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Type-I diabetes mellitus is caused by autoimmune destruc-
tion of the insulin-producing β-cells in the islets of Langerhans
(1). Despite intensive exogenous insulin administration, these
patients are at great risk of developing complications from the
disease (i.e., angiopathy, neuropathy, retinopathy, and nephr-
opathy), just as intensive insulin treatment increases the risk of
hypoglycemic episodes (2). Therefore, replacement of the dam-
aged cells by use of islet transplantation is an attractive alter-
native to insulin treatment. For more than 20 years, human
islet transplantation has been performed with limited success
and only 11% of islet transplant recipients have been free of in-
sulin administration one year after transplantation (3). How-
ever, recently, the feasibility of human islet transplantation has
been confirmed by results reported by Shapiro and co-workers
(4). Still, two to three donors are required to cover the needs of
one recipient, which underlines the shortage of human donors
for islet transplantations. Because its physiology is similar to
human physiology, the pig has drawn much attention in the
search for alternative donors for xenotransplantations. Further-
more, pigs can be bred under gnotobiotic conditions, they breed
fast, have large litters, and can be bred under standardized con-
ditions making it possible to optimize important conditions,
such as age, body weight, strain, and rearing. Using pigs for hu-
man organ transplantation has come a large step closer by the
production of transgenic pigs and the recent cloning of a pig (5).
However, adult porcine islets are surrounded by a thin and in-
complete peri-insular connective tissue capsule (6-8) making
them fragile to stressful handling during isolation procedures.

More than 10 years ago, Ricordi and co-workers (9) described
a semiautomatic method of porcine islet isolation, and even
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though numerous modifications of that method have been ap-
plied by various groups over the years, porcine islet isolation
remains a delicate process with inconsistent outcome. Numer-
ous factors can influence the outcome of adult porcine islets iso-
lation: donor strain (10-13), age (11, 14, 15), rearing (16), organ
procurement (16-18), warm and cold ischemia time (19), storage
solution, organ distention, enzymes (purity, batch, and concen-
trations) (20-22), pH during isolation (11), and purification tech-
nique and gradients (23, 24).

The aims of the study reported here were to establish a
method for adult porcine islet isolation and to evaluate the
function of isolated islets in vitro by perifusion and in vivo after
transplantation to diabetic athymic mice.

Materials and Methods
Animals. Hybrid pigs, a cross between Danish Landrace and

Yorkshire breeds, were used as donors. Pigs were purchased
from a local farmer (Pilegaard, Odense, Denmark). The pigs
were routinely tested for: Hæmatopinus suis, Sarcoptes scabiae
var. suis, Pasteurella multocida, Brachyspira hyodysenteria,
Mycoplasma hyopneumoniae, Actinobacillus pleuropneumoniae
and porcine respiratory and reproduction syndrome.

Mice (Balb/cA Bom-nu, M&B, Ry, Denmark) were used for
transplantations (health status of the mice was the same as it is
today and can be found at www.m-b.dk). The mice were kept in
type-II cages (267 × 207 × 140-mm, Scanbur, Lille Skensved,
Denmark), one mouse per cage, under a hood with 50 to 70 fil-
tered air change/h (Type D-110 Scantainer, Scanbur). Cages
were disinfected with 70% ethanol before use. Temperature in
the room was kept at 23°C, and humidity was 55%. The animals
had ad libitum access to autoclaved tap water (and drinking
bottles) and radiated pelleted food (Altromin, Brogaarden, Den-
mark). When handling the mice, single-use coats, caps, surgical
masks, and single-use rubber gloves were worn. Gloves were
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disinfected with 70% ethanol between handling of individual
mice. All experiments were approved by the Danish Animal Ex-
periments Inspectorate.

Isolation of islets. A total of 61 pancreata were processed.
Twenty isolations were performed to establish the semiauto-
matic set-up and improve on technical skills and equipment.
The next 31 isolations were performed to optimize organ pro-
curement (local versus slaughterhouse), enzymes (Liberase PI
versus Liberase HI [Boehringer-Mannheim, Mannheim, Ger-
many]), and the extent of mechanical disintegration (shaking).
On the basis of these findings we decided on the following pro-
cedure for the subsequent 10 isolations.

