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Maintenance of Insulin Release from Pancreatic Islets Stored

in the Cold for up to 5 Weeks

BARBARAJ. FRANKFi, EiKx GYLE, Bo HETLLMAN, and LARs-AKE IDAHL

From the Department of Histology, University of Umea,
S-901 87 Umea, Sweden

A B S T R A C T Insulin content and release were mea-
sured from hand-dissected pancreatic islets from non-
inbred ob/ob mice after 1-5 wk storage in tissue cul-
ture medium 199 at various temperatures and glucose
concentrations.

After storage of islets for 1 wk at 37°, 22°, or 80C in
18 mMglucose medium and preincubation with 1 mM
glucose, glucose-stimulated insulin release during the
subsequent incubation was only 20-35% of that of fresh
islets. The addition of a 4-h period at 370C with 18 mM
glucose between the cold storage and perincubation re-
stored glucose-stimulated insulin release from 80C-
stored islets to fresh-islet levels. Release throughout the
1-18 mMglucose range was strikingly parallel to that
of fresh islets. Exposure of fresh islets to the same 4-h
period increased basal release but did not affect maxi-
mal release.

When islets were stored at 80C with 18 mMglucose
for more than 1 wk, a short period at 370C every week
was necessary for maintenance of release. After 5 wk of
this procedure, glucose-stimulated insulin release was
one-third that of fresh islets, or similar to that of islets
stored for only 1 wk at 370C. Storage at 80C for 1 wk
with 3 mMglucose, or continuously for 3 or 5 wk with
18 mMglucose, maintained islet insulin content, whereas
release was lost.

Thus, glucose-stimulated insulin release is best main-
tained by storage of pancreatic islets in tissue culture
medium with a high concentration of glucose at 80C with
short weekly periods at 370C.

This work was presented in part at the 11th Annual
Meeting of the Scandinavian Society for the Study of Dia-
betes, Bergen, Norway, 5 June 1975, and at the 11th Annual
Meeting of the European Association for the Study of Dia-
betes, Munich, W. Germany, 5 Sept. 1975.

Received for publication 23 June 1975 and in revised form
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INTRODUCTION
Transplantation of pancreatic islet tissue may become
an important treatment of diabetes. Implantation of is-
lets, rather than whole pancreases, is surgically much
simpler and less hazardous. In vitro preservation of
functionally intact islets is of great importance to al-
low accumulation of enough islet material for trans-
plantation.

Culture of islets at 370C has been shown to result in a
decreased ability to release insulin in response to glu-
cose stimulation (1, 2). The use of low temperature in
the preservation of kidneys (3), as well as other tis-
sues (4-6), for transplantation has been extensively
studied and found to maintain tissue function for a
longer time than storage at warmer temperatures. Low
temperature offers the further advantage of inhibiting
fibroblast growth, which can be a problem when pan-
creatic islets are cultured at 370C (7). Studies with
mouse fibroblasts (8) have also indicated that storage at
low temperatures allows longer survival than storage
at 37°C, and that survival at 4°C can be prolonged even
more if the cells are allowed a few hours at 37°C every
5-8 days. We know of only one study (9) using cold
storage for isolated islets: Knight et al. showed gross
impairment of insulin secretion from isolated rat islets
after only 3 days in Hanks' solution at 4°C.

Using P-cell-rich islets, hand-dissected from nonin-
bred ob/ob mice, we present data on how glucose-stim-
ulated insulin release can be maintained for at least 5 wk
by storage with a high concentration of glucose at 8°C,
interrupted by short periods at 37°C.

METHODS
Chemicals and media. Reagents of analytical grade and

distilled, deionized water were used throughout. HEPES
(N-2-hydroxyethyl-piperazine-N'-2-ethane sulfonic acid) and
bovine serum albumin (fraction V) were obtained from
Sigma Chemical Co., St. Louis, Mo. Tissue culture medium
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199 (TCM 199, lOX concentration; Salk et al., ref. 10)
was obtained from National Bacteriological Laboratories,
Stockholm, Sweden, and benzylpenicillin was purchased
from AB Kabi, Stockholm, Sweden. 'I-labeled insulin was
from Farbwerke Hoechst AG. Crystalline mouse insulin
was prepared by Novo A/S, Copenhagen, Denmark.

