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ABSTRACT The islet in non-insulin-dependent diabetes
mellitus (NIDDM) is characterized by loss of ,B cells and large
local deposits of amyloid derived from the 37-amino acid
protein, islet amyloid polypeptide (IAPP). We have hypothe-
sized that IAPP amyloid forms intracellularly causing 13-cell
destruction under conditions of high rates of expression. To
test this we developed a homozygous transgenic mouse model
with high rates of expression ofhuman IAPP. Male transgenic
mice spontaneously developed diabetes mellitus by 8 weeks of
age, which was associated with selective 13-cell death and
impaired insulin secretion. Small intra- and extracellular
amorphous IAPP aggregates were present in islets of trans-
genic mice during the development of diabetes mellitus.
However, IAPP derived amyloid deposits were found in only a
minority of islets at -20 weeks of age, notably after develop-
ment of diabetes mellitus in male transgenic mice. Approxi-
mately 20% of female transgenic mice spontaneously devel-
oped diabetes mellitus at 30+ weeks of age, when 18-cell
degeneration and both amorphous and amyloid deposits of
IAPP were present. We conclude that overexpression of hu-
man IAPP causes 13-cell death, impaired insulin secretion, and
diabetes mellitus. Large deposits of IAPP derived amyloid do
not appear to be important in this cytotoxicity, but early, small
amorphous intra- and extracellular aggregates of human
IAPP were consistently present at the time of ,B-cell death and
therefore may be the most cytotoxic form of IAPP.

Non-insulin-dependent diabetes mellitus (NIDDM) is charac-
terized by (3-cell destruction and islet amyloid derived from
islet amyloid polypeptide (IAPP) (1, 2). IAPP is a 37-amino
acid protein that possesses amyloidogenic properties in species
that spontaneously develop NIDDM (humans, monkeys, cats),
but is non-amyloidogenic in mice that do not develop NIDDM
(3, 4). Overexpression of human IAPP (h-IAPP), but not rat
IAPP, in COS cells resulted in intracellular IAPP amyloidosis
that was associated with cell death (5). Thus far, hemizygous
transgenic mice for h-IAPP have not been reported to develop
islet amyloid or diabetes mellitus spontaneously (6-8). Induc-
tion of marked insulin resistance in hemizygous mice trans-
genic for h-IAPP provokes intra- and extracellular IAPP
amyloid formation, which is associated with 13-cell death and
hyperglycemia (9).
Based on these observations, we hypothesized that suffi-

ciently increased rates of h-IAPP expression and synthesis
results in intracellular IAPP amyloidosis and (3-cell death,
which results in diabetes mellitus (10). To examine this further,
we developed a homozygous line of mice transgenic for
h-IAPP, thereby doubling the h-IAPP gene copy number. We
report here that these mice spontaneously developed diabetes
mellitus due to (3-cell death, which was associated with abnor-
mal intra- and extracellular aggregates of h-IAPP. We con-

clude that overproduction of IAPP in vulnerable species
(humans, monkeys, cats) may cause (3-cell destruction and
diabetes mellitus.

MATERIALS AND METHODS
Preparation of Transgenic Construct. The RIPHAT trans-

gene (2395 bp) is described elsewhere (9). It consists of a
PCR-generated cDNA encompassing the h-IAPP coding se-
quence (270 bp) under the regulation of the rat insulin II
promoter/5' untranslated region and followed by intron I (728
bp) from the human albumin gene and the polyadenylylation
site/RNA termination region (525 bp) from the human glyc-
eraldehyde-3-phosphate gene (GAPDH). Use of the albumin
intron I and GAPDH polyadenylylation site in transgenic
constructs has been described (11).

Generation of Transgenic Mice. Hemizygotes of the RHF
line described in Couce et al. (9) were self-crossed to generate
Fl offspring. Transgenic offspring were identified by PCR
amplification of RIPHAT from tail DNA. Hemizygotes were
distinguished from homozygotes by backcross breeding to
nontransgenic FVB/N mice. Homozygotes were defined as
those mice that generated more than 20 transgenic and no
nontransgenic offspring. Four such homozygotes were used to
establish the core RHF breeding colony.
Northern Blot Analysis. Total RNA was prepared from

whole pancreata of FVB/N, RHF hemizygote, and RHF
homozygote males and females. Gels and blots were prepared
and hybridized as described (9).