Organ procurement. The yield from porcine islet isolations
have been documented to increase with increasing age of the
donor (11, 14, 15, 17). Therefore, retired breeders, two years old
and weighing 175 to 250 kg, were used as donors for our experi-
ments. To minimize cold ischemia time (from the cooling of the
organ till processing), pigs were delivered to our animal care
facilities in the morning. Within half an hour they were given
an intramuscular injection of ketamine (10 mg/kg of body
weight; Pfizer, New York, N.Y.). Ketamine was given to sedate
the animals before they were euthanized by applying a pen-
etrating captive bolt to their forehead. Ketamine was chosen,
because it is not known to reduce convulsions as are barbitu-
rates. Convulsions after euthanasia are thought to promote
bleeding of the animal, which is important, because residual
blood seems to inhibit collagenase activity (18). Euthanasia was
performed according to European Union (EU) law.

When the pig had been euthanized, it was immediately in-
cised in the carotid artery and left bleeding for two to five min-
utes until the end of convulsions. Thereafter, the pig was lifted
head up, incised once more in the iliac artery to continue bleed-
ing, and operation procedures were initiated. Laparotomy was

performed. The gastrointestinal tract was cut at the esophagus
and the stomach, and the intestines were removed en block. The
splenic lobe of the pancreas was located, and the pancreas was
carefully dissected free from the surrounding tissues. To mini-
mize the risk of infection and to decrease organ temperature,
the pancreas was washed twice in ice-cold isotonic saline (2 ×
500 ml) (25), and immediately thereafter, placed into 250 ml of
4°C University of Wisconsin (UW) organ preservation solution
(Viaspan, Dupont Pharmaceuticals, Hertfordshire, England),
which was then put on ice (26). Warm ischemia time (from the
time of cardiac arrest to cooling of the organ) ranged from 5 to
10 min.

Digestion. While it was laying in a tray placed on ice, the
pancreas was further dissected free from connective tissue and
lymph nodes. Due to the fact that islets are more abundant in
the corpus and caudal regions of the pancreas (27), only these
parts were used for islet isolation. The pancreatic duct was lo-
cated and cannulated, using a 18-gauge catheter. The catheter
was fixed to the organ by a pair of forceps. Following cannula-
tion, the pancreas was distended with cold (4°C) Liberase solu-
tion by manual injection over five minutes, using a 50-ml
syringe. Liberase solution was made by dissolving the enzymes
in UW solution. Distention with cold enzymes was performed
within 30 min after organ retrieval because distension beyond
this time cannot be expected (19). Liberase PI (Batch No.
49085920, Boehringer Mannheim, Mannheim, Germany) was
used at a concentration of 2.3 mg/ml.

While still in 4°C UW solution, the distended organ was
brought to the islet isolation laboratory and placed in a diges-
tion chamber. From this point on, procedures were performed
aseptically. A semi-automatic set-up, originally described by
Ricordi and co-workers (9) was used: the chamber had two inlet
ports, one outlet port, and a port for temperature control. The

Figure 1. Schematic representation of the semiautomatic system used for adult porcine islet isolation. For digestion (A), the distended pancreas
is placed in the digestion chamber (1), which is connected to a vertical shaker (2). Collagenase solution is recirculated through the digestion
chamber, using a peristaltic pump (3). Temperature is controlled by pumping the collagenase solution through a heat-exchange column (4), which
is connected to warm and cold water supplies. For dilution (B), the system is opened, and Hanks’ balanced salt solution (HBSS) is drawn in one
end (5), pumped through the digestion chamber, cooled at the heat-exchange column, and collected in 250-ml centrifuge tubes (6).
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chamber was placed on a shaker with vertical oscillations and
adjustable amplitude (Fig. 1; set for 22 mm) and frequency.