The basal medium in all dissections, storages, and in-
cubations consisted of a modified TCM 199 with Hanks'
salts, lacking glucose and phenol red, and buffered with
25 mM HEPES. Bovine serum albumin (1 mg/ml)
was added. The medium was sterilized by filtration through
a Millex filter unit (0.22 ,um; Millipore S.A., Buc, France)
and then kept overnight at 370C. Benzylpenicillin (50 tg/
ml) was then added, and the medium was adjusted to pH
7.35 (370C) with NaOH. The pH of the solution stayed
within 7.4±0.1 throughout the entire culture period. Glucose
was added as noted in the tables and figure, and the medium
was sterilized again just before use.

Animals and isolation of islets. Adult (8-9-mo-old) male,
obese-hyperglycemic mice (gene symbol ob/ob) were taken
from a local colony (11). After fasting overnight, the ani-
mals were killed by decapitation under ether anesthesia.
Fresh pancreatic islets were microdissected (12) from the
pancreases in basal medium containing 1 mMglucose at
room temperature.

Storage and incubation of islets. Isolated islets were
transferred to sterile plastic Petri dishes (Heger Plastics
AB, Stallarholmen, Sweden) with a diameter of 5 cm. Each
dish contained two islets in 4 ml of the basal medium
supplemented with 3 or 18 mMglucose. The dishes were
stored in humidified air for 1, 3, or 5 wk at 8°, 220, or
370C.

Incubation of stored islets. The stored islets were either
directly rinsed and preincubated for 2 h (Table I) at 370C
in 1 ml medium containing 1 mMglucose or were sub-
jected to a 4-h period at 370C in 1 ml, 18 mMglucose
medium ("recovery" period) before rinsing and preincu-
bation (Tables II-IV, Fig. 1). After preincubation, the

islets were rinsed and incubated for 1 h in 300 ul basal
medium supplemented with 1-18 mMglucose, as noted in
the tables and figure. In one series of experiments (Table
IV), islets stored at 80C were subjected to a weekly re-
covery period, preincubation, and incubation scheme for 5
consecutive wk.

Weighing of islets and assay of insulin. After incuba-
tion, the islets were placed on aluminum foil and as much
contaminating fluid as possible was quickly removed with
the aid of a micropipette. Islets were then freeze-dried
overnight at - 40'C, 0.1 Pa (- 0.001 mm Hg), and
weighed on a quartz fiber balance (13). Islets used for
determination of insulin content were then subjected to
ultrasonic disintegration in 1 mM HCO (Sonifier B-12,
Branson Sonic Power, Co., Danbury, Conn., equipped with a
microtip and run at a meter reading of 50 W). Insulin in
islet extracts and media was assayed radioimmunologi-
cally with crystalline mouse insulin as a standard.

Presentation of results. Insulin values are expressed per
microgram dry weight of islet. Statistical significances were
calculated from the mean difference between incubations
with the two-tailed Student's t test. Symbols in the tables
indicate statistical significance of difference between paired
incubations in 1 and 18 mMglucose media during incuba-
tion as measured by paired t test.

RESULTS

After storage of pancreatic islets for 1 wk at different
temperatures with 18 mMglucose, the time required to
reach basal insulin release was studied during preincu-
bation with 1 mMglucose at 370C (Table I). Insulin
release from islets stored at 370C fell to basal levels
within 30 min, whereas release from islets stored at
220 or 80C was greater and required 60 min to reach
base line. When glucose-stimulated insulin release was

TABLE I
Insulin Release from Islets Stored 1 wk with 18 mMGlucose

Insulin release*

Preincubationt Incubation

Storage 1 2 3 4 1 mM 18 mM Difference
temperature 30 min 30 min 30 min 30 min 60 min 60 min 60 min

0C xng/g dry wi/h
37 0.4540.08 0.21 ±0.04 0.24±0.04 0.21 40.04 0.29±0.09 1.4840.44 1.18±0.49

