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Summary Human islets of Langerhans were trans-
planted to the subcapsular space of the kidneys of
nude mice which were either normoglycaemic or
made diabetic with alloxan. After 2 weeks, the trans-
plants were processed for light and electron microsco-
pical analyses. In all transplants, islet amyloid poly-
peptide (IAPP)-positive cells were found with high-
est frequency in normoglycaemic animals. IAPP-posi-
tive amyloid was seen in 16 out of 22 transplants
(73 %), either by polarisation microscopy after Con-
go red staining or by immune electron microscopy.
At variance with previous findings of amyloid depo-
sits exclusively in the extracellular space of islets of
non-insulin-dependent diabetic patients, the grafted

islets contained intracellular amyloid deposits as
well. There was no clear difference in occurrence of
amyloid between diabetic and non-diabetic animals.
The present study indicates that human islets trans-
planted into nude mice very soon present IAPP-posi-
tive amyloid deposits. This technique may provide a
valuable model for studies of the pathogenesis of is-
let amyloid and its impact on islet cell function. [Dia-
betologia (1995) 38: 543-549]
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Islet beta cells synthesize and secrete not only insulin
but also several other polypeptides. Thus, islet amy-
loid polypeptide (IAPP or “amylin®) is normally
stored together with insulin in the secretory granules
and the two products are released together. IAPP is
a 37 amino acid hormone-like polypeptide with sig-
nificant homology with the neuropeptide calcitonin
gene-related peptide (CGRP) [1-3]. Although IAPP
induces substantial effects on glucose metabolism,
calcium metabolism and food intake under experi-
mental conditions, no definite role has been attribut-
ed to the peptide in human physiology or in diabetes
mellitus [4].
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Islet amyloid fibrils are polymers of IAPP and de-
position of amyloid in the islets of Langerhans is the
most characteristic morphological lesion in non-in-
sulin-dependent diabetes mellitus (NIDDM). Islet
amyloid is formed in close association with beta cells
and accumulates extracellularly. The exact place for
formation has not been defined and both extracellu-
lar [S] and intracellular [6] polymerisation has been
proposed. Islet amyloid is not pathognomonic for dia-
betes, since it also occurs as an age-related phenom-
enon in non-diabetic individuals [7-10]. The propor-
tion of islets with amyloid varies highly but on aver-
age 50 % of the islets in the corpus and the cauda of
the pancreas in NIDDM patients are affected [11]. A
certain number of NIDDM patients, however, lack
or have very little islet amyloidosis and this has led
to the conclusion that islet amyloid is probably of
minor importance for a defective islet function. In
some individuals the degree of islet amyloidosis is
nevertheless pronounced with a substantial loss of
beta cells [12] and at least in these cases it is reason-
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Table 1. Material from transplanted human islets, studied light
microscopically for IAPP-positive cells and deposits of amy-
loid

Table 2. Material from transplanted human islets, studied elec-
tron microscopically for deposits of amyloid extra- or intracel-
lularly

Trans-  Donor Ageof Alloxan IAPP Amy- Transplant  Donor Age of Alloxan Amyloid

plant pancreas  donor treatment  cells loid No. pancreas  donor treatment

No. No. (years) (%) No. (years)

H1 38 57 no 70 + 1 62 42 no

H?2 39 18 no 70 n.d. 2 62 42 yes -

H3 38 57 no 50 + 3 61 10 no -

H 4 38 57 yes? 40 + 5 63 30 no +

HS3 40 45 yes 25 - 7 65 18 yes? +

Heé6 40 45 no 50 + 8 65 18 no +

H7 40 45 no 70 n.d. 9 66 53 no +

H 8 41 18 yes® 40 + 10 66 53 yes +

H9 41 18 yes® 60 - 11 67 58 no +

H10 41 18 no 60 + 12 67 58 yes +

Eﬁ f’é %;‘ yes 0 B 2 Initially diabetic animal but recovered to normoglycaemia
no 35 - after transplantation

HIS 43 48 yes 10 + p

H16 43 48 yes 5 n.d.

H17 43 48 no 70 n.d.