The system was filled with an additional 500 ml of room tem-
perature Hanks’ balanced salt solution (HBSS) supplemented with
100 U of penicillin and 0.1 mg of streptomycin/ml, and 10 mM
HEPES buffer (all from Gibco, Life Technologies, Paisley, Scot-
land). A peristaltic pump was used for recirculating the enzyme
solution at the rate of 200 ml/min in an initially closed loop.
Enzymes passed a heat exchange column and were pumped
through the digestion chamber. Control of the temperature was
obtained by switching between a warm (34°C) and a cold (4°C)
water supply to the heat exchange column. For the first 25 min,
temperature was increased by 1°C/min until a temperature of
28°C was reached. During this phase, the digestion chamber
was gently shaken at the rate of 100 oscillations/min. After 25
min, shaking was increased to 200 oscillations/min.

From the enzyme solution leaving the digestion chamber, one-
milliliter samples were taken at frequent intervals (every
minute when tissue appeared in the solution), stained with
dithizone, and examined under the microscope to evaluate
progress in the digestion process. During the entire procedure,
pH was monitored and kept at a constant value between 7.3
and 7.4 (11) by addition, when necessary, of 1M NaOH to the
solution.

Dilution. When a number of 5 to 10 islets free of exocrine tis-
sue appeared in a sample, the digestion process was stopped by
opening the system and flushing the digestion chamber with
HBSS at room temperature, thereby slowing down the enzymatic
process by cooling and diluting the enzymes. The heat exchange
column was switched over to the cooling circuit (4°C), thereby
further cooling the effluent from the digestion chamber, and the
digest was collected in 250-ml centrifuge tubes (Corning, Roches-
ter, N.Y.) placed on ice. To further slow down the digestion pro-
cess, each of these tubes contained 25 ml of newborn calf serum
(NCS, Gibco, Life Technologies, Paisley, Scotland). The digest was
centrifuged at 80 ×g, 4°C, and washed twice in 4°C HBSS.
Samples were taken to evaluate the number of islets before puri-
fication, and the tissue was left resting in 4°C UW solution for 45
min. Prepurification storage in UW solution minimizes swelling
of the islets, thereby facilitating islet purification (28).

Purification. Islets were washed once more at 80 ×g, re-sus-
pended in 100 ml of UW solution, and further dissolved in 400
ml of Ficoll (Biochrom, Berlin, Germany), with density of 1,082
g/L, which was made by dissolving Ficoll (1,090 g/L) in 10%
HBSS, 1 ml of 1M NaOH, and 20 mM HEPES (21). The islet/
Ficoll suspension was loaded into a 500-ml blood bag (Baxter
Healthcare, Allerød, Denmark), and from there into a Cobe 2991
cell separator (Cobe Laboratories, Lakewood, Colo.) (24, 29).
During centrifugation at 800 ×g, a top layer of 150 ml of culture
medium M199 (Gibco, Life Technologies, Paisley, Scotland) with
10% NCS was loaded by use of a peristaltic pump (speed, 60 ml/
min). The Cobe cell separator was run for 5 min, then the con-
tent was unloaded into 50-ml centrifuge tubes containing 25 ml
of M199 plus 10% NCS. Samples were taken from each tube,
stained with dithizone, and evaluated under the microscope for
the content of islets. Fractions containing > 80% pure islets
were collected, washed twice at 200 and 80 ×g in M199 plus 10%
NCS. Samples were taken in duplicate to evaluate islet yield
and final purity after purification.

Culture. Adult porcine islets were incubated in humidified

air (37°C, 5% CO2/95% atmospheric air), and cultured in 140-
mm petri dishes containing RPMI 1640 medium supplemented
with 20% porcine serum, 2 mM L-glutamine, 10 mM HEPES,
penicillin (100 U/ml), streptomycin (0.1 mg/ml), and amphoteri-
cin B (0.25 µg/ml; all Gibco) (21).

Induction of diabetes mellitus. Streptozotocin (Sigma
Chemical Co., Steinheim, Germany) was freshly dissolved in ci-
trate buffer, pH 4.5. Mice were made diabetic by a single injec-
tion of this compound (275 mg/kg) into a tail vein. Some mice
did not respond sufficiently to this dosage and needed another
injection of streptozotocin (200 mg/kg) before diabetes mellitus
was induced. Only animals with at least two random measure-
ments of blood glucose (BG) concentration > 20 mmol/L were
used as recipients. After confirmation of diabetes mellitus, mice
were treated with insulin until used for transplantation.

