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Insulin Release by Isolated Pancreatic Islets of the Mouse Incubated in vitro
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Summary. The release of insulin during incubation of
mouse islets of Langerhans, isolated after digestion of the
pancreas with collagenase, has been studied, and the
influence of various factors on the rate of release investi-
gated. Glucose at 3.0 mg/ml (high glucose) stimulated
msulin release, but had no effect at 0.6 mg/ml (low glu-
cose). Mannoheptulose blocked the stimulation by high
glucose, as did adrenaline. The adrenaline effect was
abolished by phentolamine, an alpha-adrenergic blocking
agent. Glucagon alone, stimulated insulin releasge, and
also with low glucose, but not consistently with high
glucose. Adrenaline abolished the stimulation by gluca-
gon. Theophylline stimulated release with low glucose,
much less so with high glucose and not at all with glucagon
at either glucose concentration. Tolbutamide stimulated
releage with low glucose, and this effect was not inhibited
by adrenaline. The suitability of this preparation for stu-
dies of islet, cell metabolism and its relationship to secretion
of ingulin is discussed.

Libération de Dinsuline par les 4lots pancréatiques
isolds de la souris, incubés «wn vitron

Résumé. La libération de Pinsuline pendant I'incu-
bation des ilots de Langerhans de la souris, isolés aprés
digestion du pancréas par la collagénase, a 66 étudiée, et
Pinfluence de divers facteurs sur la vitesse de libération
a été recherchée. Le glucose & 3.0 mg/ml (glucose dlevé)
stimulait 1a libération d’insuline, mais n’avait pas d’effet
3 0.6 mg/ml (taux bas). Le mannoheptulose bloquait la
stimulation. provoquée par du glucose élevé, comme le
faisait I'adrénaline. L’effet de l'adrénaline était aboli par
la phentolamine, un agent bloquant alpha adrénergique.
Le glucagon seul, ainsi qu’en pre’sence d’un taux de glu-
cose bas, stimulait la libération d’insuline, mais non de
facon constante avec un taux de glucose élevé. L’adréna-~
line abolissait la stimulation provoquée par le glucagon.
La théophylline stimulait la libération lorsque le glucose
était bas, mais beaucoup moins lorsque le glucose était
élevé ot pas du tout avec le glucagon, quelle que soit la
econcentration de glucose. Le tolbutamide stimulait la

Different, procedures have been used to study in vitro
the factors which regulate insulin secretion. These
investigations were initiated by AXDERSON and Loxa
(1947) by means of the perfused rat pancreas, a prepa-
ration that has been extensively used following the
development of insulin radioimmuncassay (e.g. see
Gropsky et al., 1967). Coore and RaxDLE (1964) have
described a system for studies én witro of the control of
insulin secretion which is based on the rate of release
of the hormone into the incubation medium from
pieces of rabbit pancreas.

Although these preparations have proved useful
for a study of the factors which may control insulin
release, they are of limited value for studying the
relationships between islet cell metabolism and release,
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libération d’insuline avec wune faible concentration de
glucose et cet offet n’était pas inhibé par 'adrénaline.
La convenance de cette préparation pour des études sur
le métabolisme des cellules ingulaires et sa relation avec la
géerét ion d’insuline est discutée.

Insulin-Freisetzung aus isolierten und in vitro inku-
bierten Pankreasinseln von Mdiusen

