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Human islet amyloid polypeptide (hIAPP) is co-se-
creted with insulin from pancreatic islet b cells. This
peptide spontaneously aggregates in the form of
fibrils, and amyloid deposits are associated with dead
or degenerating b cells, a hallmark of noninsulin-
dependent diabetes mellitus. We demonstrated that
COS-1 cells transfected with vectors expressing hIAPP
exhibited intracellular amyloid deposits that were as-
sociated with cell death (O’Brien, Butler, Kreutter,
Kane, Eberhardt, Am J Pathol 1995, 147:609–616). To
establish the mechanism of cell death, we transfected
COS-1 cells with vectors expressing amyloidogenic
hIAPP or nonamyloidogenic rat IAPP and mutant
hIAPP constructs and assayed them for markers char-
acteristic of apoptosis and necrosis by fluorescence-
activated cell sorting analysis. Amyloidogenic hIAPP-
transfected COS cells contained up to threefold more
apoptotic cells present at 96 hours after transfection
compared with the nonamyloidogenic vector con-
trols. The hIAPP-induced apoptosis was negligible at
24 and 48 hours after transfection and was maximal at
96 hours which parallels the time course of amyloi-
dogenesis. Immunohistochemical staining and confo-
cal microscopy showed that hIAPP is localized with
distinct clustering in the endoplasmic reticulum and
Golgi apparatus with no discernable extracellular
staining. These experiments provide direct evidence
that intracellular hIAPP amyloid causes cell death by
triggering apoptotic pathways. (Am J Pathol 1999,
154:1077–1088)

Islet amyloid polypeptide (IAPP, also designated amylin)
is a 37-amino acid peptide that is produced in the b cells
of the pancreas.1–3 It is co-secreted with insulin, and its
biological function is not known with certainty, although it
has been implicated in regulating insulin and glucose
metabolism.1–3 Human (h) IAPP is highly amyloidogenic,
and amyloid deposits are found in pancreata of .90% of
patients with noninsulin-dependent diabetes mellitus
(NIDDM).3 The peptide spontaneously aggregates to

form insoluble IAPP fibrils in vitro.4 Intracellular deposition
of IAPP has been shown to occur in the pancreata of
diabetic macaques and in transgenic mice expressing
hIAPP, which have been rendered insulin resistant via the
administration of growth hormone and glucocorticoids.5,6

Correlated with the presence of islet amyloid, there is a
corresponding loss of up to 50% of b-cell mass in the
pancreata of individuals with NIDDM.3,7,8 Whereas a
causative role of islet amyloid in the genesis of NIDDM
has been considered highly unlikely,9 the recent finding
that families of individuals with premature onset NIDDM
have a mutation within the IAPP gene (S20G), provides
direct evidence for a causal link between the IAPP gene
and the genesis of NIDDM.10

Exogenously added hIAPP is cytotoxic and induces
apoptosis when added to a variety of cultured cells,
including primary rat pancreatic cells, hippocampal neu-
rons, aortic endothelial cells, COS cells, and PC12 pheo-
chromocytoma cells but neither fibroblasts nor H4 hepa-
toma cells.11 We previously showed that intracellular
amyloid generated from hIAPP was associated with cell
death resembling apoptosis in COS-1 cells that have
been transfected with an hIAPP expression plasmid.12

The mechanism by which amyloid deposition leads to the
loss of pancreatic b cells is not known. One hypothesis
suggests that the IAPP monomers are secreted from the
islet b cells and, at high local concentrations, will aggre-
gate into insoluble fibrils in the extracellular spaces and
islet capillaries. These amyloid deposits subsequently
come into direct contact with the islet b cells, resulting in
their death by an unknown mechanism.11,13 However, we
showed that the level of intracellular IAPP required to kill
COS-1 cells was several orders of magnitude less than
that required in the cell culture studies,12 indicating that
intracellular amyloid formation may be more detrimental.

To eventually understand the mechanism by which
intracellular hIAPP causes cell death, we first sought to
determine whether transfected COS-1 cells were dying
by apoptosis or necrosis. In the current study we dem-
onstrate that the intracellular accumulation of amyloido-
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genic hIAPP, but not nonamyloidogenic mutant forms of
hIAPP or rat (r) IAPP, induces apoptosis in transfected
COS-1 cells in a time-dependent manner. Our data sug-
gest that hIAPP amyloid activates specific intracellular
signaling pathways that result in apoptosis.

Materials and Methods

Plasmids

The cDNAs for hIAPP, its antisense construct (hIAPPanti),
a mutant form of hIAPP (hIAPPmut), and rIAPP were
cloned into the pMT2 expression plasmid14 as described
previously.12 The pMT2 vector contains the adenovirus
major late promoter with an SV40 enhancer. The IAPP
cDNAs are cloned into an EcoRI site that attaches the
adenovirus tripartite leader sequence allowing for effi-
cient translation and positions the cDNA upstream of the
SV40 early polyadenylation signal. The hIAPPmut was
constructed via inverted polymerase chain reaction mu-
tagenesis15 using the oligonucleotides 59-CCCGTTCTC-
CCACCTACCAACGTGGGATCC-39 and 59-ACCAAAGT-
TGTTGCTGG-39 as primers with the pUC18-hIAPP
plasmid12 as template. This results in a cDNA, verified by
direct didexoy sequencing, which converts the sequence
GlyAlaIleLeuSerSer between amino acids 24–29 within
the amyloidogenic domain to the sequence GlyProVal-
LeuProPro, which corresponds to the rat sequence. The
two additional differences between the human and rat
IAPPs (His18 versus Arg18 and Phe23 versus Leu23) were
preserved in hIAPPmut (see Figure 8). The pMT2 vector
without insert served as an additional control plasmid.