Transplantation surgical procedures. Mice were anesthe-
tized by subcutaneous administration (0.065 ml/10 g) of a mixture
made from 0.25 ml of Diazepam (5 mg/ml; Dumex Alpharma,
Copenhagen, Denmark) dissolved in 0.5 ml of isotonic sodium chlo-
ride and 0.25 ml of Hypnorm (Fentanyl citrate [0.315 mg/ml] and
Fluanisone [10 mg/ml], Janssen Cilag, Copenhagen, Denmark)
dissolved in 0.5 ml of isotonic sodium chloride as well. Surgical
procedures were carried out under an operating microscope
(OPMDI 70, Zeiss, Germany). Aseptic surgical technique was
used. Access to the left kidney was obtained via lumbar incision,
capsulotomy was performed, and a small amount of air was in-
jected under the kidney capsule, using a 25-gauge venflon needle
attached to a 1-ml syringe. To avoid shrinking of the kidney cap-
sule, it was kept moist with isotonic NaCl during the procedure.
Using a microsyringe, islet tissue was aspirated into a polythene
tube (ID, 0.58 mm; Portex, Hythe, England), centrifuged, and
carefully injected under the kidney capsule by placing the tip of
the polytene tube into the cavity created under the kidney cap-
sule. After removing the tube, the capsule was cauterized. The
kidney was carefully replaced, and the incision was sutured in
two layers. After surgery,, the mice were given a subcutaneous
injection of Temgesic (0.075 mg/kg; Buprenorphine, Reckitt &
Colman, Hull, England).

Follow-up evaluation. After transplantation, BG concentra-
tion was measured, using a Medisense glucometer (Medisense,
Snedsted, Denmark), on five to 10 µl of tail vein blood once daily
for the first two to three days, then one or more subcutaneous
injections of glucose was administered if necessary to avoid hy-
poglycemia. Thereafter, BG concentration was measured once
weekly.

Glucose tolerance testing. After normoglycemia had been
achieved for at least two weeks, glucose tolerance testing was
performed: after food had been withheld for two hours, glucose
(3 mg/kg, in a 50% solution) was administered either intra-
gastrically through a gastric tube or intraperitoneally by injec-
tion. The BG concentration was measured 10, 15, 30, 60, and 120
min later. Between the two tests, at least a 48-h period of resting
was allowed.

Nephrectomy. Anesthesia was performed as described pre-
viously. Access to the kidney was made via lumbar incision, and
the kidney was carefully dissected free from the surrounding
tissue. The kidney stalk was ligated and the incision was su-
tured in two layers.

Counting of islets. Samples collected from islets in suspen-
sion were counted in doublets. The samples were stained with
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dithizone, which stains zinc in insulin granules and gives a red-
dish appearance. Islets were sized, using a calibrated grid in a
phase contrast microscope, and were converted into islet
equivalents (IEQ), with average diameter of 150 µm (30). Islets
smaller than 50 µm were not counted.

Perifusion. Basically, two systems have been applied to
evaluate the in vitro insulin secretory capacity of isolated islets:
static incubation and dynamic perifusion. Static incubation has
the advantage of being simple and cheap to perform. Perifusion
is believed to yield more dynamic description of islet function,
possibly better mimicking the in vivo function. Perifusion was
carried out by use of a Brandell Suprafusion 2000 system
(Brandell, Gaithersburg, Md.). Reagent was driven by a peri-
staltic pump (flow rate 0.5 ml/min) through six parallel cham-
bers. In these chambers, islet tissue was placed in a supportive
gel (Biogel P4, BioRad, Hercules, Calif.) between two filters. The
effluent was collected in two-milliliter tubes (Sarstedt,
Nümbrecht, Germany) placed in a rack on an ice tray. A com-
puter allowed programmable reagent and sample collection. A
heating system and a plastic jacket provided an environment
with constant temperature (37°C).

