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Summary. In the present study, human islets were isolated by 
collagenase digestion from the pancreases of three kidney 
donors. Maintainance of the islets in tissue culture enabled in- 
sulin release, glucose oxidation and Ca 2+-calmodulin-depen- 
dent protein phosphorylation to be determined using the 
same islets. Increasing glucose over a range 0-20 mmol/ l  re- 
suited in a sigmoidal stimulation of  insulin release (28.8 +__ 
5.2 to 118.4___25.8 l.tU �9 islet -1 �9 h -1, n = 10; threshold < 
4 mmol/1). There was a marked correlation between the insu- 
lin secretory response of  the islets to glucose and their rate of  
glucose oxidation (5.9 + 0.3 at glucose 2 mmol/ l  up to 25.8 + 
1.8 pmol.  islet -1. h -1 at 20 mmol/1, r = 0.98). N-acetylgluco- 
samine (20 mmol/1) failed to elicit a secretory response from 
the islets. Stimulation of  insulin secretion by glucose was de- 

pendent upon the presence of extracellular Ca 2+. Extracts of  
the islets contained a Ca2+-calmodulin-dependent protein ki- 
nase which phosphorylated a 48-kdalton endogenous poly- 
peptide. Myosin light-chain kinase activity was demonstrated 
in the presence of exogenous myosin light chains. This report 
demonstrates for the first time the sigmoidal nature of glu- 
cose-stimulated insulin release from isolated human islets, 
and its correlation with enhanced glucose oxidation. Further- 
more, this is the first report of the presence of Ca2+-depen - 
dent protein kinases in human islets. 
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Ca 2 +-calmodulin, protein kinases. 

Very few b iochemica l  studies on  isolated h u m a n  islets 
o f  Lange rhans  have b e e n  pe r fo rmed ,  yet  such  studies 
are essential in val idat ing the appl ica t ion  o f  mode l s  for  
insul in secretion,  ob ta ined  f r o m  studies on  an imal  is- 
lets, to  the h u m a n  islet. In  the present  study, three sepa-  
rate p repara t ions  o f  h u m a n  islets were  ob ta ined  after  
co l lagenase  digest ion o f  pancrea t ic  t issue f r o m  three re- 
nal  t ransp lan t  donors .  Ma in t a inance  o f  the islets in tis- 
sue cul ture  enab led  several exper iments  to be per- 
f o r m e d  on  each  p repa ra t i on  o f  islets. 

Materials and methods 

Preparation and maintenance of  islets 

Islets were isolated from the pancreases of two female and one male 
renal transplant donors (aged 38, 52 and 31years, respectively). 
Causes of death were diagnosed as an intracranial arteriovenous mal- 
formation (donor t) and subarachnoid haernorrhages (donors 2 and 
3). The islets were isolated by a collagenase digestion method as de- 
scribed previously [1]. Briefly, the pancreas was distended by injection 
of medium (1 ml/g of tissue) containing collagenase (6 mg/ml, Type I, 
Sigma, Poole, Dorset, UK) into the pancreatic duct. After incubation 
at 39 ~ for 23 rain the gland was rapidly cooled and distended by in- 

jection of cold medium (1 ml/g) into the pancreatic duct. The pan- 
creas was dispersed by a process of teasing and shaking and the dis- 
persed tissue collected by centrifugation at 50 g for 10 s. The pellet 
was resuspended in medium and further dispersed by gentle aspira- 
tion and expulsion through a 14gauge needle (three times) and a 
16gauge needle (once). The tissue suspension was then passed 
through a nylon mesh filter (pore size 106 Ixm). Tissue trapped in the 
filter was carefully washed and passed through a polyester mesh filter 
(pore size 500 p.m). The trapped tissue was discarded and isolated is- 
lets were individually collected from the filtrate, using a wire loop. All 
stages of the preparation were performed in Hank's balanced salt so- 
lution (Flow Laboratories, Irvine, Ayrshire, UK), containing glucose 
(5 mmol/l). With the exception of that used to inject the collagenase, 
the medium also contained bovine serum albumin (4 g/l, Fraction V, 
Sigma). 