Cell Culture and Transfections

COS-1 cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco-BRL, Gaithersburg, MD) sup-
plemented with 10% FetalClone II (Hyclone, Logan, UT),
100 U/ml penicillin (Gibco-BRL), 100 U/ml streptomycin
(Gibco-BRL), and 2 mmol/L L-glutamine (Gibco-BRL).
Cells were maintained at 37°C in a humidified atmo-
sphere containing 5% CO2 and passaged weekly. Sub-
confluent cells were harvested by trypsinization and 4 to
5 3 106 cells resuspended in 200 ml cold phosphate-
buffered saline (PBS), 20 mmol/L HEPES, with 10 to 15
mg of the plasmid DNA. The cells were incubated on ice
for 15 minutes, then electroporated at 900 mfarad and
250 volts in a BIO-RAD Gene Pulser (Richmond, CA) in
standard cuvettes with a 4-mm electrode gap. The elec-
troporated cells were cultured in 10 ml of medium in
10-cm tissue culture dishes. At 20 hours after transfec-
tion, the medium was replaced to remove nonadherent
cells that had been killed or injured during electropora-
tion. Positive controls for apoptosis were obtained by
treating with 0.5 mg/ml tunicamycin, an inhibitor of protein
glycosylation in the endoplasmic reticulum (ER), for 3
days.

Analysis for Plasma Membrane Alterations in
Apoptosis

Cells were harvested by trypsinization at 24, 48, 72, or 96
hours and pooled with their culture medium so that cells
that had lost their adherent properties during apoptosis
(“floaters”) were included in the analysis. Cells were pel-
leted, washed, and resuspended in 400 ml of binding
buffer (BB: 100 mmol/L HEPES (pH 7.4), 1.5 mol/L NaCl,
50 mmol/L KCl, 10 mmol/L MgCl2, 18 mmol/L CaCl2) and
100 ml of cells (1 3 106) aliquoted to 4-ml Falcon tubes for
labeling and fluorescence-activated cell sorting (FACS)
analysis. Cells were incubated with 1 mg of sample an-
nexin-V-biotin conjugate (Trevigen, Inc, Gaithersburg,
MD) at 4°C in the dark for 20 to 30 minutes, washed, and
fluorescently labeled with streptavidin-phycoerythrin (PE)
(Molecular Probes, Eugene, OR) at 1 mg of sample under
the same conditions. Labeled cells were washed and
resuspended in 400 ml of BB containing 6 mg/ml 7-amino
actinomycin-D (7-AAD, Molecular Probes) and 2% forma-
lin (Sigma, St. Louis, MO). Cells were analyzed on a
fluorescence-activated cell sorter (FACSTAR, Becton
Dickinson, San Jose, CA) within 2 hours of labeling. Data
were analyzed using the PC Lysis program (Becton Dick-
inson). FACS gating based on forward scatter and side
scatter was used to exclude cellular debris and doublets
so that typically 14,000 6 2000 out of 20,000 cells were
selected for analysis. Every experiment included control
samples that had been transfected with either the pMT2
vector or the pMT2-hIAPPanti gene.

Analysis for DNA Fragmentation by TUNEL

DNA fragmentation in transfected cells were analyzed
using the FlowTACST fluorescein isothiocyanate (FITC)
kit from Trevigen and were performed in parallel with
annexin-V labeling as described above. Briefly, 1 3 106

cells were fixed in 2% formalin for 10 minutes, washed
with PBS, and incubated in CytoporeT (Trevigen) for 10
minutes. DNA fragments were end-labeled with biotinyl-
ated nucleotides and terminal deoxynucleotidyl trans-
ferase (TdT) for 60 minutes at 37°C, then the biotinylated
ends fluorescently tagged with streptavidin-FITC for 20
minutes at room temperature. Cells were briefly fixed in
2% formalin and assayed by FACS within 2 hours. Data
were analyzed by the PC Lysis program for cells staining
positive for FITC (apoptotic) and those that are FITC
negative (nonapoptotic).

Confocal Microscopy

Cells were maintained, harvested, and transfected as
described above. Transfected cells (6 to 12 3 103 cells in
400 ml) were added to each well of 8-well culture cham-
ber slides (LabTek, Naperville, IL) that had been pre-
coated with poly-L-lysine. At 48 hours after transfection,
the cells were labeled for: 1) intracellular or extracellular
IAPP, 2) translocated phosphatidylserine (PS) residues
with annexin-V, 3) fragmented DNA with FlowTACST, 4)
specific markers of subcellular organelles by immunohis-
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tochemistry, or 5) combinations of the above. Fluores-
cently labeled cells were analyzed on a dual-beam laser
scanning confocal microscope (LSCM, model LSM310,
Zeiss, Thornwood, NY).