Zusammenfassung. Es wurde die Insulinausschiittung
aus Langerhans’schen Inseln von Méusen, die durch
Kollagenase-Behandlung des Pankreas gewonnen worden
waren, untersucht und der Einflull- verschicdeneor Fak-
toren auf die Freisetzungsgeschwindigkeit iiberpriift.
Eine hohe Glucose-Konzentration von 3.0 mgjml forderte
die Insulin-Aussehittung, wihrend die niedrige Konzen-
tration von 0.6 mg/ml keine Wirkung ergab. Manno-
heptulose und Adrenalin blockierten die Stimulation
durch die hohe Glucosekonzentration. Der Adrenalin-
Effekt konnte durch Phentolamin, eine alpha-Rezeptoren
blockierende Substanz, wieder aufgehoben werden. Gluca-
gon fithrte allein und in Gegenwart der niedrigen Glucose-
konzentration zu einer verstédrkten Insulininkretion: dies
war jedoch bei Kombination mit der hohen Glucose-
konzentration nicht konstant der Fall. Adrenalin hob die
Stimulierung durch Glucagon auf. Theophyllin fithrte bei
Gegenwart der niedrigen Glucosekonzentration zu einer
gesteigerten Ausschiittung, dieser Effekt trat unter der
hoheren Glucosekonzentration in wesentlich geringerem
Umfang und bei Zusatz von Glucagon und einer der bei-
den verwandten (lucosekonzentrationen iiberhaupt nicht
auf. Bei niedriger Glucosekonzentration stimulierte Tol-
butamid die Insulinfreisetzung; dieser Effckt lie8 sich
durch Adrensalin nicht aufheben. Die Aussagefihigkeit
dieses Préparates fir Untersuchungen des Inselzell-Stoff-
wechsels und seiner Beziehungen zur Insulininkretion
wird diskutiert.

Key-words: Insulin, islets of Langerhans, mouse, colla-
genase, glucose, mannoheptulose, glucagon, adrenaline,
phentolamine, theophylline, tolbutamide.

on account of the large excess of acinar tissue. Recent-
ly, two preparations have been developed which may
be suitable for metabolic studies. These are pancreatic
islets isolated from mouse pancreas by micro-dissec-
tion (HELLERSTROM, 1964), or from rat pancreas by
micro-dissection (JarrurT and KeEN, 1966) or colla-
genase digestion (Laoy and Kosrtianovsky, 1967), and
B cells obtained by organ culbure of foetal rat pancreas
{(Vmcomio, Luyerx, Zarnp and RexoLp, 1966).

In the present study, the influence of various fac.
tors on insulin release by mouse pancreatic islets iso-
lated with a collagenase method is described. The
reproducibility of response suggests that the prepa-
ration may be suitable for a study of the metabolic
events which lead to the release of insulin,
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Materials and Methods

Mice. The pancreatic islets were obtained from
male albino mice (Tucks No. 1, Bristol, England) of
about eight weeks of age and weighing 25—30 g.
The animals were fed ad Ubitum with Diet 41 B,
“Oxoid” Division {(Oxo Ltd., London, England), and
had free access to drinking water.

Chemicals. D-Mannoheptulose was given by Pro-
fessor E. Simon (Rehovoth, Israel), and crystalline
glucagon was a gift of Eli Lilly & Co. (Indianapolis,
US.A.; Lot 258—234B-167—1). Bovine plasma
albumin was Fraction V from the Armour Pharma-
ceutical Co. Ltd. (Eastbourne, Sussex). Collagenase
was obtained from Sigma Chemical Co. (St. Louis,
Missouri, U.S.A.; Practical Grade Type II, from Cl
histolyticum, Lot 15B—2150). Tolbutamide was ob-
tained from Burroughs Wellcome & Co. (Beckenham,
Kent), and phentolamine (“Rogitine”) from Ciba
Laboratories Ltd. (Horsham, Sussex). All other chemi-
cals were obtained from British Drug Houses Lid
{Poole, Dorset).

"Mouse insulin. Used as a standard for the immuno-
assay, was prepared by an adaptation of the method of
Davorexn (1962). 60 g of pancreas tissue was obtained
from 200 adult male mice and frozen in a mixture of
acetone and solid carbon dioxide. The insulin was
extracted in a total of 360 ml of acid ethanol at 0° and
the extract separated by centrifugation. The residue
was re-extracted with a further 160 mli of acid ethanol.
The pooled extracts were adjusted to pH 8.2—8.4 with
ammonia. The precipitate was discarded and the super-
natant brought to pH 5.5 with HCl, and 2.0 mi of
2.0 M ammonium acetate pH 5.3 was added.