Islets (approximately 700/donor) were maintained in tissue cul- 
ture medium in 5-ml Petri dishes. The culture medium was 
RPMI1640 (Gibco Europe, Paisley, UK) containing glucose 
(11 mmol/1), penicillin (0A mg/ml), streptomycin (0.1 mg/ml) and 
10% (v/v) heat-inactivated fetal calf serum (Gibco Europe). Islets 
were cultured at 37~ in a humidified atmosphere of air:CO2 
(95% : 5%). 

Insulin secretion 

Batches of five islets were incubated for 2 h at 37 ~ in 0.6 ml bicarbo- 
nate-buffered medium [2], containing bovine serum albumin (2 rag/ 
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Fig.  1 A-C. Correlation between insulin secretion and glucose oxidation by isolated human islets of Langerhans. After overnight culture, A rates 
of insulin secretion (n = 10) and B glucose oxidation (n = 6-8) by batches of islets were measured over a range of glucose concentrations as de- 
scribed in the Methods. C shows the correlation between rates of insulin release and glucose oxidation at each glucose concentration used 
(r= 0.98). *** p ~< 0.001, ** p ~< 0.01, * p ~< 0.05, for values significantly different from those obtained at glucose 2 mmol/1. 

ml) and gassed with 0 2 :  C O  2 (95%:5%). The concentrations of glu- 
cose and other additions are described in the Results section. After 
incubation, samples of medium were removed, diluted in phosphate 
buffer (40 mmol/1, pH 7.4) containing albumin (1 g/l) and merthiolate 
(6 mmol/1) and stored at - 2 0  ~ until assayed for insulin; the islets 
were replaced in tissue culture medium�9 Insulin was measured by ra- 
dioimmunoassay [3] using rat or human insulin as standard. Under 
the conditions used, comparable results were obtained with either 
standard. 

Glucose oxidation 

Batches of six islets were incubated for 90 min in 20 ~tl bicarbonate- 
buffered medium containing bovine serum albumin (2 mg/ml) and 
gassed with 02: CO2 (95% : 5%). D-[U-14C] glucose (Amersham Inter- 
national, Amersham, Bucks., UK; sp. act. 3.5 dpm/pmol) was present 
in a range of concentrations from 2 to 20 mmol/l. Rates of glucose ox- 
idation were estimated by measuring a4CO2 production as described 
previously [4]. 

Protein phosphorylation 

After 2 or 4days in culture, islets were collected in 100 ILl Hepes buf- 
fered medium and were washed once in buffer composed of sucrose 
(0.25 mol/1), Tris (3 mmol/1) and dithiothreitol (1 mmol/1), pH 7.4. Is- 
lets were resuspended in 50 lxl of this buffer and were sonicated 
(3 x 3 s) using a Dawe Soniprobe (Dawe Instruments, London, UK). 
The supernatant fraction obtained after centrifugation of the sonicate 
for 30 min at 190,000 g was diluted and used for assay. Phosphoryla- 
tion reactions were carried out at 30 ~ for 1 or 2 rain. The reaction 
mixture (final volume 25 ~1) contained 10 l-d islet extract (equivalent to 
16islets), imidazole (24mmol/1; pH7.0), dithiothreitol (lmmol/1), 
MgCI2 (1 mmol/1), [y-32p]ATP (33 ~tmol/1) (sp. act. 6-7 dpm/fmol;  
Amersham International) and the following additions as appropriate: 
CaC12 (10 ~mol/1), EGTA (1 mmol/1), calmodulin (1.25 ~tmol/l), tri- 
fluoperazine (100 Ixmol/1), myosin light chains (2 ~tg). Reactions were 
started by addition of [y_32p] ATP and terminated by addition of 15 ~tl 
SDS stop (SDS (sodium dodecyl sulphate) 3.75% w/v, Tris HC1 
20 mmol/1 (pH 6.8), bromophenol blue 0.02% w/v, glycerol 5% v/v) 
solution and boiling for 5 min. After cooling, 2.5 l-tl 2-mercaptoetha- 