H18 44 64 yes 30 + seven adult organ donors (mean age 39+ 7 years, range 18-

H19 44 64 no 35 n.d. 64 years, Table 1). Each nude mouse {(nu/nu; Bomholdtgaard,

n.d.: not studied due to lack of material. ? Initially diabetic an-
imal but recovered to normoglycaemia after transplantation

able to postulate an influence of the amyloid on islet
function. Up to now, a detailed study of the patho-
physiological relevance of amyloid has been ham-
pered by the lack of an appropriate animal model to
reproduce this phenomenon.

The present study was therefore performed for
two main reasons. First, we wanted to study the ex-
pression of IAPP in transplanted human islets. Sec-
ond, we were interested in investigating whether is-
let amyloid can develop in transplanted human is-
lets, in which case they could serve as an experimen-
tal model for the study of the pathogenesis of islet
amyloidosis.

Materials and methods

Human islet preparation. Thirteen human pancreata excised
from organ donors (Tables 1 and 2) were transported to and
used for islet isolation at the Central Unit of the beta-cell
Transplant, Brussels as recently described in detail [13-14].
Aliquots of the islet-enriched fraction examined by electron
microscopy were found to contain 6+1% dead cells and
2+1% acinar cells. Light microscopical examinations of im-
muno cytochemically-stained islets revealed that 46 3 % of
the islet cells were insulin positive and 8 £1 % glucagon posi-
tive. The islet insulin content was 1.17 + 0.08 ng of insulin per
ng of DNA. The isolated islets were cultured for 5 1 days in
Ham’s F-10 medium containing 6.1 mmol/l glucose [13] be-
fore being sent to Uppsala by air in the same medium. There
they were cultured in RPMI 1640 medium containing
5.6 mmol/l glucose for 5-7 days before transplantation [13].

Light microscopy studies. The light microscopy studies were
performed on 17 mice with islet transplants originating from

Ry, Denmark) had islets implanted under the left renal cap-
sule in numbers (about 300) usually not high enough to cure al-
loxan-diabetic recipients [14]. Five to 7 days before transplan-
tation, eight animals received alloxan i.v. (80 mg/kg body
weight). Glucose determinations were performed by means of
an Exatech Blood Glucose Meter (Baxter Travenol, Deer-
field, Ill., USA) on blood samples taken from the tail tip. Two
weeks after transplantation, the animals were killed by cervi-
cal dislocation and the transplant harvested for further investi-
gations. For light microscopy, tissue was fixed in buffered neu-
tral formalin and embedded in paraffin. Deparaffinized sec-
tions were stained with Congo red and studied in a polarisat-
ion microscope for amyloid. Sections from the donor pancrea-
ta, used in the light microscopy study, were also studied for
the presence of amyloid in the same way.

Electron microscopy studies. These studies were performed on
ten animals with subcapsular islet transplants originating from
six donors (mean age 35 + 8 years, range 10-58) (Table 2). In-
duction of diabetes and islet transplantation were performed
as described above. The animals were killed after 2 weeks by
cervical dislocation and the entire transplant was immediately
excised and fixed for 6 h in 2.5 % glutaraldehyde in 0.1 mol/l
sodium phosphate buffer, pH 7.4. Thereafter, it was dehydrat-
ed and embedded in Epon.

Immunohistochemistry and imumune electron microscopy. Rab-
bit antiserum to rat/mouse JAPP (A110) has been characteri-
sed previously [15]. Antiserum to human IAPP20-29 (A133)
was obtained by immunisation of a rabbit with synthetic hu-
man IAPP20-29, linked to keyhole limpet haemaocyanin.
This antiserum reacts with human but not mouse islet beta-
cells and the reaction is abolished by preabsorbtion of the anti-
serum with an excess of ITAPP20-29. Guinea pig antiserum to
porcine insulin (Ma37) has also been described earlier [15].
Adjacent sections (when available) were immunohisto-
chemically labelled with these antisera as described [16] using
the peroxidase-antiperoxidase method [17]. For negative con-
trols, the IAPP antisera were replaced by corresponding non-
immune serum. Immunostaining for the quantitative studies
was performed in two batches and included a section of hu-
man pancreas containing islets with known strong (+++, see
below) JIAPP-immunoreactivity.
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For evaluation of the frequencies and staining intensity of
TAPP-positive cells, slides labelled with antiserum A110 were
read blindly by one investigator. The mean strength of IAPP
labelling was assessed according to a semiquantitative scale
(+—+++). In the same sections, the percentage of IAPP-po-
sitive islet cells was determined as well as the percentage of
strongly ( +++ ) IAPP-positive cells.