Study Design. Protocol I. To determine the impact of the
homozygous h-IAPP state, the fasting blood glucose concen-
tration was measured in 186 mice sacrificed by decapitation at
4-16 weeks of age. Fed plasma insulin and IAPP concentra-
tions were measured in 58 transgenic and 70 control mice
sacrificed at 8 and 16 weeks of age. Because the IAPP assay
requires relatively large volumes of plasma, plasma samples
were pooled from 3 to 5 mice to obtain a single IAPP
concentration.

Protocol IIa. Having established that male transgenic mice
spontaneously developed diabetes mellitus at approximately
8-12 weeks of age, which was characterized by impaired insulin
secretion, we sought to examine the evolution of any abnor-
mality in islet morphology at the level of light and electron
microscopy by sequentially sacrificing 38 transgenic versus 38
nontransgenic- mice at 2-week intervals between 5 and 26
weeks of age. Fed blood glucose concentrations were obtained
from each mouse prior to sacrifice.

Protocol IIb. Having subsequently observed that 20% of
female transgenic mice had developed diabetes mellitus at 30+
weeks of age, an additional five transgenic (selected as dia-
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betic) and five nontransgenic female mice were sacrificed at
between 36 and 41 weeks of age. Fed blood glucose concen-
trations were obtained prior to sacrifice and islet morphology
was examined.

Assays. Glucose concentrations were measured by the glu-
cose oxidase method using a One Touch II Glucometer
(Lifescan, Milpitas, CA). Plasma insulin and IAPP concentra-
tions were measured as described elsewhere (9, 12).

Light Microscopy. Mice were anesthetized by intraperito-
neal injection of 3.2 mg of pentobarbital. A sample of the tail
of the pancreas was fixed in neutral buffered formalin for 6 hr,
dehydrated in ethanol, embedded in paraffin, sectioned, and
stained for Congo red. In addition, deparaffinized sections
were incubated in 5% goat serum/PBS/0.5% Tween 20 and
stained with the peroxidase/anti-peroxidase method for insu-
lin: guinea pig anti-porcine insulin 1:400 (Dako), biotinylated
goat anti-guinea pig IgG 1:400 (Vector Laboratories), perox-
idase-conjugated streptavidin 1:500 (Dako), stained with
3-amino-9-ethylcarbazole solution and counterstained with
hematoxylin.
For a combined stain for glucagon and somatostatin, depar-

affinized sections were treated with 1.5% hydrogen peroxide/
50% methanol to block endogenous peroxidase activity, fol-
lowed by 0.4% pepsin/0.01 N HCl, incubated in 5% goat
serum/PBS/0.5% Tween 20, and stained with the peroxidase/
anti-peroxidase method using a mixture of rabbit anti-human
glucagon and rabbit anti-human somatostatin both at 1:400
(Dako) as primary antibodies.
Morphometric Analysis. Morphometric analysis was per-

formed by use of an automated image analysis system as
described (13) (Image-1 system, Universal Imaging, West
Chester, PA). Because the 13 cells in the male transgenic mice
became markedly degranulated (vida infra), direct imaging of
insulin positive cells to estimate ,3-cell area would lead to an
underestimate of this area in transgenic mice and an exagger-
ated estimate of the effect of the transgenic state on ,B-cell
death.
To avoid this error, we calculated the islet ,3-cell area by

subtracting the area occupied by a and 6 cells from the total
islet area in each islet examined. The resulting calculated 13-cell
area would tend, if anything, to underestimate the effect of the
transgenic state on 13-cell destruction since the calculated area
includes some capillaries and connective tissue. Since the islet
area occupied by a and 8 cells was no different in transgenic
and nontransgenic mice, and did not change over the period of
observation, we calculated the ratio of the a and 8 cell area
compared with the total islet area. The latter ratio reduces the
variability in measured islet area that results from the section-
ing of islets at different tangents so that in the absence of
selective 13-cell destruction it remains relatively constant.

