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Summary. Islet amyloid polypeptide which is normally coex- 
pressed with insulin in beta cells, forms amyloid deposits es- 
pecially in islets of Type 2 (non-insulin-dependent) diabetic 
subjects. Occurrence of islet amyloid is paradoxically associ- 
ated with loss of islet amyloid polypeptide immunoreactivity 
in beta cells. The present study was undertaken to examine 
whether the islet amyloid polypeptide gene is expressed in 
islets with decreased islet amyloid polypeptide immuno- 
reactivity. Pancreatic tissue from 14 patients, 7 with Type 2 
diabetes and 7 non-diabetic, were obtained at autopsy or 
surgery and studied for islet amyloid polypeptide expression 
by in situ hybridization and for presence of insulin and islet 
amyloid polypeptide by immunohistochemistry. Six of the 
specimens from the diabetic and three of those from the non- 
diabetic patients had varying degrees of islet amyloid poly- 
peptide-derived islet amyloid. Amyloid deposits were associ- 
ated with decreased numbers of beta cells with islet amyloid 
polypeptide immunoreactivity despite an apparent normal 

frequency of insulin-containing cells. This discrepancy might 
reflect an alteration in islet amyloid polypeptide production 
or processing at a transcriptional or post-transcriptional 
level. In contrast to the varying immunohistochemical pat- 
terns, islets of all categories showed strong labelling using an 
islet amyloid polypeptide probe for in situ hybridization. It is 
concluded that islet amyloid polypeptide production is not 
altered at the transcriptional level. The following possi- 
bilities remain: (1) islet amyloid polypeptide production may 
be altered at a post-transcriptional level or (2) that islet amy- 
loid polypeptide production is normal but the reduced im- 
munoreactivity of the cells reflects a reduced storage of IAPP 
in secretory granules. We favour the second possibility since 
islet amyloid deposition is incompatible with reduced islet 
amyloid polypeptide synthesis. 
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Islet amyloid polypeptide (IAPP) is a 37-amino-acid- 
residue polypeptide, discovered through its ability to form 
amyloid deposits in the islets of Langerhans in Type 2 (non- 
insulin-dependent) diabetes mellitus and in many insulino- 
mas [1-4]. It is stored together with insulin in the secretory 
granules [5-7] as early as during gestation [8] and the two 
substances are released together after beta-cell stimulation 
with glucose or other secretagogues [9-11]. Although 
IAPP and insulin are normally secreted in parallel, the plas- 
ma level of IAPP is only about 1-10 % of that of insulin [10, 
12, 13]. Under experimental conditions, a dissociation of 
the expression of the two polypeptides has been seen [14]. 
In humans IAPP is encoded by a gene located on chromo- 
some 12 and expressed as an 89 amino-acid-residue prepro- 
polypeptide in which IAPP is flanked by two short propep- 
tides [15-17]. Processing to mature lAPP includes cleavage 
at double basic amino acid residues and C-terminal ami- 
dation. The way in which IAPP expression is regulated in 
relation to that of insulin is at present not known. 

The normal function of IAPP has not been defined. Ex- 
perimentally, IAPP has interesting effects on the utiliza- 
tion of glucose in skeletal muscle in that both basal and in- 
sulin-stimulated glycogen synthesis is inhibited [18, 19]. 
At least some of these effects depend on decreased glu- 
cose transport [20]. Given intravenously, IAPP can give 
rise to insulin resistance in experimental animals [21, 22]. 
However, slightly contradictory results have been ob- 
tained and it should be noted that the plasma levels of 
IAPP found normally are much lower than the levels 
needed for the described experimental effects [23]. 

In normal adult human and rat pancreas, all beta cells 
are IAPP-positive in immunohistochemistry [2, 8], al- 
though the staining intensity varies. In Type 2 diabetes in 
humans, and in the diabetic cat, IAPP-derived islet amy- 
loid develops in most individuals. Since islet amyloid is a 
concentrated form of IAPR one might expect an in- 
creased synthesis of IAPP in affected islets. Paradoxically 
however, most beta cells are negative for IAPP immu- 
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noreact ivi ty  in h u m a n  Type 2 diabetes  and  in diabet ic  
cats, at least in islets conta in ing  amyloid deposits [24, 25]. 
This is in contrast  to the s i tuat ion regarding insul in  for 
which the islets are still immunoreac t ive  and  may  indi- 
cate that  following the deve lopmen t  of amyloid,  the beta  
cells en te r  a state in which the insul in bu t  not  the I A P P  
gene is t ranscribed.  Alternat ively,  I A P P  m R N A  is pro- 
duced but  less efficiently t ranslated.  A third possibili ty is 
that  I A P P  may be synthesized at a no rma l  rate but  
becomes  rapidly re leased instead of be ing  stored in  se- 
cretory granules.  The present  immunoh i s tochemica l  and 
in situ hybr id iza t ion  study was per formed  in order  to dis- 
cr iminate  be tween  an al terat ion at a t ranscr ip t ional  or 
pos t - t ranscr ip t ional  level. 