Labeling of intracellular IAPP on adherent cells was
accomplished by fixing the cells for 10 minutes in 3.7%
formalin, washing, then blocking for 10 minutes in PBS
containing 2 mg/ml goat globulin (NGG, Sigma) and
0.05% saponin (Sigma), designated NGG-Sap-PBS.
Cells were incubated on ice for 30 to 60 minutes in 150 ml
of a 1:2000 dilution of rabbit anti-amylin antiserum (Pen-
insula Laboratories, Belmont, CA), washed, and fluores-
cently labeled in a 1:2000 dilution of a goat anti-rabbit
antibody conjugated with the Oregon Green fluoro-
chrome (GAR-FITC, Molecular Probes). Cells were
washed, fixed with 3.7% formalin, and mounted using the
SlowFadeT Light kit (Molecular Probes). Mounted slides
were stored in the dark at 4°C and analyzed within 5
days. Labeling to detect extracellular IAPP was per-
formed using the same protocols, except saponin was
omitted from the buffer.

Dual immunohistochemical labeling to specifically de-
termine the subcellular localization of amylin was accom-
plished by co-incubating blocked cells with a 1:2000
dilution of rabbit anti-amylin antiserum and diluted mouse
monoclonal antibodies against the subcellular markers
protein disulfide isomerase (PDI), an ER resident protein,
p58, a Golgi resident protein, and Mann II, an ER/Golgi
marker protein. Anti-PDI and anti-Mann II antibodies were
diluted 1/500, and anti-p58 antibodies were diluted
1/200. Immunohistochemical labeling was in NGG-Sap-
PBS on ice for 60 minutes. Sandwich labeling was done
concurrently with GAR-FITC (for anti-amylin labeling) and
goat-anti-mouse-Rhodamine-Red (GAM-RHOD, Molecu-
lar Probes) under the same conditions. Final fix, mount,
and analysis were as described above.

To directly correlate the accumulation of intracellular
amyloid with the appearance of apoptosis markers, trans-
fected cells were double-labeled with anti-IAPP anti-
serum and either annexin-V or FlowTACST. Extracellular
PS residues were labeled first by incubating adherent
cells with 0.2 mg/sample annexin-V in BB, fixing with
ice-cold methanol for 20 minutes and blocking with NGG-
Sap-PBS. Secondary labeling of extracellular annexin-V
was accomplished by co-incubating with streptavidin-
Rhodamine-X conjugate (0.2 mg/sample) and primary la-
beling of intracellular IAPP with a 1:2000 dilution of rabbit
anti-IAPP antiserum in NGG-Sap-PBS. Secondary label-
ing of intracellular IAPP was done by incubating with a
1:2000 dilution of GAR-FITC. Labeled cells were fixed in
2% formalin, mounted (SlowFadeT), and analyzed by
LSCM, as described above.

To correlate intracellular IAPP with fragmented nuclear
DNA characteristic of apoptosis, cells were first fixed in
3.7% formalin at room temperature, and the membranes
were permeabilized by incubating in NGG-PBS (2 mg/ml)
containing either a 50:50 dilution of Neuropore (Trevigen)
or 0.05% saponin. Nuclear DNA was labeled first using
TdT and biotinylated nucleotides (FlowTacsT). Biotin-la-
beled DNA fragments were fluorescently tagged concur-
rent with labeling for intracellular IAPP by a co-incubation

with 1.5 mg/ml streptavidin-Rhodamine-X and a 1:2000
dilution of rabbit anti-amylin antibodies for 20 minutes at
room temperature. Anti-amylin antibodies were then fluo-
rescently labeled by incubation with a 1:2000 dilution of
GAR-FITC. Cells were fixed in 3.7% formalin and
mounted as described above. Mounted slides were
stored at 4°C in the dark and analyzed within 5 days.

Statistical Analyses

In all cases the data from at least three independent
experiments were subjected to multivariate analysis of
variance using a post hoc Bonferroni t-test to evaluate the
significance of individual variables in experiments con-
taining multiple variables.

Results

We previously demonstrated that intracellular amyloid
accumulation resulting from over expression of hIAPP in
COS-1 cells was associated with ultrastructural changes,
including pycnotic nuclei, suggesting that the cells were
dying by apoptosis.12 To establish the mechanism of cell
death, we constitutively expressed hIAPP and several
nonamyloidogenic forms of IAPP in COS-1 cells and an-
alyzed the cells by FACS using markers characteristic of
apoptosis (annexin-V labeling and TUNEL) and necrosis
(7-AAD). These techniques for assessment of apoptosis
are specific and reproducible and allows a quantitative
sensitivity that is far higher than can be detected by other
methods such as DNA-laddering techniques.16,17 We
also established the intracellular location of amylin accu-
mulation by scanning confocal microscopy using fluores-
cently labeled antibodies directed against amylin and
three markers of subcellular organelles. Transient ex-
pression of hIAPP in COS-1 cells was obtained by trans-
fection with the pMT2-hIAPP gene.12 As controls, pMT2-
hIAPPanti, pMT2-hIAPPmut, and pMT2-rIAPP genes were
used.12 Transfection efficiency was assessed using
green fluorescence protein expression plasmid (pGFP-
N1, Clontech, Palo Alto, CA) and by both FACS and
fluorescence microscopy at 48 or 72 hours after trans-
fection. Transfection efficiency was found to range from
45% by fluorescent microscopy to 75% by FACS in which
the differences are probably explained by differences in
detection sensitivity (data not shown).