Two volumes of ethanol and four volumes of
diethyl ether were added, and the mixture was main-
tained at —10° for 16 h. The precipitate was collected
by centrifugation at —5° and dissolved in 40 ml of
water brought to pH 2—4 with 2N HCL An equal
volume of 30%, {w/v) solution of sodium chloride was
added, and the precipitate of crude insulin separated
by centrifugation.

The insulin was dissolved in & minimum volume of
M acetic acid, and transferred to a column (120 em X
2 em) of Sephadex G50 (Pharmacia, Uppsala, Sweden)
suspended in M acetic acid. Elution was carried out
with M acetic acid and fractions of approximately
3.0 ml were collected. Protein in the eluate was esti-
mated by optical density at 280 my, and insulin by
immunoassay of 0.1 ml samples dried in a vacuum
dessicator over NaOH. The fractions containing the
bulk of the insulin were pooled and freeze-dried.

The column was washed with four bed-volumes of
M acetic acid, and the freeze-dried preparation was
rechromatographed on the same column. The insulin
appeared as a sharp peak of absorbing material. The
three fractions forming the top of this peak were pooled,
and without further purification the insulin was used as
a standard for all immunoassays of mouse insulin.

Diabetologia

The standard was stored in aliquots of 8.4 pg in
small glass tubes. 50 pl of the solution of 4 mg/ml
albumin (treated to remove insulin and free fatty
acids by the method of GARLAND, NEWSHOLME and
RanNprE, 1964) and 100 mg/ml sucrose was added to
each tube, and all were dried over NaOH in a vacuum
dessicator. The standards were stored over P,0; in a
dessicator at —10°.

Immunoassay of insulin. The concentrations of
insulin in the incubation media were determined in
triplicate samples by Method C of Hares and RaxpLe
(1963), using *°1-labelled ox-ingulin obtained from
The Radiochemical Centre (Amersham, Bucks.) and
guinea pig anti-human-insulin serum.

Procedure

Incubation media. The medium for all incubations
was a bicarbonate-buffered salt solution (KrEBs and
HensErerr, 1932), supplemented with the sodium
salts of pyruvie, glutamic and fumaric acids at con-
centrations of approx. 5 mM (Kress, 1950), and con-
taining bovine plasma albumin (2 mg/ml) to avoid
adsorption of insulin to the glass. The gas phase was
0, - CO, (95:5). Further additions to the medium are

" described in the text or in the Tables.

Preparation of pancreatic islets. The method of
Lacy and Kostianovsgy (1967) was used to isolate
the islets from the mouse pancreas, with some modi-
fications introduced by Howrrr and Tavror (1966)
and a few others developed in the course of the
present study.

Each mouse was killed by decapitation, the splenic
portion of the pancreas was rapidly removed and
dropped into oxygenated bicarbonate-buffered salt
solution (KrEBs and HeNSELEIT, 1932) in a Petri dish
over an ice bath. Usually four mice were used in each
experiment. The connective tissue planes of the organ
were distended by injection of cold buffer under the
capsule using a syringe and a fine needle (No. 18}, after
which the tissue was divided into small pieces with
seissors and washed twice with fresh, cold buffer. Some
of the excess fat floats in this medium and can be easily
removed with fine forceps. The fragments were imme-
diately placed in a conical flask containing the colla-
genase solution (15 mg in 1.5 ml of buffer for each
pancreas), and incubated at 37°C for 20—30 minutes
with rapid shaking (““Mickle” Electric Shaking Incuba-
tor, Gomshall, Surrey). After incubation the suspension
was transferred to a conical tube, diluted to about
10 ml with the same buffer, and centrifuged at very
low speed for two minutes. The supernatant was dis-
carded, the sediment was resuspended in fresh buffer
and centrifuged again, twice in all, in order to wash
the preparation and remove the collagenase. The
precipitate from the last centrifugation was resuspend-
ed in supplemented incubation medium containing a
low concentration of glucose (0.6 mg/ml) and trans-
ferred to a Petri dish over an ice bath. The preparation
was examined under the dissection microscope (Stereo-
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scopie Microscope with Universal Stand MBC.2,
U.S.8.R.), and the islets were taken into the pre-incu-
bation flagk using a thin wire loop which was about the
diameter of the islets.