For electron microscopy, ultrathin sections were mounted
on formvar-coated nickel grids and immunolabelled as de-
scribed previously [18]. Shortly, sections were incubated with
the primary antiserum, diluted 1:25-1:50 (A110 and A133)
or 1:200 (Ma37). After washing and blocking, the binding
was visualised with protein A-coated 10-nm gold particles
(Bio Cell, Cardiff, UK). The sections were then contrasted
with 4 % uranyl acetate and 2 % lead citrate and examined in
a Jeol 100 SX electron microscope.

Statistical analysis

Data are given as mean + SEM and statistical significance was
analysed by the Mann-Whitney non-parametric test.

Results

Light microscopy. In the light microscopy series of 17
animals, eight were treated with alloxan. Five of them
remained diabetic (blood glucose concentration
23.8+£0.9 mmol/l), while three became normo-
glycaemic after islet transplantation. The human is-
let graft was located beneath the kidney capsule and
mostly appeared as distinctive islets in a faint connec-
tive tissue stroma. Irregular duct-like structures oc-
curred among the islets in the transplants in both
normoglycaemic and hyperglycaemic animals
(Fig.1). In many transplants, some degenerative
changes were evident, most commonly as vacuolisat-

ion of the endocrine cells. This was seen both in
normoglycaemic and hyperglycaemic animals.

Occurrence of IAPP-positive cells. Light microscopi-
cally, insulin and IAPP-positive cells were observed
in all transplants in normoglycaemic animals. Usual-
ly, a majority of cells were evenly labelled with the in-
sulin antibody. Also antiserum to IAPP labelled most
endocrine cells (Fig.1) and there was no difference in
labelling pattern between the two antisera used
(A110 and A133). Comparisons of adjacent sections
stained for IAPP and insulin, respectively, indicated
that the antisera stained the same cells. A difference
between the labelling with the antisera was obvious,
however, in that the intensity of staining between
cells varied much more after labelling with the antiser-
um to IAPP compared to sections stained for insulin.
Thus, while the insulin-staining was fairly even, both
strongly and weakly labelled cells occurred after stain-
ing for IAPP. Scattered insulin- and IAPP-positive
cells were also seen in the small duct-like formations.
Also in the animals with hyperglycaemia, all islet
transplants contained insulin and IAPP immunoreac-
tive cells. The percentage of IAPP-positive cells was
lower in the islet grafts of the five hyperglycaemic
mice as compared with the nine normoglycaemic
mice not treated with alloxan (24+8 vs 54 +4%;
p <0.01, Table 1). Furthermore, the IAPP-labelling
of cells generally seemed weaker compared to cells
in transplants from normoglycaemic animals al-
though the difference was not statistically significant
(p < 0.08). Like transplants in normoglycaemic mice,
both weakly and strongly stained IAPP-labelled cells
occurred, but the number of strongly positive cells
tended to be lower in the hyperglycaemic animals
(7+3vs16+4%; p =0.06).
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Congo red staining for determination of amyloid. Sec-
tions of transplants from 12 mice (four hyper-
glycaemic and eight normoglycaemic, Table 1) were
evaluated. These transplants originated from six dif-
ferent donor pancreata. Amyloid was demonstrated
in the human islet transplants of eight (67 %) ani-
mals, of which six were normoglycaemic and two
hyperglycaemic. Two of the transplants retrieved
from hyperglycaemic mice and two of the trans-
plants from the normoglycaemic animals lacked amy-
loid.