nol were added to each tube. [32p]-labelled proteins were separated by 
electrophoresis in 16% SDS-polyacrylamide gels as described previ- 
ously [5] except that AcrylAide (Miles, Slough, Bucks, UK) replaced 
bisacrylamide as cross-linking reagent and was used in the ratio 
acrylamide: AcrylAide 32:1 by weight. Phosphoproteins were detect- 
ed by autoradiography using Kodak X-Omat AR-5 film as described 
previously [6]. 

Statistical analysis 

All results are expressed as mean + SEM for the number of batches of 
islets stated. The significance of differences from control values ob- 
tained in the same experiments was assessed using Student's t-test. 

Results 

After overnight culture, the islets responded to an in- 
crease in glucose concentration over the range 
0-20 mmol/1 with a sigmoidal increase in insulin re- 
lease. Figure 1 a shows the combined values obtained 
for two individual islet preparations. There was a 
marked correlation between the insulin secretory re- 
sponse of  the islets to glucose and their rate of  glucose 
oxidation (r = 0.98, Figs. 1 b and c). Half-maximal val- 
ues for insulin release and glucose oxidation occurred 
at a glucose concentration of  approximately 5 mmol/1. 
The threshold concentration of  glucose required for 
stimulation of  insulin release was between 2 and 
4 mmol/1. To assess whether tissue culture might have 
affected the secretory response of  the islets, control 
experiments were performed using rat islets cultured 
under identical conditions. Thus, insulin release was 
stimulated 15-fold when glucose was increased from 2 to 
20 mmol/1 (from 14.9 _ 4.7 to 222.4_ 17.4 l-tU- islet -1. 
h -1, p ~< 0.001, n = 10) with half-maximal stimulation 
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Table 1. Effect of various agents on insulin secretion from human islets 
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Line Incubation conditions Insulin release 

Glucose Other additions (~tU. islet -1. h -1) 

(retool/l) 

n p 

1 2 25.3 + 4.3 15 
2 10 95.2+15.5 15 <0.001 versus 1 
3 20 - 117.8+20.3 15 ~<0.001 versus 1 
4 N-acetylglucosamine (20 mmol/1) 24.7 + 3.3 10 NS versus 1 
5 2 Adrenaline (5 #mol/1) 21.5 + 5.0 10 NS versus I 
6 20 Adrenaline (5 p~mol/1) 64.5 _+ 13.3 10 NS versus 3 
7 2 No Ca 2+, EGTA (0.1 mmol/1) 14.1 + 1.8 10 ~< 0.05 versus 1 
8 20 No Ca 2+, EGTA (0.1 mmol/1) 20.4+ 2.1 10 < 0.001 versus 3 

Rates of insulin secretion from isolated human islets were measured after overnight culture as described in the Methods. Values given are 
mean + SEM for the number of observation (n) shown 

occurring at 8.4 mmol/1. In these experiments, no sig- 
nificant stimulation of insulin secretion occurred at 
6 mmol/1 glucose (28.7 +9.6 ~tU.islet -1 .h  -1, n =10). 
These results are comparable to previously-reported 
values for fresh rat islets [7]. 

The effects of various agents on insulin secretion by 
the human islets are shown in Table 1. As previously re- 
ported [8], N-acetylglucosamine (20 mmol/1) failed to 
stimulate insulin release. Although not statistically sig- 
nificant, adrenaline (5 gmol/1) decreased insulin release 
in the presence of glucose (20 retool/l), while basal in- 
sulin release (glucose 2 mmol/1) was only slightly de- 
creased. Removal of Ca 2+ from the incubation medium 
completely abolished glucose-stimulated insulin release 
(p < 0.001) and caused a small decrease in basal insulin 
secretion (p ~< 0.05). 