As reagent, we used a Krebs Ringer HEPES buffer stored at
4°C and freshly supplemented with the relevant amount of glu-
cose and arginine before use. To obtain stable baseline insulin
secretion (31, 32), islets were initially perfused for 60 min with
2.5 mM glucose, followed by stimulation with 16.7 mM glucose,
with or without 10 mM arginine, for the next 60 min, and finally
with 2.5 mM glucose for the last 60 min. Samples were collected
at the end of the stabilization period, then every 2.5 min for the
first 10 min of stimulation, and every 10 min thereafter.
Samples were frozen at -20°C until analyzed for insulin content.

Insulin analysis. When total insulin content was measured,
samples were taken in duplicate from tissue in suspension. One
milliliter of glycine-bovine serum albumin (BSA, 2.5%) buffer
(pH 8.8) was added to the samples, and they were sonicated
twice for 15 sec.. Samples were centrifuged at 800 ×g 10 min,
and supernatants were collected and stored at -20°C until ana-
lyzed for insulin concentration.

Insulin was measured by use of a double-antibody technique.
The assay uses a time- resolved immunofluorometric signal from
Europium (33) (Delfia, Wallac, Denmark), and a porcine insulin
standard was used (porcine actrapid, a generous gift from Novo
Nordisk, Bagsværd, Denmark). Measurements of total insulin
content were determined in dilutions of 1:50 and 1:100.

Measurement of DNA content. The DNA content was
measured in duplicate, using a Picogreen dsDNA quantification
kit (Molecular Probes, Leiden, The Netherlands). Calf thymus
DNA was used as standard. Fluorescence was measured by use
of a fluorometer set at wavelength of 480 nm.

Results
Islet yields. A consecutive series of 10 adult porcine islet iso-

lations was performed with constant basic settings. In one in-
stance, the pre-purification yield was too poor to proceed to
purification (25,000 IEQ), and in two instances, the purification
process failed and resulted in almost unpurified islets. Islet isola-
tion and purification were, therefore, completed in only seven in-
stances. All in all we had a pre-purification yield of 116,000 ±
41,000 IEQ (median ± 95% CI, n = 10), range 25,000 to 221,000
IEQ, and post purification yield of 57,000 ± 28,700 IEQ (median

± 95% CI, n = 9), range 0 to 110,000 IEQ. Before purification, IEQ
amounted to 1,068 ± 387/g of pancreatic tissue, and 457 ± 306/g
of pancreatic tissue (median ± 95% CI) after purification. The de-
gree of purification was estimated to 80 to 90%. Sixty nine ± six
per cent (mean, ± 95% CI) of the islets measured between 50 to
100 µm, 22 ± 6% between 100 and 150 µm, 7 ± 2% between 150 and
200 µm, and only 1 ± 1% were larger than 200 µm. Postpurification
islet size was similar: 69, 24, 6, and 1%, respectively.

Perifusion. When islets were cultured for one night and per-
fused as described, for five of seven isolations, we found tran-
sient increase in insulin secretion when they were stimulated
with 16.7 mM glucose (Fig. 2). The initial insulin secretory peak
was followed by a continuous decrease in insulin secretion for
the remaining stimulation period. A second-phase insulin re-
sponse was not observed. At cessation of stimulation, a signifi-
cant increase in insulin secretion was observed, followed by a
gradual decrease. When challenged with additional 10 mM argi-
nine, in four of the seven isolations, there was a transient in-
crease in insulin secretion (Fig. 2). On cessation of stimulation,
a decrease in insulin secretion was not observed until 20 min

Figure 2. Perifusion of adult porcine islets. Islets were initially
perifused for 60 min with buffer containing 2.5 mM glucose before
being challenged with 16.7 mM glucose (upper panel), with or with-
out 10 mM arginine (lower panel), for 60 min, and finally with 2.5
mM glucose for 60 min. Data are expressed as percentage of insulin
secretion immediately before stimulation (at time = 60 min, insulin
secretion = 100%).
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later. Looking at the islet batches responding to a glucose chal-
lenge, four of the five had an increased insulin secretory re-
sponse to the glucose plus arginine challenge (median, 110%).
One batch only responded to the glucose challenge, but not to
the glucose plus arginine challenge.