Materials and methods 

Pancreatic tissue. Pancreatic tissue (corpus or cauda) was obtained at 
autopsy 3-7 h after the death of seven patients with a history of 
Type 2 diabetes and five non-diabetic individuals (Tables I and 2). In 
the non-diabetic group several urine tests for glucose had been per- 
formed with negative results and in most cases at least one glucose 
determination with a normal result. Pancreatic tissue from the cor- 
pus was also obtained from two patients undergoing subtotal pancre- 
atic resection. One of these patients had pancreatic carcinoma while 
the other had an ulcer penetrating into the head of the pancreas. 
Both the patients had normal glucose tolerance. In all instances the 
specimens were immediately placed on ice and small pieces of the 
macroscopically normal body of the pancreas were fixed in ice-cold 
buffered neutral 4% formaldehyde solution. After fixation for 
about 6 h, the specimens were dehydrated and embedded in paraf- 
fin. 

Amyloid. Amyloid was identified by alkaline Congo red staining of 
deparaffinized sections. The sections were studied in polarized light 
for green birefringence. The percentage of islets containing any amy- 
loid was determined on sections double-stained for amyloid with 
Congo red and for insulin with the peroxidase-antiperoxidase 
method (see below). All islets in the section, irrespective of size, 
were included. At least 100 islets were studied in each case. 

Imrnunohistochernistry. Peroxidase-conjugated avidin, biotinylated 
swine anti-rabbit immunoglobulins, swine anti-rabbit immunoglo- 
bulins cross-reacting with guinea pig immunoglobulins and rabbit 
horseradish peroxidase anti-horseradish peroxidase complex were 
from Dakopatts (Copenhagen, Denmark). Antiserum to porcine in- 
sulin, produced in a guinea pig (Ma37), has been described pre- 
viously [26]. Antiserum to human IAPP147 (AA116) was raised in a 
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rabbit by standard methods using synthetic human IAPP [20]. IAPP 
was linked to keyhole limpet haemocyanin [24]. When used in im- 
munohistochemistry on pancreatic sections from human, cat and rat, 
antiserum AAl16 labelled islet beta cells specifically and strong- 
ly. This reaction was abolished when the antiserum was preab- 
sorbed (10 mg/ml of undiluted antiserum) with the synthetic human 
IAPP147. Deparaffinized sections were incubated with the primary 
antiserum (diluted 1:200-1:400 for AA116 and 1:800-1:1600 for 
Ma37) overnight at room temperature. For demonstration of IAPP 
immunoreactivity, the avidin-biotin method [27] was used while in- 
sulin immunoreactivity was demonstrated by the peroxidase- 
antiperoxidase method [28]. The reactions were visualized with 
diaminobenzidine (Sigma, St.Louis, Mo., USA). For control, the 
primary antisera were replaced with normal rabbit serum. Semi- 
quantitative estimation of the proportions of immunoreactive cells 
was performed as described [24]. 

Probe. A cDNA clone of human preproIAPP has been described 
previously [16]. A 320 base pair long probe corresponding to the full 
length coding region of IAPP was amplified by polymerase chain re- 
action. The RNA polymerase specific Sp6 and T7 promoters were 
linked to the sense and antisense primers, respectively. A digoxige- 
nated riboprobe was generated by in vitro transcription [29]. Unla- 
belled nucleotides (NTP) and T7 and Sp6 polymerases were from 
Pharmacia (Uppsala, Sweden) and digoxigenated UTP and human 
placenta ribonuclease inhibitor from Boehringer (Mannheim, 
FRG). 