After 2 or 4 days in culture, extracts of the islets were 
prepared and examined for Ca2+-calmodulin-depen - 
dent protein kinase activity. Figure 2 shows that incuba- 
tion of islet extracts in the presence of [y-32p]ATP and in 
the absence of C a  2+, resulted in phosphorylation of 
several protein bands (channel1). Addition of Ca 2+ 
markedly stimulated phosphorylation of a polypeptide 
of molecular weight of 48,500 +_ 700 (n = 4) (channel 2). 
Calmodulin (channel 3) further enhanced this phospho- 
rylation, while the calmodulin antagonist trifluopera- 
zinc completely abolished the stimulatory effects of 
Ca 2+ and calmodulin (channel 4). A further CaZ+-cal - 
modulin-dependent protein kinase was demonstrated 
by the addition of myosin light chains. Phosphorylation 
of myosin light chains seen in the presence of Ca 2+ 
(channel 5) was stimulated by the addition of calmodu- 
lin (channel 6); this stimulation was reduced in the pres- 
ence of trifluoperazine (channel 7). This suggests the 
presence of a Ca 2 +-calmodulin-dependent myosin light 
chain kinase. 

Discussion 

The absolute rates of insulin release reported here are 
greater than those reported previously [8-10]. Possible 

Fig.2. Autoradiogram showing the effect of Ca 2+ and calmodulin on 
protein phosphorylation catalysed by extracts of human islets. Hu- 
man islet extracts were incubated with [?'-32p]ATP and the following 
additions as described in the Methods: channel 1, EGTA (1 mmol/1); 
channels 2 and 5, Ca 2+ (10 amol/1); channels 3 and 6, Ca 2+ and cal- 
modulin (1.25~xmol/1); channels4 and 7, Ca 2+, calmodulin and 
trifluoperazine (100 Ixmol/1). In addition, channels 5-7 contained my- 
osin light chains (2 ug). After separation by SDS-polyacrylamide gel 
electrophoresis, phosphorylated proteins were detected by autoradi- 
ography. The upper and lower arrows indicate the positions of the en- 
dogenous 48 kDal polypeptide and of myosin light chains respective- 
ly. The mobilities of standard proteins are shown on the left hand side 
of the autoradiograph. Their molecular weights, in descending order 
were: 98, 88, 66, 57, 43, 35, 20, and 14 kDal. 

explanations for the increased rate of insulin release 
may include the relatively large size of the islets employ- 
ed in this study (106-500 ~tm) or an improved method 
for islet preparation - the islets produced by this meth- 
od were essentially free of exocrine tissue as determined 
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by microscopic and histological examination (data not 
shown). This may have improved their survival in tissue 
culture. Lohmann et al. [11] reported elevated values for 
insulin release from isolated islets of certain subjects 
with maturity-onset diabetes. This could not explain the 
present results, since the donors of the pancreases used 
in the present study had no history of diabetes. 

Although the results presented are derived from on- 
ly three preparations of human islets, we felt it useful to 
report them in view of the scarcity of data regarding 
human islets. In general, the main features provide 
encouraging support for the view that models derived 
from rodent islets may be applicable to man. Thus, the 
data show a strong correlation between rates of insulin 
secretion in response to glucose and rates of glucose 
oxidation. This is as would be expected from the sub- 
strate-site hypothesis [12]. An interesting difference be- 
tween the human and rodent islet is the slightly lower 
glucose threshold (4 mmol/1) for stimulation of insulin 
release displayed by the human islet. This does not appear 
to be an artefact due to the effect of culturing the is- 
lets, since for rat islets cultured under the same condi- 
tions, stimulation of insulin secretion required glucose 
concentrations in excess of 6 mmol/1. These observations 
are consistent with the observation that fasting plasma 
glucose concentrations in man are lower (3-4 mmol/1) 
[13] than in rodents (5.3 mmol/1) [3]. Another difference 
between human and rodent islets is the failure of human 
islets to respond to N-acetylglucosamine. This confirms 
a previous report for human islets [8] but is in marked 
contrast to rodent islets [14]. On the basis of the 
substrate-site hypothesis [12], it would be predicted that 
human islets are not able to metabolise N-acetylglucos- 
amine. 