Because amyloid has been previously shown to accu-
mulate in transfected COS-1 cells after 72 to 96 hours
and the cells only exhibited pycnotic nuclei within this
time period,12 we first examined annexin-V and 7-AAD
labeling by FACS of COS-1 cells that had been trans-
fected with the pMT2, pMT2-hIAPP, and pMT2-hIAPPanti

genes and cultured for 72 to 96 hours. Annexin-V binds to
PS residues that have undergone a translocation from the
cytoplasmic side of the plasma membrane to the extra-
cellular surface early in the apoptotic pathway.16 The
PS-bound annexin-V-biotin is then fluorescently labeled
with streptavidin-PE (lex 5 488 nm, lem 5 578 nm). The
DNA-specific fluorescent stain 7-AAD (lex 5 488 nm,
lem 5 647 nm) is excluded from live cells the membranes
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of which are intact but will leak through the compromised
membranes of cells that have died from necrosis and
those that are in the final stage of apoptosis.18 This
labeling technique allows separation of cells that are in
the early and mid stages of apoptosis (annexin positive)
from those in late apoptosis (positive for both annexin
and 7-AAD), from necrotic (7-AAD positive only), and live
cells (negative for both 7-AAD and annexin).

Representative dot plot profiles generated by FACS
analysis of transfected COS-1 cells 96 hours after trans-
fection are shown in Figure 1 in which annexin-V fluores-
cence is read on the x axis and 7-AAD on the y axis.
Figure 1, A and B are typical for cells transfected with the
control plasmids, pMT2 and pMT2-hIAPPanti, respectively
and show that approximately 90% of the cells are viable

(lower left panel) with 9.2 and 11.2% of the cells exhibit-
ing positive staining for annexin (both upper and lower
right panels), indicating they are apoptotic. These results
are consistent with the expected amount of cell death in
cultured cells and are virtually identical with those from
untransfected cell cultures (data not shown). In contrast,
cells that have been transfected with the amyloidogenic
pMT2-hIAPP gene have approximately threefold more
(29.9%) annexin positive (apoptotic) cells (Figure 1C). In
all experiments, the percentage of necrotic cells (upper
left panel) in pMT2-, pMT2-hIAPPanti-, and pMT2-hIAPP-
transfectants were virtually identical (approximately 3 to
5%), indicating that expression of neither amyloidogenic
nor nonamyloidogenic forms of IAPP cause cell death by
necrosis. It should be emphasized that because only
approximately 50% of the cells are transfected, the num-
ber of cells undergoing hIAPP-induced apoptosis ap-
proaches 60% of the transfected cells that express
hIAPP.

We next examined the time course of apoptosis in
pMT2-hIAPP- and pMT2-hIAPPanti-transfected COS-1
cells. Cells were transfected and cultured as described in
Materials and Methods and were assayed for apoptosis
by annexin-V labeling 24, 48, 72, and 96 hours later. The
histogram profiles shown in Figure 2 compares cell num-
ber on the y axis with the relative fluorescence value, ie,
annexin-V binding, on the x axis with apoptotic cells
defined by bar M1. In Figure 2 there is a time-dependent
increase in the number of apoptotic cells in pMT2-hIAPP
transfectants (Figure 2A) but not pMT2-hIAPPanti (Figure
2B). Apoptosis in both hIAPP (Figure 2A) and control
(Figure 2B) transfectants is negligible at 24 and 48 hours
transfection, but in hIAPP-expressing cells, apoptosis in-
creased to two- to threefold greater than the control at 72
and 96 hours. These data correlate with the previously
described time course for amyloid generation after trans-
fection of COS-1 cells with the pMT2-hIAPP gene in which

Figure 1. Expression of hIAPP induces apoptosis in transfected COS-1 cells.
Cells were transfected with 15 mg of pMT2 control (A), pMT2-hIAPPanti (B),
or pMT2-hIAPP (C) expression vectors as described (Materials and Methods)
and cultured in complete medium for 96 hours. Apoptosis and necrosis were
assessed by annexin-V labeling and 7-AAD staining, respectively, using FACS
analysis. Dot plot profiles for annexin-V (x axis) and 7-AAD (y axis) for each
treatment group are shown. The percentage of positive cells in the individual
quadrants are shown (upper left panel, necrotic; upper right panel, late stage
apoptosis; lower right panel, early to mid stage apoptosis).

Figure 2. Time dependent induction of apoptosis in COS-1 cells expressing
hIAPP. COS-1 cells were transfected with 15 mg of either the pMT2-hIAPP (A)
or pMT2-hIAPPanti (B) expression vectors and cultured as described (Mate-
rials and Methods). At 24, 48, 72, and 96 hours after transfection, cells were
assessed for apoptosis and necrosis by annexin-V and 7-AAD labeling with
FACS analysis. Histogram profiles for annexin-V labeling for each group are
shown with the apoptotic cells (annexin-V positive) delineated by the
bar (M1).

1080 Hiddinga and Eberhardt
AJP April 1999, Vol. 154, No. 4



amyloid was only detectable by electron microscopy at
72 to 96 hours12 and follows the intracellular expression
and accumulation of hIAPP (discussed below).