In most cases, multiple, small amyloid deposits
were seen (Fig.2). Sometimes, these seemed to be ex-
tracellular but small and very faintly stained deposits
were obviously present also in the cytoplasm of islet
cells. In only one transplant did slightly larger amy-
loid deposits occur. The amyloid was labelled with
antibodies against human IAPP (Fig.3) but not with
insulin antibodies. No amyloid or IAPP-positive ma-
terial was seen outside the islet tissue.

Sections of the six donor pancreata (collected be-
fore the pancreata were processed for islet isolation)
used for the transplantation experiments described
above were investigated for amyloid after staining
with Congo red. In all instances, the histological ap-
pearance was normal and no amyloid was seen in
any of the studied islets.

Electron microscopy. Electron microscopy investiga-
tions were performed on ten transplants from four
alloxan-diabetic and six normoglycaemic animals.
Three mice were hyperglycaemic at death
(23 £ 1.2 mmol/l), while one had become almost
normoglycaemic (9.7 mmol/l). The transplanted is-
lets were from six different donor pancreata (Ta-
ble 2).

Alpha, beta and delta-cells were easily recognised
by their typical secretory granules. While alpha and
delta cells always were heavily granulated, degranu-
lated beta cells were common in both diabetic and
non-diabetic animals. In some beta cells, only very
few granules were found. IAPP and insulin immunor-
eactivity was seen only in beta cells while alpha and
delta cells were negative (Fig.4). The labelling was
confined to the secretory granules with gold particles
mainly on the cores as previously described [19]
(Fig.4). The degree of IAPP-labelling of the beta-
cell granules did not vary between different cells.
TAPP and insulin antisera labelled most of the gran-
ules in a similar way.

Accumulation of amyloid material, strongly la-
belled with antiserum to TAPP (but not to insulin),
was found in eight of the 12 transplants (Table 2).
This material sometimes had a granular appearance
while in other areas a fibrillar structure was apparent
(Fig.5). The fibrils were usually thin and wavy while
more straight fibrils occurred more rarely. Most of
the material was found within cells which exhibited

severe degenerative changes in the form of vacuoles
and loss of the normal cellular structure. The cells
usually, but not always, contained a few granules of
beta-cell type that were only weakly labelled with
IAPP antiserum. Small extracellular deposits were
also seen and sometimes it was impossible to deter-
mine whether a deposit was extra- or intracellular.
Except for minor deposits, the intracellular amyloid
usually formed a network giving the impression of be-
ing laid down in a preformed compartment, which in
some areas was highly suggestive of endoplasmic reti-
culum (Fig. 5). The exact localisation could not be de-
termined, however, due to the severe degenerative al-
terations. There was no significant labelling of lysoso-
mal complexes.

Discussion

The most novel finding of the present study was the
very frequent occurrence of amyloid deposits in the
transplanted human islets. Islet amyloidosis is main-
ly, but not exclusively, a finding of NIDDM, since el-
derly persons also commonly develop small deposits
[8,10]. One could argue that some islets might have
contained amyloid in the donor pancreata. Islet
amyloid is, however, rare in younger persons [§]
and in the present series amyloid was found even in
islet grafts originating from 18-year-old organ do-
nors. This fact, together with the absence of amy-
loid in the donor pancreata, indicates that the amy-
loid was formed after the islet transplantation. A re-
cent study has, however, shown that IAPP can accu-
mulate intracellularly during in vitro culture of hu-
man islets and especially during culture at a high
glucose concentration [20]. In that report, the na-
ture of the accumulated TAPP was not studied but
it seems possible that it was in the form of amyloid
fibrils.

The common finding of small but widely spread
intra-cytoplasmic amyloid deposits in the present
study was unexpected, since islet amyloid occurs al-
most exclusively as an extracellular alteration but
with fibrils running into deep pockets of the beta
cells [5]. An intracellular formation of islet amyloid
in lysosomes has been proposed [6] but instead of
being associated with lysosomes, our findings indi-
cated localisation of the amyloid to structures resem-
bling the endoplasmic reticulum. Whether the find-
ings reflect an in vivo situation in humans remains
to be studied, but it may be that intracellularly
formed amyloid fibrils are sequestered and act as
niduses for further (extracellular) fibril growth [21].
Such a scenario could explain the characteristic amy-
loid-filled invaginations seen in the beta cells in islet
amyloidosis [22].