Incubation of the islets. The isolated islets were pre-
incubated in lots of 60-—80 in five ml of medium with
low glucose (0.6 mg/ml) at 37°C for 30 min, with
shaking (70-—80 cycles per min) in the same incubator
used previously. The purpose of this preincubation
was to permit fading of possible insulin release in
regponse to the terminal hyperglycaemia of the animal
{CoorE and RavpLE, 1964).

Using the same method described above, the islets
were transferred after preincubation into the incu-
bation flasks (small tubes 2 em X 1 cm, fitted with
rubber stoppers), five islets in 0.6 ml of medium in each
flagk. Tncubation was carried out for one hour under
the same conditions as for the preincubation. The
media were centrifuged to pack the islets, and samples
(0.1 ml) were taken at the end for assay of insulin
content. All incubation media were saturated with
0,4+ CO, (95:5) before the preincubation and the
incubation of the islets,

Caleulation and expression of results. The rates of
release of insulin have been calculated and expressed
in the Tables as ppg of insulin/min.islet. For these
caleulations it was assumed that the insulin prepara-
tion used as the standard was pure,

Resulis

Time course of insulin release. The insulin secretion
during ninety minutes was observed by incubating the
islets in bicarbonate-buffered salt solution supple-
mented with pyruvate, glutamate and fumarate,
without added glucose, and in the same medium with
addition of glucose at low (0.6 mg/ml) and at high (3.0
mg/ml) concentrations. Fig. 1 shows that there was &
gmall releage of insulin in the absence of glucose, which
was of about the same magnitude as that released
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137 -+ 12 pug of insulin/min.islet (mean +S.E.M.). No
significant increase in release was observed with glu-
cose at a concentration of 0.6 mg/ml (output 188 -+ 28
ppg/min.islet), but release of ingulin inereased signi-
ficantly to 498441 ppg/minislet when the glucose
concentration was raised to 3.0 mg/ml. The effect of
glucose was very consistent and reproducible, a signi-
ficant inerease in output being observed in all of six
different, paired experiments, using between six and
twelve incubation flasks in each of them.
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Fig. 1. Time course of insulin release. Incubation was

carried out in the absence of added glucose (upper section,

open circles), in the presence of 0.6 mg/ml glucose (upper

and lower sections, closed cireles) or 3.0 mgjml glucose
{lower section, closed triangles)

Table 1. Hffect of sugars: glucose and D-manncheptulose

Difference Significance
Glucose (0.8 mg/ml) 72 4+ 6 {8) + 23 ns
Glucose (0.6 mg/ml) - 95 + 4 (6)
Mannoheptulose (3.0 mg/ml)
Or | 9 _
Glucose (3.0 mg/ml) 652 4+ 59 ({6} _as p < 0.01
Glucose (3.0 mg/mi) + 177 4 38 (8)

Mannoheptulose {3.0mg/ml}

Results expressed in pug/min.islet (mean - s.em.)

In parenthesis number of observations.

when glucose was added in low concentration, whereas
the rate of release induced by a high concentration of
glucose is greater (about threefold at 60 min).

Effect of sugars: glucose and D-mannoheptulose. The
output of insulin by the islets incubated in twelve
flasks {5 islets per flask) in the absence of glucose was

Coore and Rawprz (1964) have described the
effect of D-mannoheptulose on ingulin release, and the
metabolic actions of that sugar on carbohydrate utili-
zation have been reviewed by SmoN and KRAICER
(1966). Mannoheptulose at a concentration of 3.0 mg/
ml had no effect on insulin release at & low concentra-

5‘
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Table 2. HEffect of hormones: glucagon and adrenaline

Difference Significance

Glucose (0.6 mg/ml) 178 L+ 27 (12)

+ 365 p < 0.01

Glucose (0.6 mg/ml) - 543 1 86 (12)

Glucagon (5 pg/ml)

Glucose (3.0 mg/ml) 465 4 43 (12)

+ 148 p < 0.05

Glucose (3.0 mg/ml) + 613 -1 53 (12)