Electron Microscopy. Several 1-mm3 samples from the tail
of the pancreas were fixed in Trump's solution for 3 hr, and
either postfixed in 1% OS04, block stained with 2% uranyl
acetate, dehydrated using ethanol, and embedded in Spurr
resin (14), or dehydrated with acetone and embedded in
Quetol resin. Thin sections were etched with saturated sodium-
m-periodate for 30 min, incubated in Tris-buffered saline
(TBS)/0.1% (vol/vol) Tween 20/1% (vol/vol) goat serum/1%
(wt/vol) ovalbumin/0.15 M glycine and immunagold labeled
for IAPP: rabbit anti-human IAPP 1:1500 (Peninsula Labo-
ratories) in TBS at 37°C for 2 hr; donkey anti-rabbit-
immunoglobulin conjugated to 12 nm colloidal gold 1:300
(Jackson ImmunoResearch) in TBS/Tween for 1.5 hr. Sections
were counterstained for 15 min in uranyl acetate (Quetol only)
and for 5 min in lead citrate.

Statistical Analyses. Data are presented as mean ± SEM
(Figs. 1 B and C, and 2B, and Protocol IIb) or individual data
points (Fig. 2). Comparison of the insulin and IAPP concen-
trations between transgenic and nontransgenic mice were
made by a nonpaired, two-tailed Student's t test. Comparison

of the blood glucose concentrations with aging was made by
use of ANOVA (Protocol I), multiple regression analysis
(Protocol IIa), and nonpaired, one-tailed Student's t test
(Protocol Ilb). The relationship between the total islet area,
the calculated 1-cell area, and the fractional islet area occu-
pied by a and 6 cells versus weeks of age were examined by
regression analyses. AP value of < 0.05 was taken as evidence
of significant difference.

RESULTS
Protocol I. Hemizygous mice of the RHF line did not

develop any diabetic phenotype or glucose intolerance at any
age (up to 2 years). A homozygous line was established to
increase the expression level of the transgene. Northern blot
analysis of the resulting mice showed at least a 35% increase
of mRNA in males and a 75% increase in females compared
with their hemizygous counterparts (Fig. 1A). Between 4 and
8 weeks of age, male transgenic mice spontaneously developed
diabetes mellitus (Fig. 1B). Female transgenic mice developed
mild hyperglycemia during the 16-week period of observation
(Fig. 1B). The plasma insulin concentration was comparable in
transgenic and control mice at 8 weeks of age (both sexes). In
contrast, by 16 weeks of age in male transgenic mice, plasma
insulin concentrations were markedly lower (P < 0.01) than in
controls, despite severe hyperglycemia, implying a major 13-cell
defect (Fig. 1C). If untreated, after '16 weeks of age, many
male transgenic mice died, presumably as a consequence of
marked hyperglycemia. At 16 weeks of age, the plasma insulin
concentrations in female transgenic mice were comparable to
those in nontransgenic mice despite the presence of mild
hyperglycemia, implying a more subtle defect of insulin secre-
tion in the female transgenic mice. Plasma IAPP concentra-
tions were comparably elevated in female transgenic mice,
compared with female nontransgenic mice, at 8 and 16 weeks
of age (Fig. 1C). Plasma IAPP concentrations in male trans-
genic versus nontransgenic mice fell from 8 to 16 weeks of age
in parallel with the insulin concentrations (Fig. 1C). This
phenotype is not due to an insertion mutation because we also
observe comparable hyperglycemia in two independent lines of
transgenic rats generated with the same transgene.

Protocol Ila. Inspection of the islet of Langerhans by light
microscopy indicated that the cross-sectional islet area was
comparable in transgenic and nontransgenic mice at 5 weeks
of age. However, the mean islet area decreased significantly
(P < 0.05) in male transgenic mice (slope = -0.48 x 103 Im2
per week), but not in female transgenic mice (slope = 0.13 x
103 tLm2 per week) or control mice (slope = 0.22 x 103 Am2
per week) during the period of observation (see Fig. 3).
Morphometric analysis confirmed that this decreased islet area
in male transgenic mice was due to decreased 1 cells since
there was a corresponding decrease (P < 0.05) in the calcu-
lated 1-cell islet area in the male transgenic mice (slope
-0.50 x 103 ,Am2 per week), but not the female transgenic mice
(slope = 0.10 x 103 tLm2 per week) or control mice (slope =
0.21 x 103 tLm2 per week). The selective destruction of 13 cells
in the male transgenic mice is clearly depicted by the positive
deflection of the fraction of total islet area occupied by a and
6 cells (Fig. 2). The onset of this increase at -12 weeks of age
coincided with, or was perhaps slightly later than, the steep
increase in the blood glucose concentration that occurred at
=10 weeks of age in these mice (Fig. 2). Furthermore, the
location of a and 8 cells within an islet cross section in male
or female transgenic mice appeared to encroach from the
classical peripheral distribution to within the core of the islet
when compared with the pattern of cellular distribution in the
control mice (Fig. 3 D versus E).