We next co-transfected cells with equimolar concen-
trations of both the pMT2-hIAPP and pMT2-hIAPPanti

genes and analyzed them for annexin-V and 7-AAD la-
beling. The rationale for these experiments was to block
hIAPP-induced apoptosis by specifically blocking hIPP
transcription with its own antisense RNA, thereby dem-
onstrating a direct link between hIAPP expression and
apoptosis. Inclusion of the antisense gene with the
hIAPP-sense gene reduced apoptosis to that of the con-
trols (Figure 3A). Both the negative (pMT2-hIAPPanti) and
positive (pMT2-hIAPPsense) controls in these experiments
behaved as previously described in Figure 1 in which
hIAPP expression results in high levels of apoptosis (25 to
30%) and control transfectants have only background
levels (10 to 12%). Immunohistochemical detection of
hIAPP showed only low level hIAPP expression in a much
smaller population of cells in COS-1 cells co-transfected
with both pMT2-hIAPPanti and pMT2-hIAPPsense vectors
than with the pMT2-hIAPPsense vector alone (Figure 4D,
discussed below). Thus, hIAPP expression is blocked by
its antisense mRNA, thereby protecting the cells from
hIAPP-induced apoptosis. These data indicate that the

apoptotic events induced in the hIAPP transfected cells is
dependent upon the specific expression of the hIAPP
protein.

Previously, we demonstrated that cells transfected with
the pMT2-rIAPP gene exhibit immunoreactive labeling for
rIAPP without evidence for fibril formation or cell death.12

Therefore, we also examined the expression of rIAPP and
hIAPPmut genes, as well as the hIAPPanti gene on cell
viability. The percentage of annexin-V positive cells in
pMT2-rIAPP or pMT2-hIAPPmut transfectants at either 72
or 96 hours after transfection is not significantly different
than cells transfected with the control pMT2-hIAPPanti or
pMT2 vectors (12%, Figure 3B). Conversely, 32% of
pMT2-hIAPP transfectants are apoptotic. These data in-
dicate that only the amyloidogenic form of hIAPP will
induce apoptosis, suggesting that a unique structure
within this molecule is responsible for triggering the ap-
optosis signaling pathway.

To verify that the analysis for apoptosis using an-
nexin-V labeling of translocated PS residues in hIAPP-
transfected COS cells is consistent with other markers
characteristic of apoptosis, we also used a technique in
which the free ends of fragmented DNA are labeled with
fluorescently tagged nucleotides (TUNEL) and analyzed
by FACS. Although TUNEL does not strictly differentiate

Figure 3. Expression of the hIAPP polypeptide and its amyloidogenic domain are required for induction of apoptosis in COS-1 cells. A: Expression of the hIAPP
antisense mRNA in COS-1 cells blocks hIAPP-induced apoptosis. COS-1 cells were transfected with the pMT2, pMT2-hIAPPanti, pMT2-hIAPP, or equimolar
concentrations of both pMT2-hIAPP and pMT2-hIAPPanti expression vectors and cultured as described (Materials and Methods). After 96 hours the cells were
assessed for apoptosis and necrosis by labeling with annexin-V (cross-hatched bars) and 7-AAD (shaded bars) and analyzed by FACS. B: Expression of hIAPP
containing its amyloidogenic domain but not a mutant hIAPP or rIAPP, lacking the amyloidogenic domain, leads to apoptosis of transfected COS-1 cells. Cells were
transfected with 15 mg of pMT2, pMT2-hIAPPanti, pMT2-hIAPP, pMT2-hIAPPmut, or pMT2-rIAPP expression vectors. Apoptosis was assessed by annexin-V binding
and FACS analysis at 72 (open bars) or 96 hours (shaded bars). The data are from three independent experiments; data marked with asterisks were statistically
different from control (P , 0.05) by multivariate analysis of variance and post hoc Bonferroni t-test.
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apoptotic cells from necrotic cells, this assay verifies that
cells are undergoing DNA fragmentation, which is char-
acteristic of apoptosis. Annexin-V labeling and TUNEL
were performed in parallel on cells from the same trans-
fection cultures and gave remarkably similar results (data
not shown). The percentage of cells that were apoptotic
in control cultures varied by less than 1% between
TUNEL and annexin-V staining (9 to 10%), and in the
hIAPP transfectants, the percentage of apoptotic cells
averaged 31% by annexin-V staining and 29% by TUNEL
at 96 hours. Because we analyzed necrosis by 7-AAD
staining in parallel samples and showed that hIAPP ex-
pression does not increase background necrosis, we are
confident that TUNEL is a reliable marker of apoptosis in
these experiments. These data confirm that the expres-
sion of amyloidogenic hIAPP in transfected COS cells
induces these cells to undergo programmed cell death
by classic apoptotic mechanisms that include both trans-
location of PS residues and fragmentation of nuclear
DNA.16,17