In situ hybridization. This was mainly performed as described pre- 
viously [29, 30]. Deparaffinized sections, placed on glass slides, were 
immersed in PBS-Triton (0.15 mol/1 NaC1-0.01 mol/1 sodium phos- 
phate, pH 7.5, containing 0.2 % Triton X-100) and thereafter rinsed 
in phosphate buffered saline (PBS). Proteinase K (Boehringer) di- 
gestion (1 mg/ml in 0.1 mol/1 Tris HC1 buffer, pH 8.0-50 retool/1 
EDTA) was performed at 37~ for 10min. The digestion was 
stopped by immersion in 0.1 mol/1 glycine in PBS for 5 min. The sec- 
tions were post-fixed in 4% paraformaldehyde-PBS for 3 min, 
rinsed briefly in PBS, immersed in 0.25 % acetic anhydride-0.1 mol/1 
triethanolamine solution, pH 8.0 for 10 min, rinsed briefly in water 
and prehybridized at 50 ~ for 30 min. The hybridization buffer con- 
tained 50% formamide, 5 x SSC ( = 0.75 mol/l sodium chloride and 
0.25 mol/1 sodium citrate), 10 % dextran sulphate, 5 x Denhardt's 
solution (100 • = 2 % Ficoll, 2 % polyvinylpyrrolidone, and 2 % 
bovine serum albumin), 2 % sodium dodecyl sulphate (SDS), and 
100 gg/ml denatured sheared herring sperm DNA (Boehringer). 
The probe concentration was 2.5 ng/gl and 10 gl were applied to 
each section. Hybridization was performed with the digoxigenin-la- 
belled probe under a coverslip overnight at 50~ For control, sec- 
tions were (1)treated with RNase before hybridization, (2)hy- 
bridized with two digoxigenized non-related probes (a prolactin 
sense probe and an IAPP sense probe) or (3)treated identically 
without addition of any probe. 

Table 1. Demonstration of islet amyloid polypeptide (IAPP) and insulin by immunohistochemistry and of IAPP mRNA by in situ hybridiza- 
tion in pancreatic tissue from non-diabetic subjects. The immunohistochemical reactions with islet cells were semiquantitatively estimated 

IAPP Insulin 

In situ hybridization Immunohistochemistry Immunohistochemistry 

Subject Age Sex Percentageofislets Islets without Isletswith Islets without Isletswith Islets without Isletswith 
(years) with amyloid amyloid amyloid amyloid amyloid amyloid amyloid 

903 67 F 22 + + 2 + 1 + 2 + 2 + 
1029 78 M 0 + na 3 + na 3 + na 
1069 80 F 0 + na 3 + na 3 + na 
1061 69 M 6 + + 3 + 3 + 3 + 3 + 
541 76 M 15 + + 2 + 2 + 2 + 2 + 

4361 41 M 0 + na 3 + na 3 + na 
8659 41 M 0 + na 3 + na 3 + na 
0 - no, 1 + - < 10 %, 2 + = 10-50 % and 3 + - > 50 % immunoreactive cells, respectively, na, Not applicable. The hybridization reactions were 
not graded 
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After hybridization, the sections were washed extensively in 
2 x SSC-0.1% SDS followed by 0.1 x SSC-0.1% SDS. Thereafter, 
the sections were treated with RNase (Boehringer) (10 mg/ml in 
2 x SSC) at 37 ~ for 15 min. The sections were rinsed in 2 x SSC and 
incubated with alkaline phosphatase-labelled anti-digoxigenin anti- 
bodies (Boehringer) for 4-12 h. They were then washed and the 
reaction was visualized with nitro blue tetrazolium chloride and 
5-bromo-4-chloro-3-indolyl-phosphate in a solution containing 
0.1 mol/1 Tris HC1, pH 9.5, 0.1 mol/1 NaC1, 50 mmol/1 MgC12 buffer 
and levamisole (25 mg/100ml). The reaction was stopped in 
20 mmol/1 TrisHC1-5 mmol/1EDTA, pH 7.5. 

The in situ hybridization and immuuohistochemical stainings 
were always performed on three consecutive sections. 
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Results  

Arnyloid 

Is le t  amy lo id  was found  in six of  the  d iabe t ic  and  th ree  of  
the  non -d i abe t i c  pa t ien t s  (Tables  1 and 2). Ex tens ive  de-  
posi ts  in a ma jo r i t y  of  islets were  found  in five of  the  
d iabe t ic  pa t ients .  