Examination of islets of transgenic mice by electron micros-
copy showed five distinct features. (i) The first and most
striking abnormality detected was the frequent presence of
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FIG. 1. (A) Transgene expression
in pancreata from the nontransgenic
FVB/N background strain and from
transgenic hemizygote and homozy-
gote mice. Twin blots were prepared
from two separate gels loaded with
identical amounts of total RNA (25
,ug) in each lane. Lanes 1-3 males,
lanes 4-6 females; lanes 1 and 4,
h-IAPP transgenic hemizygote;
lanes 2 and 5, h-IAPP transgenic
homozygote; lanes 3 and 6, FVB/N
background strain. (Top) Hybridiza-
tion to the human GAPDH 3' un-
translated region portion of the
RIPHAT transgene. (Bottom) Hy-
bridization to murine ribophorin
cDNA. Quantitation of mRNA levels
in hemizygous versus homozygous
mice by phosphorimager analysis and
normalization to ribophorin expres-
sion levels indicated that transgene
mRNA levels were 35% (males) to
75% (females) higher in the homozy-
gous animals. (B) Fasting blood glu-
cose concentrations in h-IAPP trans-
genic (solid bars) and nontransgenic
(open bars) male (top) and female
(bottom) mice. The blood glucose con-
centrations were significantly higher in
h-IAPP transgenic versus nontrans-
genic mice (P < 0.001, both male and
female) from 8 weeks of age in male
mice and 14 weeks of age in female
mice (Bonferroni multiple compari-
son procedure). (C) Fed plasma insu-
lin (left) and IAPP (right) concentra-
tions in male (top) and female (bot-
tom) h-IAPP transgenic (solid bars)
and nontransgenic (open bars) mice at
8 and 16 weeks of age. The plasma
insulin concentrations were signifi-
cantly lower in male h-IAPP trans-
genic versus male nontransgenic mice
at 16 weeks of age (P < 0.01), but there
was no significant difference between
female transgenic versus nontrans-
genic mice. The plasma IAPP concen-
trations were significantly increased in
transgenic versus nontransgenic mice
at 8 weeks of age.
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FIG. 2. Fed blood glucose concentrations (top) and mean percent-

age of non-,3-cell area to total islet area (bottom) obtained from the
same mice at the time of sacrifice. All data shown in this figure are
from male h-IAPP transgenic (solid triangles) and male nontransgenic
(open circles) mice. Multiple regression analysis indicated that blood
glucose concentrations were increased (P < 0.001) in h-IAPP male
transgenic mice, and that the fractional islet area occupied by a and
8 cells was increased (P < 0.001) in the same mice.

degenerative 13 cells in male transgenic mice (Fig. 4A) starting
at 8 weeks of age consistent with the morphometric assessment
at light microscopy that implied selective destruction of cells
in male transgenic mice (Fig. 2). Non-,B cells showed no
degeneration consistent with the increased fractional area of
the islet occupied by non-13 cells as diabetes mellitus evolved.
In female transgenic mice degenerative cells were a rare

finding at the age of 5-26 weeks. (ii) Small intra- and extra-
cellular amorphous deposits of immunoreactive IAPP were
observed in male transgenic mice from 8 weeks of age (Fig.
4B). Most deposits were present inside or in the proximity of
degenerative 13 cells. The majority of deposits appeared intra-
cellular and were associated with vacuoles, vesicles, or cyto-
plasm as far as could be established in a degenerating cell.
Perivascular accumulations of immunoreactive IAPP were
very small compared with those observed in hemizygous
transgenic mice made insulin resistant (9). In female trans-
genic or control mice no intra- or extracellular deposits were
present during the 5-26 week observation period. (iii) In the
majority of the male transgenic mice amyloid was not detected
despite extensive 13-cell degenerative changes. Small amyloid
deposits of IAPP were only rarely observed in male transgenic
mice at 20 weeks of age (Fig. 4 C and D), but no Congo red
deposits were identified in male transgenic mice by light
microscopy. Amyloid was not identified in either female
transgenic or control mice aged 5-26 weeks. (iv) In both male
and female transgenic mice abnormal, faintly fibrillar (diam-
eter 8-10 nm) aggregates of IAPP were present in the insulin