To evaluate the impact of culture, adult porcine islets were
cultured for six days. On the first day of culture, > 50% of the
initial amount of DNA and insulin was lost. The rapid decrease
in insulin content continued, whereas a more moderate de-
crease in DNA content was observed. Indeed, looking at the
amount of insulin per DNA, a continued decrease also was ob-
served (Fig. 3).

To evaluate the influence of culture on the in vitro function,
perifusion was performed in two instances after one week of cul-
ture. The islets remained responsive to a glucose challenge.
However, compared with the primary glucose challenge, one re-
sponded with increased insulin secretion and the other with re-
duced insulin secretion (Fig. 4).

Transplantations. Twenty-five diabetic Balb/c nu/nu mice
were transplanted with 4,000 to 7,000 IEQ beneath the renal
capsule. Fifteen mice became normoglycemic within 3 ± 1 weeks
(median ± 95% CI) with range of one day to eight weeks. For un-
known reasons, three mice died in the perioperative period
(within 24 h). Seven mice remained hyperglycemic within an
observation period of three months, although one of these mice
had a low glycemic value of 11 mmol/L.

All mice (N = 7) with hyperglycemia for > 3 months were trans-
planted with islets originating from only two isolations. Mice
transplanted with islets from these two isolations never became
normoglycemic. Of the 15 mice that became normoglycemia,
eight were transplanted with 4,000 to 5,000 islets and became
normoglycemic within an average of 2.1 weeks and seven were
transplanted with 6,000 to 7,000 islets and became normoglyce-
mic within 3.4 weeks (not significant on the basis of the Wilcoxon
rank sum test).

Due to technical difficulties, graft removal by nephrectomy
was successfully completed in only five of the 15 mice with nor-
malized BG concentration. After nephrectomy, hyperglycemia
returned in four mice, but one mouse remained normoglycemic.
However, in the latter, normoglycemia had been achieved imme-
diately after transplantation, indicating at least transient func-
tion of the graft.

Glucose tolerance testing. Glucose tolerance testing was
were performed on mice becoming normoglycemic after trans-
plantation. Transplanted mice had an average preprandial BG
concentration of 3.3 ± 0.7 mM (median ± CI), whereas controls
had an average BG concentration of 5.6 ± 1 mM (median ± CI).
After glucose administration, BG concentration increased to the
same value in the two groups. However, the transplanted mice
cleared the glucose load faster than did controls (Fig. 5). Both
groups had two-hour values at or lower than initial preprandial
BG concentration.

Discussion
Because of the potentially large number of islets to be ob-

tained from adult pigs (12), it is an attractive source of islets for
xenotransplantation. More groups have focused on the isolation
procedure, but results vary considerably (9, 11, 14, 17, 19-21, 34-
38), though most groups use basically the same semiautomatic
method as that described by Ricordi (9). It is well recognized

that isolation of porcine islets is a delicate process, with huge
variability in results (39). Still, comparing our results with
those reported by others on porcine islet isolation, low yields
with an average of 450 IEQ/g of pancreatic tissue were
achieved. Factors influencing the outcome of islet isolations are
numerous. One possible reason for our lower yields could be our
choice of donors: compared with dog, rat, and human islets,

Figure 3. The DNA and insulin contents of adult porcine islets cul-
tured for six days. (P < 0.05, Friedman’s two-way analysis of vari-
ance), Data are expressed as median ± 95% CI (N = 4).
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adult porcine islets are surrounded by a thin peri-insular cap-
sule (6, 7) that is easily destroyed during enzymatic isolation
procedures.