Glucagon. {5 pg/ml)

Glucose (0.6 mg/ml) 156 4+ 25 (12)

+ 36 n.s

Glucose (0.6 mg/ml) -+ 192 - 29 (12)

Adrenaline (200 umg/ml) v

Glucose (3.0 mg/ml) 475 - 43 (12)

- 287 p < 0.01

Glucose (3.0 mg/ml) -+ 188 4 22 (12)

Adrenaline (200 pmg/ml)

Glucose (3.0 mg/ml) 399 + 45 (6)

— 340 p < 0.01

Glucose (3.0 mg/ml) -}- 59 L 12 (6)

Adrenaline (200 umg/ml)

+ 438 p < 0.01

Glucose (3.0 mg/ml)

Adrenaline (id) - Phentolamine 497 -1- 85 (6)

(100 ug/ml)

Glucose (0.6 mg/ml) 78 4- 22 (6)

+ 270 p < 0.01

Glucose (0.6 mg/ml) 4 348 -- 69 (6)

Glueagon (5 pg/ml)

Glucose (0.6 mg/ml) +- 83 + 27 (6) + 5 n.s.

Adrenaline (200 pmg/ml) (against
low gluc.)

Glucose (0.6 mg/ml) +

Glucagon (5 pg/ml) + 93 L 13 (6) + 15 n.s.

Adrenaline (200 pmg/ml) (against
low glue.
+ adrenaline)

— 255 p < 001
(against
low glue.

+ glucagon)

Glucose (3.0 mg/ml) 548 .+ 51 (8)

— 24 n.s.

Glucose (3.0 mg/ml) 4 524 4+ 35 (6)

Glucagon (5 pg/ml)

Glucose (3.0 mg/ml) + 154 4+ 26 (6)

Adrenaline (200 pmg/ml) — 394 p < 0.01
(against
high gluc.)

Glucose (3.0 mg/ml) -- )

Gluacagon (5 pug/ml) + 131 4+ 9 (6) — 393 p << 0.01

Adrenaline (200 png/ml) (against
high gluc.
-1 glucagon)

Results expressed in ppg/min. islet (mean - s.e.m.)

In parenthesis number of observations.
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tion of glucose (0.6 mg/ml), but it suppressed the
stimulating effect of glucose at 3.0 mg/ml, as can be
seen in Table 1.

Effect of hormones: glucagon and adrenaline. Gluca-
gon at 5 pg/ml stimulated the output of insulin from
the islets in the absence of glucose and in the presence
of a low concentration of glucose (0.6 mg/mil). When
the islets were incubated with glucose at high concen-
tration (3.0 mg/ml) there was a barely significant
increase of insulin output induced by glueagon, but in
another experiment the difference was not significant.
These results are given in Table 2.
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The stimulating effect of glucagon was also suppress-
ed by adrenaline (200 pmg/ml), both in the presence
of low and high coneentrations of glucose.

Effect of drugs: tolbutamide and theophylline. At low
concentration of glucose (0.6 mg/ml) tolbutamide
{200 pg/ml) stimulated insulin release. In these experi-
ments adrenaline did not show any effect on tolbut-
amide action.

The effect of theophylline on insulin release was
investigated because it is known that this drug may
increase the intracellular concentration of cyelie 3,
5-AMP by inhibiting cyeclic-niucleotide phosphodieste-