Glucose-stimulated insulin secretion is dependent 
upon extracellular C a  2+ [15]. THUS, our observation that 
Ca 2§ is required for glucose to stimulate insulin release 
from human islets (Table 1) is consistent with the hypo- 
thesis that Ca 2§ plays a key role in stimulus-secretion 
coupling in the r-cell. The nature of the intracellular 
coupling system(s) for Ca 2§ is currently a subject of in- 
tense research. Studies showing the inhibitory effect of 
phenothiazine drugs on insulin secretion from rat islets 
were originally taken to implicate calmodulin as a me- 
diator for Ca 2§ in the mechanism of stimulus-secretion 
coupling in the rodent pancreatic r-cell [16,17]. In addi- 
tion, it has been suggested [6] that the Ca 2§ 
complex may activate specific protein kinase(s) which 
in turn would activate the exocytotic release apparatus. 
However, more recently, the phenothiazine drugs have 
been shown to inhibit Ca2+-phospholipid-dependent 
protein kinase [18]. It is therefore possible that both the 
Ca2+-calmodulin-dependent - and Ca2+-phospholipid - 
dependent protein kinases contribute to the exocytotic 
release process. Studies have shown that rat pancreatic 
islets contain C a  2 + - p h O s p h O l i p i d - d e p e n d e n t  protein ki- 
nase [19], Ca2+-calmodulin-dependent myosin light 
chain kinase [20-22] and a Ca 2§ 

protein kinase which phosphorylates an endogenous 
protein of molecular weight 53,000 [6]. 

Since human islets contain calmodulin [23], and tri- 
fluoperazine inhibits glucose-induced insulin release 
from human islets [8], we examined extracts of human 
islets for Ca2+-calmodulin-dependent protein kinases. 
Myosin light chain kinase was demonstrated in the 
presence of exogenous myosin light chains; a second 
Ca2+-calmodulin-dependent protein kinase was dem- 
onstrated by stimulation of phosphorylation of a 
48-kDal endogenous polypeptide in the presence of 
Ca 2+ and calmodulin. This phosphoprotein substrate is 
similar in molecular weight to the 53-kDal substrate 
found in rat islets; however, whether these two phos- 
phoproteins are related remains to be determined. 

Due to the limited amount of material available, it 
was not possible to investigate whether the islet extracts 
also contained Ca2+-phospholipid-dependent protein 
kinase. However, we did observe that calcium stimulat- 
ed phosphorylation of two other endogenous polypep- 
tides (molecular weights of approximately 20 and 
100-kDal). Unlike the 48-kDal polypeptide, phosphory- 
lation of these proteins was not stimulated by exoge- 
nous calmodulin, yet trifluoperazine inhibited their 
phosphorylation. This could be explained either by the 
fact that there was sufficient endogenous calmodulin in 
the incubation or, since trifluoperazine also inhibits 
Ca2+-phospholipid-dependent protein kinase [18], 
these phosphorylations may have been catalysed by the 
Ca2+-phospholipid-dependent protein kinase. Confir- 
mation of the latter possibility would require further 
experiments examining the stimulatory effects of di- 
acylglycerol and phosphatidylserine on phosphoryla- 
tion of these proteins. 

These data provide, for the first time, evidence for 
the existence of Ca2+-dependent-protein kinases in hu- 
man islets, and lend support to the hypothesis that pro- 
tein phosphorylation is a regulator of stimulus-secretion 
coupling in the human, as well as the rodent, pancreatic 
fl cell. 
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