Immunohistochemical analysis of pancreata from various
strains of pigs has revealed different compositions and amounts
of collagen around the islets (7, 10, 12), possibly making islets in
some strains more resistant to mechanical and enzymatic disin-
tegration. Furthermore, some strains have more and larger is-
lets than do others (7, 10). Indeed, differences in yield from
different strains has been reported (7, 11). Donor age also influ-
ences results. The composition of the peri-insular capsule
changes with age (8, 17), and larger yields can be obtained from
older pigs/retired breeders (11, 14, 15). We used two-year-old
hybrid pigs, a cross between Yorkshire and Danish Landrace
breeds; to our knowledge, there are no previous reports on islet

isolation from this specific combination of strains. Even though
donors came from the same supplier, genetic differences be-
tween donors is inevitable, which may affect reproducibility of
the isolations (37). Even in pigs from the same litter there may
be huge variability in the number of islets (7).

Compared with others, we had relatively low warm and cold
ischemia times, possibly reducing the risk of pre-isolation injury
to the tissue (19, 40).

The most commonly used product for islet isolation is a blend
of enzymes included in collagenase. We used a new enzyme
blend, Liberase PI, which is a purified enzyme blend (from col-
lagenase) specifically designed for isolation of porcine islets
(20). The choice of enzyme is of great importance as the older
collagenases were a poorly defined mixture of several enzymes
(41), giving unpredictable large variability in activity from

Figure 4. Perifusion of adult porcine islets after overnight culture (boxes) and culture for six days (triangles) respectively. Islets were initially
perfused for 60 min with buffer containing 2.5 mM glucose before being challenged with 16.7 mM glucose, and finally 2.5 mM for 60 min. Each
panel represents one batch of islets.

Figure 5. Glucose tolerance tests performed on mice that were transplanted with adult porcine islets and consequently achieved normoglycemia.
Transplanted mice (N = 14, boxes) are compared with a group of non-diabetic controls (N = 9, triangles) for oral glucose tolerance test (OGTT)
results (left panel) as well as intraperitoneal glucose tolerance test (IPGTT) results (right panel). Data are presented as median ± 95% CI.
Difference between groups is significant (P < 0.05, Wilcoxon rank sum test) at time 0, and 60 and 120 min. BG = blood glucose (concentration).
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batch to batch, and activity loss during prolonged storage (22).
Liberase is a purified enzyme blend consisting of well defined
enzymes (20), thereby reducing batch-to-batch variability. How-
ever, there are still reports of up to 50% variability in enzyme
activity (21). Recently, excellent results from use of Liberase HI
(designed for human islet isolation) for adult porcine islet isola-
tion have been reported (21). However, we had only occasional
success using similar enzymes and isolation set-up. Liberase PI
and Liberase HI have been tested against conventional crude
collagenase (20-22) and were proven to result in better yields,
but comparison between the two Liberases has not yet been
published to our knowledge.

One of the most crucial points of semiautomatic islet isolation
is when to stop the digestion process (9, 14) and start diluting the
system. The process has to be stopped at a moment when a suffi-
cient number of islets free of exocrine tissue appears in the
samples taken. If this point is missed, the result will be
overdigestion and defragmentation of the islets. If the process is
stopped too soon, it will result in islets trapped in exocrine tissue,
thus deteriorating the purification process. In our experience, the
interval from liberation of free islets to commencement of
overdigestion is short (1 to 2 min) and may easily be missed. Oth-
ers have been able to work with constant digestion time (34, 36);
however, even though we kept our isolation conditions as con-
stant as possible, digestion time varied from 35 to 60 (median,
45) min, and an accurate prediction of digestion times could not
be made. Apart from donor characteristics, small differences in
parameters, such as organ bleeding, ischemia time, rate of tem-
perature increase and weight of the organs, may all add up and
cause the variability in the digestion time.

Purification of islets after isolation is necessary to minimize
the amount of tissue to be transplanted and to remove exocrine
tissue, which contains enzymes potentially damaging to the is-
lets (16). Also, exocrine tissue may be more immunogenic than
are pure islets (23). Islet recovery after purification is depen-
dent on difference in densities of islet and exocrine tissue, and
this difference may diminish because of edema of the tissue
(23). Pre-purification treatment of the tissue, including isolation
procedure, is, therefore, of great importance (28). The method
used for purification also is of great importance (23). We had an
average of 48% islet recovery after purification, using a discon-
tinuous monolayer gradient on a Cobe cell separator (21, 24).
This is not satisfactory but comparable to what is reported by
others for porcine islet purification (9, 35, 37) as well as human
islet purification (29, 42). Unfortunately, many groups fail to re-
port pre- and postpurification yields (14, 17, 20, 21, 38).