We wanted to identify the cellular location of the ex-
pressed hIAPP in transfected COS cells to correlate cel-
lular location with the onset of apoptotic events. Intracel-
lular expression of hIAPP was confirmed using
immunohistochemical labeling with antiamylin antiserum
in the presence of the mild detergent saponin. As addi-
tional control, cells from the same transfections were also
analyzed for apoptosis and necrosis by annexin-V and
7-AAD labeling and FACS to correlate IAPP expression
with cell death. Figure 4, A and B shows pMT2-hIAPP-
transfected cells in both phase contrast and immunoflu-
orescent microscopy. Figure 4A shows the intracellular
accumulation of amylin immunoreactivity in distinct gran-
ular structures in the immediate perinuclear region of
pMT2-hIAPP transfected cells (green fluorescence) and
that approximately one-half of the cells are labeled (com-
pare with Figure 4B). Conversely, cells that have been
transfected with the pMT2-hIAPPanti plasmid (Figure 4C)
or mock-transfected controls (data not shown) exhibit no
amylin immunoreactivity. When cells were co-transfected
with pMT2-hIAPP and pMT2-hIAPPanti plasmids, the num-
ber of cells exhibiting immunoreactive amylin was greatly
reduced, and the level of intracellular hIAPP expression
was decreased (Figure 4D), demonstrating that co-trans-
fection of the hIAPP antisense expression vector reduced
hIAPP expression significantly. Intracellular hIAPP immu-
noreactivity could be detected as early as 24 hours trans-
fection (data not shown) and is optimal at 48 hours. By 72
hours the very high immunoreactive signal and cellular
destruction by apoptosis limits the use of immunohisto-
chemical labeling and LSCM in these studies.

We also transfected COS-1 cells with the two nonamy-
loidogenic variants of IAPP mentioned previously, rat
IAPP (pMT2-rIAPP) and a mutant form of human IAPP
(pMT2-hIAPPmut), and analyzed them for expression of
intracellular amylin. Both rat IAPP (Figure 4E) and mutant
hIAPP (Figure 4F) show a pattern of immunoreactivity that
is comparable with that of hIAPP (Figure 4A) with local-
ization and clustering in the perinuclear region, whereas
the antisense control exhibits no amylin immunoreactivity
(Figure 4C). It is very interesting that although both the rat
and mutant forms of IAPP are being synthesized and
accumulate in subcellular organelles at levels compara-
ble with the amyloidogenic hIAPP, they do not induce
apoptosis as indicated by annexin-V labeling (Figure 3B,
discussed above). This data indicate that the amyloido-
genic region (amino acids 20–29) within the hIAPP
protein is unique, making it capable of triggering the
apoptotic signaling pathways, whereas the nonamyloido-
genic forms do not despite the high levels of accumula-
tion within subcellular organelles. Further evidence that
the mechanism of cell death proceeds by apoptosis was
indicated by the finding of cells exhibiting immunoreac-
tive apoptotic bodies (Figure 4G) and membrane bleb-
bing (Figure 4H). These structures are hallmark morpho-
logical features of apoptosis that represent different
stages of the organized breakdown of cells, whereby the
cellular contents are packaged in membrane-bound ap-
optotic bodies that are phagocytosed and destroyed by
neighboring cells without eliciting an immune reac-
tion.19,20

To determine that the expressed IAPP is intracellular
and not a secreted extracellular form, we performed im-
munohistochemical labeling of control pMT2-hIAPPanti-
versus pMT2-hIAPP-transfected COS cells in the pres-
ence and absence of the detergent saponin. Cells were
fixed so that insoluble, extracellular IAPP, if present,
would remain in place. In Figure 5 there is no evidence of
extracellular immunoreactivity in nonpermeabilized
pMT2-hIAPP- or pMT2-hIAPPanti-transfected cells (Figure
5, A and C, respectively) or intracellular immunoreactivity
in permeabilized control cells (Figure 5D). However, in
permeabilized pMT2-hIAPP transfectants there is a high
concentration of localized intracellular immunoreactivity
in the immediate perinuclear region (Figure 5B) clearly
demonstrating the intracellular accumulation of hIAPP.
Combined with the previous studies demonstrating that
apoptosis correlates with hIAPP expression, these data
demonstrate that apoptosis is initiated by the intracellular
accumulation of hIAPP as opposed to its secretion and
extracellular aggregation. Consistent with this interpreta-
tion, we had earlier shown that the secreted levels of

Figure 4. Immunofluorescent labeling of hIAPP, hIAPP variants, and rIAPP in COS-1 cells. Cells were transfected with the pMT2-hIAPP (A and B), pMT2-hIAPPanti

(C), and co-transfected pMT2-hIAPP and pMT2-hIAPPanti expression vectors as described in Materials and Methods and cultured in 8-well chamber slides for 48
hours. Immunofluorescent labeling on permeabilized cells was performed with rabbit anti-amylin antibodies and FITC-labeled GAR secondary antibodies. Phase
contrast (B) and immunoflouresence microscopy (A, C, and D) were performed concurrently on a Zeiss laser scanning confocal microscope. Intense
immunofluoresence (green) is seen localized in clusters in the perinuclear regions of hIAPP-expressing cells only (A). Cells were also transfected with the
nonamyloidogenic pMT2-hIAPPmut (E) or pMT2-rIAPP (F) expression vectors. After 48 hours, the permeabilized cells were labeled with rabbit anti-IAPP
antibodies and GAR-FITC to detect intracellular IAPP (Materials and Methods) by LSCM. Apoptotic bodies (G) and membrane blebbing (H) extruding from cells
undergoing apoptosis in pMT2-hIAPP-transfected COS-1 cells at 48 hours after transfection. Translocated extracellular phosphatidylserine residues were labeled
by annexin-V and Rhodamine Red fluorescence and analyzed by LSCM. Annexin positive labeling on apoptotic cells (red staining) and formation of apoptotic
bodies (arrows) are shown in G. Intracellular hIAPP is also evident in apoptotic blebs (green staining and arrows) as labeled with anti-amylin antibodies and
FITC fluorescence in H.
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hIAPP were insufficient to kill COS-1 cells.12 To test this
experimentally, we incubated COS-1 cells that had been
transfected with the control pMT2 and pMT2-hIAPP vec-
tor for 96 hours in either normal medium or conditioned
medium from COS-1 cells that had been transfected with
the pMT2-hIAPP expression vector for 96 hours. As
shown in Figure 5E, incubating COS-1 cells transfected