(12) (11) (12) (12) (6) (6) (6)
22 2.76±0.84 0.6840.16 0.3440.08 0.31±0.07 0.21 ±-0.07 0.8740.24 0.66±0.20§

(8) (8) (8) (6) (4) (4) (4)
8 1.2540.20 0.41±0.08 0.2740.06 0.29±0.06 0.27±0.10 1.0540.22 0.7840.2111

(14) (13) (14) (14) (8) (8) (8)

Fresh 0.75±0.15 4.09±0.77 3.3440.78¶
islets** (11) (11) (11)

* Mean±SEMfor the number of experiments listed in parentheses.
t 2-h preincubation divided into four 30-min periods.
fP <0.05.
lIP < 0.01.
¶ P < 0.005.
** Unstored islets were also preincubated for 2 h, but insulin release was not measured.
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TABLE II
Insulin Release from Islets Stored 1 wk and then Allowed

a 4-h "Recovery" Period

Glucose
concen-
tration Insulin release during incubation*

Storage in storage
temperature medium 1 mM 18 mM Difference

'C mM ng/pg dry wi/h
37 18 0.204±0.05 1.53±-0.37 1.33±40.37$

(7) (7) (7)
22 18 0.72 ±0.11 3.27 ±0.57 2.55 40.48§

(8) (8) (8)
8 18 0.59±0.09 5.20±1.26 4.61±-1.201

(9) (9) (9)
37 3 0.22±0.03 0.41±0.04 0.18±0.0411

(12) (12) (12)
8 3 0.46 ±0.08 0.57 ±0. 1 1 0.10±40.08

(12) (12) (12)

Fresh 1.70±0.31 6.72 ± 1.14 5.02±1.321
islets¶ (10) (10) (10)

* Mean±SEMfor the number of experiments listed in parentheses.
P <0.02.

§P <0.005.
IlP <0.001.
¶ Unstored islets subjected to identical recovery, preincubation, and in-
cubation periods.

measured after a total of 120 min of preincubation, in-
sulin release was not significantly different among the
370-. 220- , or 8°C-stored islets, although the response
was only 20-35% of that from fresh islets.

The stored islets were given a 4-h recovery period
at 370C with 18 mMglucose before preincubation and
incubation (Table II). Islets stored for 1 wk at 80C
responded significantly better to glucose stimulation
than islets stored at 370C (P <0.05). The insulin re-
sponse of the islets stored at 80C was equal to that of
fresh islets subjected to the same 4-h period. On the
contrary, islets stored with only 3 mMglucose at 370C
showed drastically reduced insulin responses to glucose.

The dose-response relationship of glucose-stimulated
insulin release was measured in islets stored for 1 wk
at 80C and in fresh islets exposed to a similar 4-h pe-
riod at 370C with 18 mMglucose (Fig. 1). The sig-
moidal dose-response relationship for fresh islets, as
described by Buitrago et al. (1), is included for com-
parison. The dose-response curve for islets stored for
1 wk at 80C in 18 mMglucose medium, and then al-
lowed to "recover" for 4 h closely paralleled that of the
fresh islets. Exposure of fresh islets to the 4-h period
at 370C in 18 mMglucose medium before preincubation
significantly increased the insulin release at the lower
concentrations of glucose, but did not significantly
change maximal release.

Regardless of the glucose concentration, storage for
1 wk at 220 or 80C was associated with little insulin
release into the storage medium and with no decrease of

islet insulin content as compared to fresh islets (Table
III). In contrast, storage at 370C with 18 mMglucose
caused a substantial release into the medium (equal to
the entire content of fresh islets) and only a 30% fall in
islet content, indicating that biosynthesis had occurred.
When the islets were stored at 370C with 3 mMglu-
cose, there was much less release than into the high-
glucose medium, but an even greater (50%) fall of
islet content of insulin.