The occurrence of islet amyloid in humans is
strongly associated with NIDDM and it was there-
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Fig.3. Human islet transplant, immunolabelled for the dem-
onstration of IAPP. A few strongly IAPP-positive cells are
seen. Many small IAPP-positive amyloid deposits occur (ar-
rows). Antiserum to IAPP, peroxidase-antiperoxidase techni-
que. x 350

fore surprising that no difference was found in this re-
spect between islet transplants in diabetic and non-
diabetic recipients. This discrepancy cannot be ex-
plained at present but does not immediately fit with
the theory that the amyloid is a consequence of over-
secretion of IAPP in parallel to that of insulin in a
state of hyperglycaemia. The finding is potentially
important and deserves further study. The lower frac-
tion of TAPP immunoreactive cells in the hyper-
glycaemic animals is most likely dependent on the
marked degranulation seen in many of the beta cells.

There are at present several ongoing clinical pro-
grammes for transplantation of isolated human islets
for the control of diabetes mellitus. However, so far
there has been only moderate success and in most in-
stances the transplants have declined in insulin pro-
duction. The reason for this is not known. Consider-
ing that islet amyloid developed surprisingly rapidly
in our experiments, it is conceivable that a similar
process takes place also in human islet recipients.
Since the first developed amyloid may serve as a nu-
cleus for a cascade of further formation of fibrils
[21,23], any degree of islet amyloidosis is a threat
against the long-term function of the islet. Islet amy-
loid has also been proposed to be toxic to beta cells
and to cause apoptosis [24] and it is therefore a possi-
ble cause of beta-cell deterioration in transplanted is-
lets. The present observation of amyloid in degener-
ating beta cells fits with this notion.

The early development of islet amyloid has so far
been very difficult to study. Indeed, the opportuni-
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Fig.4. Electron micrograph showing parts of a beta cell (left)
and of a delta cell (right). The secretory granules of the beta
cell are labelled with antibodies to IAPP while the delta cell
granules are negative. Antiserum to IAPP, protein A-gold
technique, x 41000

ties of obtaining pancreatic tissue from living individ-
uals are limited and, therefore, most studies have
been performed on autopsy materials from patients
with long-standing NIDDM. The initial alterations,
which perhaps occur before the development of or
early in NIDDM are important to establish since
these should better reflect the basic pathogenetic
mechanisms than older lesions. Available animal
models have been limited to spontaneously diabetic
monkeys [25] and cats [26]. The establishment of
transgenic mice expressing human IAPP gave a hope
of a useful in vivo model. Indeed, several groups
have successfully developed such mice, overexpress-
ing human IAPP, but it has not been possible to de-
monstrate the formation of islet amyloid in these ani-
mals [27,28]. Interestingly, TAPP-amyloid occurs in is-
lets isolated from transgenic mice and then kept in
tissue culture (Westermark et al., unpublished data).
The presence of small amyloid deposits in the majori-
ty of human islets grafted into nude mice indicates
that we now have a very promising and valuable in
vivo method by which to study how islet amyloid
forms and which effects the deposits may have on is-
let cell function.

In conclusion, we report here for the first time
that human islets grafted into nude mice express
IAPP and that the storage of the substance is de-
creased by hyperglycaemia. The transplants very of-
ten develop IAPP-derived amyloidosis and should
thus provide an excellent model for studies of islet
amyloid pathogenesis. Finally, it would be worth-
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Fig.5. Electron micrograph showing part of a beta cell with
severe degenerative changes. Large amounts of amyloid fi-
brils (A) are seen. The fine fibrils form a tight network. In

while to explore to what extent the progressive depo-
sition of amyloid affects the endocrine function of is-
let transplants.
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some areas, structures suggestive of membranes (arrows) seem
to delineate the intracellular amyloid. Antiserum to IAPP, pro-
tein A-gold technique. x 28 000
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