with pMT2 vector in conditioned medium did not induce
apoptosis. Similarly, the conditioned medium did not in-
crease the amount of apoptosis in cells that had been
transfected with the pMT2-hIAPP plasmid (Figure 5E).

Additional evidence that the intracellular accumulation
of amyloidogenic hIAPP is directly linked to apoptosis is
seen in Figure 6, which demonstrates strong amylin im-

Figure 5. Immunofluorescent labeling of amylin in permeabilized and non-
permeabilized hIAPP-expressing COS-1 cells. COS-1 cells were transfected
with the pMT2-hIAPP (A and B) or pMT2-hIAPPanti (C and D) expression
vectors and cultured in multiwell chamber slides for 72 hours. Fixed cells
were either permeabilized with 0.05% saponin (B and D) or left untreated (A
and C) prior to immunofluorescent staining with anti-amylin antibodies.
Immunofluorescent labeling (green) is seen only in permeabilized hIAPP-
expressing cells (B). Nonpermeabilized cells show no evidence of amylin
immunolabeling (A) above the background levels (C and D). E depicts a
conditioned media experiment in which the medium from pMT2 control
(CTRL) or pMT2-hIAPP (hIAPP) transfected cells was added to COS-1 cells
that were freshly transfected with pMT2 (CTRL) or pMT2-hIAPP (hIAPP)
plasmids and then incubated for 96 hours to determine whether extracel-
lular amylin/amyloid was cytotoxic. The data represent the average results
from two independent experiments and the error bars reflect the average
deviation from the mean in the two experiments.
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munoreactivity (Figure 6, A and C, green) in combination
with either annexin-V labeling (Figure 6A, red) or intense
TUNEL staining of fragmented nuclear DNA (Figure 6C,
red) in pMT2-hIAPP-transfected COS-1 cells. Conversely,
cells that have been transfected with the pMT2-hIAPPanti

plasmid have only very low levels of background staining
with either annexin-V or TUNEL (Figure 6, B and D, re-
spectively). These data link the accumulation of intracel-
lular amylin with distinct markers characteristic of apo-
ptosis in the same cell.

To establish the subcellular location of hIAPP accumu-
lation in pMT2-hIAPP-transfected cells, we performed
dual immunolabeling with antiamylin antiserum in combi-
nation with antibodies against three subcellular marker
proteins: protein disulfide isomerase (PDI) in the ER,
Mann II in the ER-Golgi, and p58 in the Golgi. The yellow
immunofluorescence (Figure 7B) demonstrates colocal-
ization of amylin (Figure 7C, green) with the Golgi marker
p58 (Figure 7A, red) in pMT2-hIAPP-transfected cells.
Intracellular amylin is not detected in either control or
nontransfected cells, although p58 immunoreactivity is
present (not shown). Likewise in Figure 7E there is clear

co-localization (yellow) of amylin immunoreactivity (Fig-
ure 7F, green) with the ER-Golgi marker Mann II (Figure
7D, red). Amylin immunoreactivity is not present in non-
transfected cells, an example of which can be seen just
above dual stained cells in Figure 7, D and E. Amylin also
co-localizes (Figure 7H, yellow) with the endoplasmic
reticulum marker, PDI (Figure 7G, red) and amylin (Figure
7I, green). These data confirm that the expression of
hIAPP in pMT2-hIAPP-transfected cells results in the ac-
cumulation of amylin immunoreactivity within the ER and
Golgi apparatus. Because the immunolabeling was per-
formed on cells 48 hours after being transfected with the
hIAPP expression vector, the subcellular accumulation of
amylin within the ER and Golgi apparatus precedes the
onset of apoptosis (72 to 96 hours).

Discussion

We previously demonstrated that over-expression of
hIAPP in transfected COS-1 cells led to intracellular ac-
cumulation of amyloid fibrils, which was associated with

Figure 6. Double labeling of intracellular hIAPP and specific markers of apoptosis is found only in hIAPP-expressing COS-1 cells. A: Intracellular accumulation
of hIAPP is associated with extracellular annexin-V labeling indicative of apoptosis in pMT2-hIAPP-transfected COS-1 cells. Extracellular annexin was fluorescently
labeled with streptavidin-rhodamine (red) and intracellular IAPP with FITC (green). The majority (.90%) of control pMT2-hIAPPanti-transfected cells (B) have
only background levels of annexin labeling; the single brightly labeled cell in B is undergoing apoptosis. Intracellular accumulation of hIAPP (green) is also
associated with TUNEL labeling of fragmented DNA (red) in the nucleus of pMT2-hIAPP- (C) but not control pMT2-transfected cells (D). Double labeling of
adherent COS-1 cells was performed as described in Materials and Methods.
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cell death.12 In the present study, using fluorescent mark-
ers of apoptosis and/or necrosis coupled with FACS anal-
ysis in conjunction with immunohistochemical labeling
and LSCM analysis of amylin and subcellular marker
proteins, we demonstrate that hIAPP-transfected COS-1
cells are dying by apoptosis triggered by intracellular
hIAPP. These data suggest that intracellular amyloid ini-
tiates a cascade of intracellular signaling events that
trigger the apoptotic pathway.