The insulin responses to glucose after storage for up
to 5 wk at 80C in 18 mMglucose medium with or with-
out weekly "recovery," preincubation, and incubation
periods at 370C were studied (Table IV). Insulin re-
lease into the storage medium decreased during the 5
wk and was similar from islets incubated weekly and
those stored continuously in the cold. The islets incu-
bated at 370C weekly still responded to glucose stimu-
lation after 5 wk, although the response was only about
one-third that of fresh islets. In contrast, islets stored
continuously at 80C for 3 or 5 wk showed no response
to glucose stimulation. Storage for 5 wk at 80C, (with or
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FIGURE 1 Dose-response relationships for glucose-stimu-
lated insulin release. Glucose-stimulated insulin release was
measured during incubation in 1-18 mMglucose media from
batches of two islets stored for 1 wk at 8'C, recovered, and
preincubated (-0-) and from fresh, unstored islets ex-
posed to the same recovery, preincubation, and incubation
periods (-0-). Data are also given for fresh islets ex-
posed only to a 1-h preincubation and then incubated as
above (-- -, from Buitrago et al., ref. 1). Insulin release
is given as mean±SEMfor 7-10, 6-7, and 4-7 experiments,
respectively.
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TABLE III
Insulin Release into the Storage Medium and Islet Content

of Insulin after Storage for 1 wk

Sum of
insulin
release

Glucose into the
concen- Insulin storage
tration release Insulin medium
in the into the content and insulin

Storage storage storage of the content of
temperature medium medium* islets*: the islets*§

'C mM ng/pg dry ng/pg ng/pg
wI/7 days dry wt dry wt

37 18 222.5 120.6 133.7 :7.1 331.7 h20.8
(26) (14) (14)

22 18 36.8±3.9 174.7±10.6 218.3±16.0
(24) (16) (16)

8 18 20.34±1.0 228.6 4±15.7 250.7 ± 16.8
(88) (18) (17)

37 3 54.14±3.5 87.1 ±7.4 145.5 ±6.6
(24) (23) (23)

8 3 21.3±-2.3 184.5 ± 13.1 219.5 ±24.1
(23) (24) (23)

Fresh 190.2 ± 11.1
islets (20)

* Mean±SEM for the number of experiments listed in parentheses.
Measured after recovery, preincubation, and incubation.

§ The sum of release during storage and content after incubation is shown
for comparison with the content of fresh islets after identical recovery,
preincubation, and incubation.

without weekly incubation), did not result in a signifi-
cant reduction of islet insulin content.

DISCUSSION

In the present study the term "storage" rather than
"culture" of pancreatic islets has been used to empha-
size that our aim was to develop a technique for main-
taining adult islets functionally intact. Although storage
in the 4-100C range has been used for isolated fibro-
blasts (8) and many other tissues (3-6), Knight et al.
(9) were unsuccessful in maintaining insulin release
from pancreatic islets stored at 4VC with 5.6 mMglu-
cose for 4 days. The present success may be because the
glucose concentration in the storage medium was as
high as 18 mM, since no glucose-stimulated insulin re-
lease remained after storage with only 3 mMglucose at
80C. The relatively complex TCM 199, rather than
only Hanks' balanced salt solution, may have provided
some necessary nutritional requirement. In addition,
hand-dissection instead of collagenase isolation, which
may damage the islets during long-term storage in the
absence of serum (1), or the use of 8° instead of 4VC,
may have been of importance.

The present studies confirm the findings of other au-
thors (1, 14) that storage in high-glucose media for
1 wk at 37WC is associated with synthesis and release of

TABLE IV
Insulin Release during Storage and Incubation, and Islet Content of Insulin after Storage

for 1-5 wk at 8C with 18 mMGlucose

Insulin release during incubation*
Insulin release into Islet content of

the storage medium* 1 mM 18 mM Difference insulin*

ng/pjg dry wI ng/pg dry wt/h ng/pg dry wI

Islets incubated weekly
wk 1 14.8841.39 0.83±0.15 3.1840.39 2.3640.52t

(20) (10) (10) (10)
wk 2 5.4640.65 0.1940.03 1.7540.26 1.56±0.26§

(20) (10) (10) (10)
wk 3 2.4340.23 0.18±0.02 3.35i0.76 3.18±0.76t

(20) (10) (10) (10)
wk 4 1.9240.16 0.2440.07 1.2440.26 1.01 ±0.25t

(20) (10 (10) (10)
wk 5 2.14±0.38 0.19i0.03 1.17 ±0.21 0.98±0.20t 157.2±16.0

(14) (7) (7) (7) (15)
Islets in continuous cold 11

3 wk 20.6342.09 0.71±0.08 0.36±0.12 -0.3540.17 206.8±415.7
(10) (5) (5) (5) (10)

5 wk 32.10±3.15 0.42±0.07 0.23±0.03 -0.18±0.08 246.6±20.7
(8) (4) (4) (4) (9)

* Mean±SEMfor the number of experiments listed in parentheses.
1P <0.005.
§ P < 0.001.