When the in vitro function is evaluated by challenge with glu-
cose during static incubation, reports on stimulation index (in-
sulin secretion during challenge divided by insulin secretion
before challenge) for adult porcine islets ranges from 1 to 3.6
(17, 21, 34, 35, 43-45). When perifusion is used, reports on insu-
lin secretory response toward various secretagogues also varies
considerably. Warnock and co-workers (37) reported lack of glu-
cose-stimulated insulin response after overnight culture. How-
ever, others (19, 46-48) obtained stimulated insulin responses
with stimulation index from 2.2 (47) to 9.0 (19). After overnight
culture, we found a small response to a glucose challenge alone
(range, 5 to 229%) in five of seven islet batches. Apart from cul-
ture conditions, integrity of the islet may explain the diverging
results. Depending on isolation and purification procedures, is-

lets may be more or less traumatized during this process, lead-
ing to temporary loss of glucose responsiveness (49). A large loss
of the peripherally located glucagon-secreting α-cells, during is-
let isolation procedures, may damage the paracrine function
manifested by these cells on the β-cell insulin secretory re-
sponse (50). Culture may restore islet function, and clear the is-
let population from totally damaged islets (43). Indeed, a large
number of islets are lost during the first days of culture (20, 37).

In the two instances when we challenged islets with glucose
after one week of culture, the results were somewhat diverging.
When we challenged the islets with additional arginine, the in-
sulin secretory response was increased in four of the five
batches responding to a glucose challenge (range, 57 to 194%).
Others reported significant insulin secretory responses to argi-
nine challenge alone (34, 51). Arginine is supposed to potentiate
glucose-induced insulin secretion (52).

The optimal way to evaluate islet function is in vivo (53), and
when we transplanted islets underneath the renal capsule of
streptozotocin-induced diabetic athymic mice, normoglycemia
could be restored in some but not all animals. The variable in
vivo function was related to the specific isolation because all of
the failed grafts came from only two isolations. Even though
large numbers of islets were transplanted, it took an average of
three weeks for normoglycemia to be restored. This is compa-
rable to what is reported by some (54, 55), whereas others re-
ported almost immediate normalization of BG concentration
after transplantation of 1,500 to 2,000 porcine islets to diabetic
nude mice (19, 35, 48). In our study, difference in the time
needed to normalize BG concentration was not apparent be-
tween those transplanted with 4,000 to 5,000 islets, compared
with those transplanted with 6,000 to 7,000, which may indi-
cate that viability rather than number of islets was the limiting
factor. Indeed, some isolations were faster than others in restor-
ing normoglycemia, underlining the difference in viability/func-
tion from isolation to isolation. It is not clear why some grafts
required three to four weeks to obtain complete function. It
could be that neovascularization, which takes place within two
to 14 days (56, 57), was necessary for the grafts to function.
Beger and co-workers (58) reported that, after transplantation,
pseudo-islets (islets generated from single cells clustering into
islet-like structures during culture) had delayed revascular-
ization, compared with normal intact islets. If disintegrated is-
lets have to reorganize into pseudo-islets after transplantation,
they might have somewhat delayed revascularization. This
could explain why some isolations have function almost imme-
diately, whereas others—containing more disintegrated islets—
need more time to gain complete function. Looking at individual
isolations, nothing could be transferred from the observed in
vitro function to the in vivo function, which is comparable to
what is generally believed (53).

In conclusion, our results indicate that, despite numerous re-
ports of refinement of the porcine islet isolation procedure,
there is continued difficulty in establishing a safe and reproduc-
ible method for isolation and purification of adult porcine islets
of Langerhans. After overnight culture, adult porcine islets re-
sponded poorly to a glucose challenge, though this response was
somewhat augmented by additional challenge with arginine.
However, it is possible to produce viable adult porcine islets that
can achieve adequate function in vivo, after transplantation
into a xenogeneic model.

Studies of adult porcine islets of Langerhans
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