Islet amyloid polypeptide and insulin immunoreactivity 

Fig. 1. Normal islet, immunostained for IAPR The beta celts show a 
notable variation in IAPP-labelling. Some slender labelled cytoplas- 
mic extensions (arrows) are apparent. Magnification x 930 

Non-diabetic patients. The  resul ts  of  the  immunoh i s to -  
chemica l  s tudy  are  shown in Table  1. In  islets wi thou t  
amylo id ,  a n t i s e r u m  to I A P P  labe l l ed  mos t  of  the  is let  cells 
with a p a t t e r n  r e sembl ing  tha t  of  insul in immunos ta in ing .  
However ,  the  va r i a t ion  in s t reng th  of  s ta ining b e t w e e n  
cells was much  g rea t e r  wi th  an t i s e rum to I A P P  c o m p a r e d  
with an t i s e rum to insulin. Ce l lu la r  p rocesses  were  of ten  
ev iden t  (Fig. 1). A l s o  islets  wi th  amy lo id  depos i t s  con- 
t a ined  m a n y  I A P P  i m m u n o r e a c t i v e  cells. On ly  in one  case 
was the re  a r e d u c e d  n u m b e r  of  I A P P - p o s i t i v e  cells in 
amy lo id  con ta in ing  islets. 

Diabetic patients. The  i m m u n o h i s t o c h e m i c a l  f indings are  
given in Table  2. T h e  f r equency  of  insul in-pos i t ive  cells 
was no t  g rea t ly  r educed ,  no t  even  in islets with amylo id  
(Table  2; F i g . 2 a ) .  T h e  insu l in - reac t ion  in the  ind iv idua l  
b e t a  cells was as s t rong as in islets  of  non -d i abe t i c  individ-  
uals. In  contras t ,  a c lear ly  r e d u c e d  f r equency  of  I A P P -  
pos i t ive  cells was seen  in amylo id - f r ee  islets in mos t  of  the  

pat ients .  E v e n  m o r e  ev iden t  was the  d i sc repancy  b e t w e e n  
the  n u m b e r  of  insulin and I A P P - p o s i t i v e  cells in islets  wi th  
amylo id  depos i t s  (Fig. 2b) .  In  the  islets of two of  the  pa-  
t ients ,  no I A P P - c o n t a i n i n g  cells were  found  while  in four, 
only  a few sca t t e red  cells occurred .  

In situ hybridization 

In  n o r m a l  panc rea t i c  t issue, in situ hybr id i za t ion  with  the  
I A P P  p r o b e  resu l t ed  in s t rong labe l l ing  of  most  of  the is let  
cells (Fig. 3 b). T h e  labe l  was conf ined  to the  cy top la sm 
and  was of ten  s t ronger  in par t s  of  the  cells. The  labe l l ing  
p a t t e r n  was s imi lar  to  tha t  seen  i m m u n o h i s t o c h e m i c a l l y  
wi th  an t i se ra  to I A P P  (Fig. 3 a) and  insulin (not  shown).  
The  labe l l ing  in tens i ty  va r i ed  s o m e w h a t  b e t w e e n  cells. 
The  exocr ine  p a r e n c h y m a l  cells showed  no label .  The  spe-  
cificity of  the  r eac t ion  was ver i f ied  by  hybr id i za t ion  fol- 
lowing R N a s e  t r e a t m e n t  or  af ter  hybr id i za t ion  with  the  

Table 2. Demonstration of islet amyloid polypeptide (IAPP) and insulin by immunohistochemistry and of IAPP mRNA by in situ hybridiza- 
tion in pancreatic tissue from Type 2 diabetic subjects. The immunohistochemical reactions with islet cells were semiquantitatively estimated 

IAPP Insulin 

In situ hybridization Immunohistochemistry Immunohistochemistry 

Subject Age Sex Duration Treatment Percentage Islets Islets Islets Islets Islets Islets 
(years) of diabetes of diabetes of islets with without with without with without with 

(years) amyloid amyloid amyloid amyloid amyloid amytoid amyloid 

72 65 M 2 Chlorpropamide 0 + na 3 + na 3 + na 
80 78 F 5 Chlorpropamide 69 + + 3 + 1 + 3 + 3 + 

113 74 F 15 Chlorpropamide 98 + + 1+ 0 3+ 3+ 
+ Tolbutamide 

1038 82 M 16 Tolbutamide 89 + + 2 + 1 + 3 + 3 + 
1078 74 M 8 Chlorpropamide 97 + + 1 + 1 + 3 + 3 + 
479 68 M 10 Chlorpropamide 91 + + 1+ 0 2+ 2+ 
861 83 F ? Chlorpropamide 27 + + 2 + 1 + 3 + 3 + 

0 -- no, 1 + = < 10 %, 2 + = 10-50 % and 3 + = > 50 % immunoreactive cells, respectively, na, Not applicable. The hybridization reactions were 
not graded 
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sense probes. These procedures gave negative results as 
did omission of the probe. 