11 Recovery, preincubation, and incubation only on the 3rd or 5th wk.
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insulin during this period, and with a fall of islet insu-
lin content. Wealso confirm (1) that storage at 370C in
a high-glucose medium maintains a greater insulin re-
sponse to glucose than storage in a low-glucose medium.
Although one would expect ATP-producing and -re-
quiring metabolic processes to have nearly ceased at low
temperatures, it is evident that a high glucose concen-
tration is essential for preservation of insulin secretion
during storage at 80C as well. Since a small but sig-
nificant amount of glucose utilization has been found in
kidney cortex slices stored at 100C (15), it is possible
that some glucose metabolism in the islets continues at
80C and is important for the maintenance of glucose-
stimulated insulin release. An alternative explanation is
that the glucose molecule as such protects the secretory
machinery in some way.

Transfer of 370C-stored islets from the storage me-
dium containing 18 mMglucose directly to the prein-
cubation medium wtih only 1 mMglucose suppressed
insulin release within 30 min, as would be expected.
Despite the fall in glucose concentration, the cold-stored
islets required up to 60 min to reach basal insulin re-
lease. Glucose-stimulated insulin release during the sub-
sequent incubation was only 20-25% of that of fresh
islets. Although basal insulin release had been achieved,
it is possible that the low concentration of glucose during
the preincubation had not allowed proper restoration
of the intra-fi-cell milieu, since intracellular metabolism
had probably been altered during the cold storage (16).
Therefore, a 4-h period with 18 mMglucose at 370C
was added between the storage and the preincubation in
an attempt to allow the islets to recover. The addition
of this recovery period restored insulin release from the
80C-stored islets to fresh-islet levels. In fact, glucose-
stimulated insulin release throughout the 1-18 mMglu-
cose range was strikingly parallel to that of fresh islets.
However, the appropriate control, fresh islets subjected
to the same recovery period, exhibited increased basal
release of insulin but no significant change in maximal
release. This observation is in accordance with Hoshi
and Shreeve (17) and unpublished data from our labora-
tory indicating that perifusion of pancreatic islets for
4-12 h caused increased basal release of insulin. When
islets were stored for more than 1 wk at 80C, it was
obvious that a weekly recovery period was necessary
for maintenance of insulin release. This procedure de-
layed but did not completely prevent loss of glucose-
stimulated insulin release, which after 5 wk corresponded
to the release from islets stored for 1 wk at 370C.

From the present data, it is obvious that storage in
the cold prevents loss of islet insulin. The high insulin
content of the cold-stored islets might be a factor in the
maintenance of insulin release. However, it is not the
only factor, since islets stored at 80C for 1 wk with only

3 mMglucose or continuously for 3 or 5 wk with 18
mMglucose did not lose significant amounts of insulin,
although they did lose the ability to release insulin in
response to glucose.

The present studies indicate that glucose-stimulated
insulin release from isolated ob/ob mouse pancreatic is-
lets is fully maintained by storage for 1 wk at 8°C fol-
lowed by warming to 37°C in a tissue culture medium
containing a high concentration of glucose. During
longer periods, a significant response is maintained if
the islets are warmed once a week. Assuming that glu-
cose-stimulated insulin release in vitro reflects an islet's
future ability to relieve diabetic symptoms when trans-
planted, these studies strongly recommend the present
technique for storage of islets for transplantation. Apart
from the reservation one has to make when applying
results obtained from experiments with animals to hu-
mans, these studies suggest a technique for keeping
donor islets functionally intact for long periods of time
-a significant factor, since present techniques for iso-
lation of human islets are difficult and give variable
results (18).
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