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Transgenic mice overproducing islet amyloid polypeptide have 
increased insulin storage and secretion in vitro 
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Summary To determine whether chronic overproduc- 
tion of islet amyloid polypeptide alters beta-cell func- 
tion, we studied a line of transgenic mice which overex- 
press islet amyloid polypeptide in their beta-cells. At 
3 months of age, these transgenic mice had greater pan- 
creatic content of both islet amyloid polypeptide and 
insulin. Further, basal and glucose-stimulated secretion 
of both islet amyloid polypeptide and insulin were also 
elevated in the perfused pancreas of the transgenic ani- 
mals. These findings demonstrate that chronic over- 

production and secretion of islet amyloid polypeptide 
are associated with increased insulin storage and en- 
hanced secretion of insulin in vitro. This increase in in- 
sulin storage and secretion may be due to a direct effect 
of islet amyloid polypeptide on the beta-cell or a beta- 
cell adaptation to islet amyloid polypeptide-induced 
insulin resistance. [Diabetologia (1994) 37: 725-728] 
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The function of the beta-cell peptide IAPP (also 
called amylin) is not known. Acute administration of 
IAPP has been shown to inhibit both insulin secre- 
tion from the beta-cell and insulin action on muscle, al- 
though some investigators have failed to find an effect 
of IAPP on either insulin secretion or action [1, 2]. 
Since both impaired insulin secretion and peripheral 
insulin resistance are hallmarks of NIDDM, it has been 
hypothesized that excess production and secretion of 
IAPP might play a role in the pathogenesis of this 
disease. To evaluate the potential role of long-term 
production of excess IAPE we studied a line of 
transgenic mice which overexpress IAPP in their 
pancreatic beta-cells. We hypothesized that long-term 
excess IAPP might influence beta-cell synthesis and 
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secretion. Therefore, in this study, we measured pan- 
creatic insulin and IAPP content and secretion from 
the perfused pancreas of these transgenic mice. 

Materials and methods 

Transgenic mice. Transgenic mice were bred at the Howard 
Hughes Medical Institute, University of Washington. A 676 bp 
fragment of cDNA encoding the entire human proIAPP se- 
quence (donated by Dr. D. Steiner, University of Chicago) was 
fused between a 600 bp fragment of the rat insulin II gene pro- 
moter and a fragment containing the 3' untranslated region of 
the mouse MHC Ec~ class II gene encoding the polyadenylation 
sequence. This construct was microinjected into the pronuclei of 
fertilized mouse eggs (C57 BL6 x DBA2), which were then im- 
planted into the oviducts of pseudopregnant Swiss Webster fe- 
male mice. Three transgenic founder animals were produced 
which passed the hIAPP transgene on to their progeny when 
mated with normal C57 BL6 x DBA2 mice. The offspring of 
these mice were examined for expression of the transgenic mes- 
sage in their pancreas by Northern blot analysis of pancreatic 
RNA. One line (RIP hIAPP 25-3) which expresses human 
proIAPP mRNA in their pancreas was used in the present study. 

Pancreatic extracts. Frozen pancreas samples from six pairs of 
non-transgenic and heterozygous transgenic mice (approximate- 
ly 3 months old) were homogenized in 2 mol/1 acetic acid (3-5 ml) 
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Fig. 1 A, B. Pancreatic content of (A) IAPP-LI and (B) IRI from 
six pairs of transgenic and non-transgenic mice. Data are 
mean + SEM 
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Fig. 2 A, B. Secretion of (A) IAPP-LI and (B) IRI  from the iso- 
lated, perfused pancreas of five pairs of transgenic ( H )  and 
non-transgenic (o--o)  mice in response to 16.7 mmol/1 glucose. 
Insets: view of (A) IAPP-LI and (B) IRI secretion during basal 
(4.4 mmol/1) glucose perfusion. Each point represents the 
mean + SEM 
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and boiled for 15 min. The extract was centrifuged (3500 x g for 
10 min) and the supernatant stored at - 20 ~ until assayed. 

Perfused pancreas. Five non-fasted pairs of heterozygous trans- 
genic and non-transgenic mice (approximately 3 months old) 
were anaesthetized with 80 mg/kg sodium pentobarbital admin- 
istered intraperitoneally. The procedure for surgical isolation 
and vascular perfusion of the mouse pancreas was identical to 
that for the rat [3], except smaller tubing was used for both the ar- 
terial (PE50 tubing; Cole-Parmer, Parsippany, N.J., USA) and 
portal venous (PEg0 tubing) cannulae. Flow rate of the perfu- 
sate was 1 ml/min. 