FIG. 3. Islet morphology of male mice by light microscopy. (A-C)
Representative islets stained for insulin (dark is positive) from a
nontransgenic control (16 weeks old) (A) versus transgenic for h-IAPP
at 8 weeks (B) and 16 weeks (C). Note that the islet size decreased with
aging in the transgenic mice due to reduced insulin positive cell area.
(D-F) Adjacent sections of the same islets stained for both glucagon
and somatostatin: nontransgenic control 16 weeks of age (D) versus
h-IAPP transgenic at 8 weeks (E) and 16 weeks (F). Note that the
non-,3-cell area remained constant as the p3-cell area declined with
aging in the transgenic mice.

secretory vesicles from 5-26 weeks of age (Fig. 5A versus B).
These were comparable to those described previously in a
hemizygous transgenic mouse that did not develop diabetes
mellitus (8). These intravesicular IAPP aggregates were not
present in controls. (v) There was a marked decrease in the
cytoplasmic density of insulin secretory vesicles (degranula-
tion) in the male transgenic mice from 8 weeks of age (Fig. 5
C versus D). In contrast, in female mouse islets degranulation
was not present at the same age.

Protocol IIb. The female transgenic mice sacrificed at 36-41
weeks of age had spontaneously developed diabetes mellitus,
blood glucose concentration 15.3 ± 4.2 versus 5.3 ± 0.1
mmol/liter (transgenic versus controls; P < 0.05). Small Congo
red deposits were identified in some female transgenic islets by
light microscopy. By electron microscopy 3-cell degeneration
and degranulation, and both amorphous and amyloid deposits
of IAPP were detected in transgenic but not in nontransgenic
mice. The amyloid deposits found in the female transgenic
mice were larger and more frequent than those only rarely
observed in male transgenic mice at 20 weeks of age, consistent
with the absence of Congo red deposits in male transgenic
mice.

DISCUSSION
We report that homozygous transgenic mice for h-IAPP
spontaneously developed diabetes mellitus; males at -8 weeks
and 20% of females by 30 or more weeks of age. In male
transgenic mice diabetes mellitus was characterized by de-
creased plasma insulin concentrations, selective death of a
cells, and amorphous intra- and extracellular aggregates of
IAPP. Amyloid deposits were a relatively late and sparse
finding, after the development hyperglycemia. In the female
transgenic mice diabetes mellitus coincided with the presence
of 13-cell degeneration and both amorphous and amyloid
deposits of IAPP. These data support the hypothesis that
marked oversynthesis of h-IAPP by f3 cells may lead to 13-cell
death and diabetes mellitus. However, the mechanism by which
the overproduction of h-IAPP leads to cell death remains
uncertain.

Proc. Natl. Acad. Sci. USA 93 (1996)
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FIG. 4. Islet ultrastructure of h-IAPP transgenic male mice. (A) Part of a degenerative ,3 cell containing swollen mitochondria (central cell,
arrowheads). In contrast, a neighboring a cell contains normal mitochondria (top left cell, arrow) and rough endoplasmic reticulum as does adjacent
exocrine tissue (right). (B) Amorphous deposit immunoreactive for IAPP (arrowheads) in a transgenic mouse 10 weeks of age. (C) Extracellular
amyloid (arrows) immunogold labeled for IAPP in a male transgenic mouse 20 weeks of age. (D) Intracellular amyloid deposit immunoreactive
for IAPP (arrows) present in close proximity to the ,3-cell nucleus in a male transgenic mouse 20 weeks of age. (Bars = 0.5 ,im.)

