mg/dL *Aeeedtdtadadd
Glucosa
4 61-63
S 63-65
é 65-67
7 67-69
] 69-71
9 79-81
10 89-91
11 99-101
12 109-111
13 119-121
shdhbthbtndd 50 q/gj'j ( ITT131121 711111
Glucose
14 121-123
15 129-131
16 139-141
17 149-1851
18 159-161
19 169-171
20 179-181