Fractions of portal venous effluent were collected at l-rain 
intervals in polystyrene test tubes containing 25 gl acetic acid 
(10 tool/l) to inhibit protease activity. Effluent samples were ex- 
tracted on Bond Elut C18/OH columns (Varian, Harbor City, 
Calif., USA) as follows. Samples (0.75-3.0 ml) were first applied 
to pre-wet columns; some fractions were pooled prior to applica- 
tion. The columns were then washed with 5 ml H20 plus 0.1% 
TFA followed by 5 ml 10 % acetonitrile plus 0.1% TFA. The 
peptides were eluted with 3 m160 % acetonitrile plus 0.1% TFA. 
The eluates were dried on a Speed Vac Plus (Savant, Farming- 
dale, N. Y., USA) overnight and stored at - 20~ until assay. Re- 
covery of rat IAPP and rat insulin standard added to perfu- 
sate and extracted by this technique was 65 % and 94 %, respec- 
tively. 

Peptide measurement. IRI, IAPP-LI, and SLI were all measured 
using previously described RIA's [4, 5]. The antiserum (Peninsu- 
la; Belmont, Calif., USA) used in the IAPP RIA was raised in rab- 
bits to human IAPP and recognizes rodent and human IAPP 
on an equimolar basis. Therefore, in this study, IAPP-LI in trans- 
genic mice refers to total (mouse plus human) lAPP immu- 
noreactivity. Pancreatic IRI, IAPP-LI, and SLI content were nor- 
malized to pancreatic protein as determined by the Lowry protein 
assay. 

Calculations and statistical analysis. Data are expressed as 
mean + SEM. Hormone output of IAPP-LI (femtomol) and IRI 
(picomol) were calculated as total area under the curve using the 
trapezoidal method. Basal secretion was calculated from rain 0 
to 15, first phase secretion from min 15 to 20, second phase secre- 
tion from min 20 to 55, and both (first plus second phase secre- 
tion) from min 15 to 55. 

Statistical comparisons between transgenic and non-trans- 
genic groups were performed using the Mann-Whitney U test 
with p less than 0.05 being considered significant. 

Results 

W h e n  n o r m a l i z e d  to p a n c r e a t i c  p ro te in ,  p a n c r e a t i c  
I A P P - L I  c o n t e n t  in t he  t r ansgen i c  mice  was  nea r ly  
t h r ee - fo ld  tha t  o f  n o n - t r a n s g e n i c  an ima l s  ( F i g . l A ;  
10.5 + 1.6 vs 3 . 9 + 0 . 7  f m o l / g g  p a n c r e a t i c  p ro te in ;  
n = 6 pairs ;  p < 0.005), ind ica t ing  tha t  the  p a n c r e a t i c  
be ta -ce l l s  of  t hese  t r ansgen ic  mice  w e r e  o v e r p r o d u c i n g  
I A P R  P a n c r e a t i c  I R I  c o n t e n t  was  also s ignif icant ly  
h igher  in the  t r ansgen i c  mice  c o m p a r e d  to  con t ro l s  
(Fig. l B ;  2 8 8 + 4 1  vs 1 6 9 + 2 6 f m o l / g g ;  n = 6 p a i r s ;  
p < 0.05). F u r t h e r m o r e ,  t h e r e  was  a h ighly  s ignif icant  
c o r r e l a t i o n  b e t w e e n  p a n c r e a t i c  I A P P - L I  and  I R I  con-  
t en t  in the  t r ansgen i c  an ima l s  (r  =0.969;  p = 0.001; 
n = 6). Thus ,  p a n c r e a t i c  insulin s t o r age  a p p e a r s  to  be  
e l e v a t e d  in mice  o v e r p r o d u c i n g  I A P R  Thi s  inc rease  in 
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pancreatic peptide content in the transgenic mice ap- 
pears to be specific to the beta-cell, since pancreatic SLI 
content did not differ significantly between transgenic 
and non-transgenic animals (2.57 + 0.49 (n = 5) vs 
1.62 + 0.62 fmol/gg (n = 4); p > 0.1), and no significant 
correlation was found between pancreatic IAPP-LI 
and SLI content in the transgenic mice (r = -0.595; 
p > 0.4; n = 4). 

To determine whether release of IAPP and in- 
sulin in the transgenic mice increased in parallel with 
the increase in pancreatic content of these peptides, we 
assessed the secretion of IAPP-LI and IRI in response 
to glucose stimulation using the isolated, perfused 
pancreas. When beta-cell secretion was stimulated 
with 16.7 mmol/1 glucose, the total IAPP-LI response 
was nearly two times greater in the transgenic 
mice (Fig.2A; 1234+83 vs 767 _+ 215 fmol/40 min; 
n = 5 pairs; p < 0.05). This difference in glucose-stimu- 
lated IAPP-LI output arose mainly from a difference in 
second phase glucose-stimulated IAPP-LI release 
(873 + 97 vs 467 + 48 fmol/35 min; p < 0.05), since first- 
phase glucose-stimulated IAPP-LI output was not sig- 
nificantly different between transgenic and non-trans- 
genic animals (361 + 61 vs 300 + 68 fmol/5 rain; p NS). 
In the presence of 4.4 retool/1 glucose, the mean basal 
output of IAPP-LI in the transgenic mice was also near- 
ly two times that of the control animals (Fig. 2A  inset; 
193 + 26 vs 72 + 12 fmol/15 min; p < 0.05). Thus, both 
basal and glucose-stimulated IAPP-LI secretion are 
elevated in these transgenic mice in vitro. This increase 
in IAPP-LI release was not due to a difference in body 
weight between the two groups of mice (transgenic: 
29.2 + 0.8 g; n0n-transgenic: 28.1 + 1.0 g;p NS). 