Extra- and intracellular IAPP-derived amyloid deposits have
previously been associated with cell death (5, 9, 15-17).
However, the observations in male transgenic mice in which
,3-cell death was extensive when amyloid was rare or absent
imply that extensive IAPP-derived amyloid deposits are not
necessary for IAPP to cause 1-cell death. Furthermore, in
insulinoma tissue (18) and diabetes mellitus (7) extensive
extracellular amyloid deposits can be observed adjacent to
healthy f3 cells, arguing against toxicity of large deposits of
extracellular fibrils. In islets of female transgenic mice that
developed diabetes mellitus, more frequent and extensive
amyloid was observed. Thus, amyloid does not appear neces-
sary for IAPP induced 13-cell death.
Another possibility is that the h-IAPP expressed in the

transgenic mice had a direct cytotoxic effect in its soluble form.
In support of this is the observation that h-IAPP, but not rat
IAPP, is cytotoxic when applied to fetal hippocampal cells (16)
and 13 cells (17). However, because neither rat IAPP nor the
sequence of h-IAPP that differs from rat IAPP20-29 were
cytotoxic (16), it would appear that h-IAPP is probably only
cytotoxic in the structural conformation of 13-pleated sheet
polymers. The fact that other structurally unrelated amyloi-
dogenic peptides have also been shown to be cytotoxic through
a similar mechanism (19) supports the key role of the 1-pleated
sheet structure in cytotoxicity.

If h-IAPP is only toxic in the fibrillar form, then why is 13-cell
degeneration present in male transgenic mice from 8 weeks of

age in the absence of detectable amyloid? Little is yet known
about the relationship between the size of amyloid fibrils and
their cytotoxicity, and it is quite plausible that small fibrils are
more cytotoxic than large fibrils. It has recently been reported
that maturation of amyloid 13 protein into extensive amyloid
fibrils negates their cytotoxic properties (20). Small intra- and
extracellular amorphous deposits of IAPP, which may repre-
sent aggregates of immature IAPP fibrils, were present at the
same time as 1-cell death in both the male and the female
transgenic mice. However, it is not possible to distinguish
whether these amorphous IAPP aggregates cause or are due to
13-cell degeneration.

Distinct from amyloid and amorphous deposits of IAPP we
observed IAPP immunoreactive aggregates confined to the
secretory vesicles in transgenic mice. However, similar intra-
vesicular deposits are reported elsewhere in hemizygous h-
IAPP transgenic mice that did not develop diabetes mellitus
(8) and these deposits were not related temporally to cell death
in the present study. It is therefore unlikely that these intra-
vesicular aggregates of IAPP were responsible for 13-cell death
in male transgenic mice.
Another interesting observation in the present study is the

relatively late onset of diabetes mellitus in female versus male
transgenic mice. The appearance of the diabetes mellitus
phenotype in several mouse models is sexually dimorphic,
affecting males more than females (21-23), consistent with the
present study. This sexual dimorphism appears to be due to the

Medical Sciences: Janson et al.
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FIG. 5. Typical ultrastructure of h-IAPP transgenic and nontrans-
genic mouse ,B cells. (A) In a female h-IAPP transgenic mouse at 16
weeks of age the insulin secretory vesicles contain a dense core of
insulin (arrow) and a faintly fibrillar structure immunoreactive for
IAPP (arrowhead). The dense core commonly appears to have been
displaced from the fibrillar material that previously surrounded it. (B)
At the same magnification as A, the faintly fibrillar structure immu-
noreactive for IAPP is absent in a nontransgenic female mouse 26
weeks of age. (C) (3-cell degranulation in a male transgenic mouse 12
weeks of age. Note the fibrillar material in the insulin secretory
vesicles. (D) At the same magnification as C, the cytoplasm of a
nontransgenic male mouse 12 weeks of age is packed with insulin
secretory vesicles. (Bars = 0.2 ,um in A and B; 0.5 ,um in C and D.)

divergent effects of estrogens versus androgens on hepatic
estrogen sulfotransferase (23). The latter most likely acts by
causing relative insulin resistance in male versus female mice,
an effect that would be expected to enhance development of
diabetes mellitus in male mice in the present model.

In conclusion, we report a homozygous transgenic mouse
model for h-IAPP that spontaneously develops diabetes mel-
litus associated with abnormal aggregates of IAPP and 3-cell
degeneration. This mouse model provides an important tool to
investigate the role of IAPP in the pathogenesis of islet
dysfunction in NIDDM.
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