Table 3. Effect of drugs: tolbutamide and theophylline

Difference Significance
Glucose (0.6 mg/ml) 127 -+ 13 (10} >
. + 331 p < 0.01
Glucose (0.6 mg/ml) + 458 -+ 66 (10)
Tolbutamide (200 pg/ml)
Glucose (0.6 mg/ml) -
Tolbutamide (200 pg/ml) -+ 490 -+ 64 (10) + 32 n.8.
Adrenaline (200 pmg/ml) {against
low glue.
-+ tolbut-
amide)
+ 363 p < 0.01
{against
low glue.}
Glucose (0.6 mg/m]l) 86 - 20 (6)
+ 277 p < 0.01
Glucose (0.6 mg/ml)y + 363 -+ 82 (6)
Theophylline (6.67 mM) -+ 116 n.s.
Glucose (0.6 mg/ml} +
Theophylline (6.67 mM) - 479 -+ 189 (6)
Glucagon (5 pg/ml)
Glucose (3.0 mg/ml) 454 - 56 (6)
-+ 158 p < 0.05
Glucose (3.0 mg/ml) + 612 -+ 35 (8) ’
Theophylline (6.67 mM) :
— 9 n.s
Glucose (3.0 mg/ml) +
Theophylline (6.67 mM) -+ 603 - 50 (6)
Glucagon (5 pg/ml)
Glucose (0.6 mg/ml) + 341 - 83 (6} — 138 n.s.
Glucagon {5 ug/mil) {against low
gl. -+ glueg.
2 th.
Glucose (3.0 mg/ml) - 524 4 27 (6) -~ 79

Glucagon (5 pg/ml)

n.s.
(against high
gl. -+ glaeg.

- thl)

Results expressed in pug/min. islet (mean 4+ s.e.m.)

In parenthesis number of observations.

At low glucose concentration (0.6 mg/ml) adrenali-
ne (200 pmg/ml) had no effect on insulin release, but it
completely abolished the effect of a high concentration
of glucose (3.0 mg/ml). This inhibitory effect of adrena-
line was removed by phentolamine (100 pg/ml) (Porra,
1967). These results are also shown in Table 2.

rase (Burcumer and SUTHERLAND, 1962), and it could
be that this nucleotide is involved in insulin release.
TurTLE et al. (1967) have observed stimulation of
insulin output induced by injection of theophylline
into rats in vivo, and the same effect has been observed
in witro by Gropsxy et al. (1967) using the isolated
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perfused pancreas of the rat. At low concentration of
glucose (0.6 mg/ml) theophylline (6.67 mM) stimulated
insulin release markedly, but much less so in the
presence of a high glucose concentration (3.0 mg/ml).
Theophylline apparently does not increase the stimu-
lation induced by glucagon at either level of glucose
concentration. All these results are given in Table 3.

Discussion

Studies of insulin release in wifro using either
pieces of rabbit pancreas or perfused rat pancreas have
been limited because the presence of a vast excess of
acinar tissue has made these preparations unsuitable
for studies of islet cell metabolism. Two questions
about the control of insulin secretion prompted by
such studies require investigations of the control pro-
cesses in the metabolism of pancreatic islets. The
release response to glucose and other sugars, and the
effect of mannoheptulose, suggested that glucose
metabolism through its phosphorylation to glucose
6-phosphate might be intimately connected with the
release process. Secondly, the role of cyclic 3', 5'-AMP
in the effects of adrenaline and glucagon was of parti-
cular interest since these hormones have opposing ef-
fects on insulin release.

The present investigations were undertaken to
ascertain the suitability of mouse islets for metabolic
studies. Mouse pancreas was chosen for three reasons.
B-cells comprise a large fraction (80 %) of the cells
present in mouse islets (HELLERSTROM and HELLMAN,
1963); the small size of the pancreas makes it possible
topoolislets from a number of pancreases from different
animals thus minimising the possibility of individual
variation; and the elegant studies of HELLERSTROM
(1966), HErrErsTROM and Hrerimax (1963), and
Herimax et al. (1964) have already provided infor-
mation about the respiration and some enzymic acti-
vities of islets of this species.

The present studies have shown that mouse islets
prepared by a collagenase method show many of the
features of insulin release seen previously in vitro with
preparations of rabbit and rat pancreas, and in vivo in
man and other animals. Thus the mouse islets showed
stimulation of release with glucose, glucagon, tolbut-
amide and theophylline; suppression of the glucose
effect with mannoheptulose and adrenaline; suppres-
sion of the adrenaline effect with phentolamine; and
suppression of glucagon stimulation with adrenaline.
These responses suggest that mouse islets prepared by
the collagenase method are a suitable preparation for
metabolic studies concerned with mechanisms for the
control of insulin release.
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