As with IAPP-LI secretion, IRI secretion in the 
presence of 16.7 mmol/1 glucose was also significantly 
elevated in the transgenic animals; total IRI output 
during the 40 min of glucose stimulation was more than 
double that of the controls (Fig.2B; 1152+330 vs 
416 + 93 pmol/40 min; p < 0.05). Again, this difference 
was mainly due to an elevation of second phase 
glucose-stimulated IRI secretion (613 + 84 vs 
166 _+ 49 pmot/35 min; p < 0.05). Although first phase 
IRI output tended to be higher in the transgenic ani- 
mals, this difference did not achieve statistical signifi- 
cance (156 + 36 vs 76 + 19 pmol/5 rain; p = 0.07). Basal 
(4.4 retool/1 glucose) IRI output was also significantly 
elevated in transgenic mice compared to controls 
(Fig.2B inset; 17.3+4.9 vs 6 .2+l .4pmol/15min;  
p < 0.05). 

Discussion 

In this study, we have demonstrated an increase in both 
the pancreatic content and the secretion of insulin in 
vitro in transgenic mice which overproduce and hyper- 
secrete IAPE These data suggest that long-term 
production of excess IAPP results in increased in- 
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sulin storage and secretion by the beta-celt, and there- 
fore raise the possibility that IAPP may be a long- 
term regulator of beta-cell function. Since both basal 
and glucose-stimulated IAPP secretion were elevated 
in the transgenic mice in vitro, it is likely that circulating 
IAPP-LI levels are also elevated in these animals and 
therefore tissues that may be sensitive to the actions of 
IAPP (i. e. beta-cell and muscle) have been chronically 
exposed to high levels of circulating IAPR Measure- 
ment of plasma IAPP-LI levels will be required to con- 
firm this possibility. 

A number of different mechanisms can be proposed 
to explain the increase in insulin storage and secre- 
tion observed in the transgenic mice. First, since IAPP 
has been suggested to cause insulin resistance, it is 
plausible that the increased pancreatic content and se- 
cretion of insulin observed in the transgenic mice de- 
scribed in this study occurred as a result of a beta-cell 
adaptation to IAPP-induced insulin resistance. During 
chronic insulin resistance, the pancreas is known to 
adapt by increasing insulin production and output. This 
has been clearly shown in rodent models of insulin re- 
sistance associated with obesity such as the Zucker rat 
[6], as well as in humans with insulin resistance [7]. 
Thus, similar to obese Zucker rats and insulin resistant 
humans, the transgenic mice in this study had increased 
insulin secretion under both basal and glucose-stimu- 
lated conditions. 

An alternative interpretation of these results is that 
the increased production of IAPP in the transgenic 
mice alters insulin storage and secretion via a direct ef- 
fect on the beta-cell. Acute studies in the rat suggest 
that high concentrations of IAPP may impair insulin 
secretion [1, 2] but not insulin synthesis [8], which 
would then potentially increase pancreatic insulin con- 
tent. It is therefore possible that long-term impairment 
of insulin secretion could lead to increased storage of 
insulin in the beta-cell. However, this possibility cannot 
explain our observation of increased insulin secretion 
from the perfused pancreas of the transgenic mice. Fur- 
thermore, this increased insulin release suggests that 
IAPP is not likely to cause the impaired beta-cell func- 
tion of NIDDM. 

Another  explanation is that IAPP might directly 
stimulate beta-cell hyperplasia and/or hypertrophy. 
While it has been shown that IAPP probably does 
not influence insulin biosynthesis when administered 
acutely [8], the long-term effects on beta-cell growth 
have not been examined. This idea is worthy of further 
examination because calcitonin gene-related peptide 
(CGRP), which has 40% structural homology with 
IAPP-LI and shares some of its biological activities [1], 
was recently shown to stimulate endothelial cell growth 
in culture [9]. Moreover, we have recently demon- 
strated that a significant proportion of IAPP-LI is re- 
leased from the beta-cell via the constitutive secretory 
pathway-[10], and it is therefore possible that continu- 
ous IAPP release might have a role in the regulation 
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of m o r e  long- te rm metabo l i c  processes  such as cell 
growth.  

In  summary,  we have  found that  ove rp roduc t ion  and 
hypersecre t ion  of I A P P  in t ransgenic  mice are associ- 
a ted with increased s torage and secret ion of insulin in 
vitro. These  changes might  arise via a direct effect  of  
I A P P  on the islet to s t imulate  insulin synthesis or en- 
hance beta-cel l  growth,  or  alternatively,  these changes 
m a y  arise indirectly, as a beta-cel l  adap ta t ion  to I A P P -  
induced insulin resistance.  
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