In pancreases with islet amyloid deposits from both 
diabetic and non-diabetic patients, the majority of islet 
cells also showed positive in situ hybridization. This signal 
varied somewhat from tissue to tissue but no attempt was 
made to quantitate the reaction. In contrast to the immu- 
nohistochemical findings, islets with amyloid deposits, in- 
cluding those of the diabetic patients with pronounced 
islet amyloidosis, exhibited a strong IAPP signal (Fig. 2 c) 
which did not differ significantly from that seen in islets 
without amyloid in diabetic and non-diabetic patients. 
The signal was similar to the pattern obtained with the im- 
munohistochemical staining for insulin (Fig. 2 a). 

Discussion 

The human pancreas is comparatively difficult to study 
histologically due to the problems in obtaining tissue suit- 
able for immunohistochemistry. The availability of fresh 
specimens is limited and for post-mortem material to be 
useful, autopsy must be performed very soon after death. 
Nevertheless, autopsy material is sometimes useful, even 
for mRNA hybridization, as shown in the present study 
with an IAPP probe and as previously shown for insulin 
mRNA [3t]. 

IAPP is selectively stored in the beta cells in the human 
pancreas [8, 24], and in normal tissue IAPP and insulin im- 
munoreactivities are distributed identically. We do not 
know exactly why IAPP gives rise to amyloid in Type 2 
diabetes. One important factor is the primary structure 
within a central segment of the human (and cat) IAPP 
molecule which determines its ability to aggregate as amy- 
loid fibrils [16, 32]. One other factor may be an over- 
production of the polypeptide. This possibility has been 
supported by the finding of an increased IAPP immuno- 
reactivity in the beta cells of glucose intolerant but not 
overtly diabetic cats [25]. It has therefore been surprising 
that instead of increased immunoreactivity, a greatly re- 
duced beta-cell lAPP immunoreactivity occurs in Type 2 
diabetes in humans [24] and in diabetic cats [25]. The most 
important finding in the present investigation is therefore 
that IAPP mRNA is present in beta cells in islets with 
amyloid deposits, whether light or heavy, and to the same 
extent as in normal islets, as far as can be judged from in 
situ hybridization. 

The absence of IAPP immunoreactivity despite the 
presence of IAPP mRNA can be due to two possible 
mechanisms. One possibility is that transcription of the 
IAPP gene occurs but with no or with only a very low de- 
gree of translation. The other possibility is that there is an 

Fig. 2 a--e. Consecutive sections of an islet, rich in amyloid (A), from 
a Type 2 diabetic patient, a The section was immunostained for in- 
sulin and b for IAPR Only few of the insulin-labelled cells in a react 
with the antiserum to IAPP (arrows). c The same islet (slightly ro- 
tated) was subjected to in situ hybridization with an IAPP probe as 
in Figure 1. The distribution of the reaction product is identical with 
the staining pattern for insulin but differs dramatically from the la- 
belling pattern with the antiserum to IAPR Magnification x 370 
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Fig.3a, b. Normal islet from a non-diabetic patient, a immuno- 
stained for IAPP and b subjected to in situ hybridization with an 
IAPP probe, visualized with immunohistochemistry. Note a similar 
distribution of the reaction products. Magnification • 370 

on-go ing  I A P P  p r o d u c t i o n  bu t  tha t  n o r m a l  s to rage  of  
I A P P  in s ec re to ry  granules  is h indered .  A l t h o u g h  the  lat-  
ter  exp l ana t i on  r emains  to  be  conf i rmed ,  it  seems  to be  the  
most  p laus ib le  for  at  leas t  two reasons .  Firstly,  in one  s tudy  
it was f o u n d  that  the  a m o u n t  of  is let  amy lo id  increases  
with the  du ra t i on  of  d i abe t e s  [33] for  which  an on-going  
p roduc t i on  of  I A P P  is a p re requ is i t e .  Secondly,  the  p l a s m a  
levels of  I A P P  in Type  2 d iabe t ic  pa t ien t s  a re  no t  signifi- 
cant ly  lower  as c o m p a r e d  to non -d i abe t i c  subjects  [10,13]. 
However ,  fu r the r  s tudies  a re  n e e d e d  to  e luc ida te  the  exact  
na tu re  of  ce l lu lar  a b n o r m a l i t y  lead ing  to  loss of  l A P P  im- 
munoreac t i v i t y  in b e t a  cells and  to islet  amylo id .  

A l l  d iabe t i c  pa t i en t s  h a d  b e e n  t r e a t e d  with su lphonyl -  
ureas.  W h e t h e r  such t r e a t m e n t  affects I A P P  express ion  
or  sec re t ion  is still  to be  s tudied.  
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