Significant amounts of hIAPP immunoreactivity were
detected in both the ER and Golgi apparatus by 48 hours
after transfection of COS-1 cells with the pMT2-hIAPP
gene (Figure 7), although electron microscopy revealed
that the cells exhibited intact plasma membranes and
intracellular organelle structures with normal chromatin
patterns and lacked evidence for amyloid formation.12

Conversely, at 96 hours the hIAPP-transfected cells ex-
hibited intense intracellular hIAPP immunogold labeling
associated with intracellular amyloid, highly condensed
chromatin and disrupted plasma membranes, all charac-
teristic of apoptotic cells.12 In the current study, signifi-
cant apoptosis was induced at 72 to 96 hours but not at
earlier time points (Figures 1 to 3), indicating that amyloid
formation is correlated with and precedes the induction of
apoptosis. Although the expression and accumulation of

hIAPPmut and rIAPP within the ER is comparable with that
of the amyloidogenic hIAPP (Figure 4),12 neither of these
proteins is cytotoxic as indicated by annexin-V and
7-AAD labeling (Figure 3). In addition, hIAPPmut reverts
the amyloidogenic domain of hIAPP between amino ac-
ids 20 and 294 (Figure 8, GAIL), to the nonamyloidogenic
domain of the rIAPP peptide while preserving the two
other amino acid differences between these two species.
Thus the amyloidogenic domain of hIAPP must be re-
sponsible for activation of the apoptotic signaling events.
Our data provide evidence that the accumulation of amy-
loid within the ER and/or Golgi apparatus provides a
specific stimulus for the induction of apoptosis. Whereas
further work will be required to ascertain the nature of this
signal, a likely starting point might well be the various ER
quality control mechanisms that insure the orderly traf-
ficking of correctly folded polypeptides. Such mecha-
nisms include the unfolded protein response21,22 and ER

Figure 7. Intracellular accumulation of hIAPP in COS-1 cells is found co-localized with both Golgi- and ER-specific markers. Dual immunolabeling with antibodies
against the Golgi p58K marker protein (A), Mann II ER-Golgi marker (D), or the ER marker, PDI (G), and anti-amylin (green in C, F, and I), demonstrates a
co-localization with both ER and Golgi markers (yellow in B, E, and H). Immunolabeling was performed on COS-1 cells 48 hours after transfection with
pMT2-hIAPP and pMT2-hIAPPanti control plasmids. Permeabilized cells were concurrently labeled with rabbit anti-IAPP and mouse anti-marker antibodies, then
sandwich labeled with GAR-FITC and GAM-RHOD, and analyzed by LSCM (Materials and Methods).

Figure 8. Amino acid sequences of hIAPP, hIAPPmut, and rIAPP. The amy-
loidogenic domain of hIAPP, GAILSS4, is indicated in bold.
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overload response pathways.23,24,25 Both of these path-
ways provide for the induction of ER chaperones, includ-
ing Bip/Grp78, Grp94, calnexin, calreticulin, peptidyl
prolyl isomerase, and protein disulfide isomerase that are
involved in protein folding.26 In addition, the degradation
of malfolded proteins by the ubiquitin-proteosome path-
way is an essential component of the ER quality control
systems, and the regulation of this pathway also involves
molecular chaperones.27,28 Some preliminary evidence
for the involvement of these quality control pathways in
the regulation of amyloid already exists. For example, in
the studies of human insulinomas, which provided the
first evidence for intracellular IAPP amyloid formation,
ubiquitin immunoreactivity was observed as punctate in-
tracellular labeling in association with intracellular as well
as extracellular amyloid deposits.29 In addition, we have
demonstrated previously that small heat shock proteins
inhibit the in vitro formation of amyloid by the Alzheimer
Ab1–42 polypeptide, suggesting that chaperones might
be involved in inhibiting the formation of certain peptide
conformations that lead to amyloid formation.30

While the exact mechanism of b-cell death in NIDDM is
unknown and the role of amyloid in b-cell death is con-
troversial,3,9 the present studies suggest that intracellular
amyloid-induced apoptosis may contribute to the loss of
b-cell mass in NIDDM. Recent evidence that strongly
supports a direct role of IAPP in the genesis of NIDDM is
the finding that a missense mutation of the IAPP gene
(S20G) is associated with early onset ($35 years) NIDDM
in a high proportion of individuals carrying the mutation.10

Thus NIDDM bears similarities to Alzheimer disease in
which rare mutations of the APP gene are associated with
early onset disease and increased amyloid deposition in
the brains of afflicted individuals.31–33

A number of investigators have examined hIAPP ex-
pression in transgenic mice and have observed conflict-
ing results. Janson et al34 reported that transgenic mice
homozygous for the hIAPP gene (RHF-hIAPP1/1) express
high levels of hIAPP and spontaneously develop diabetes
mellitus. In the RHF-hIAPP1/1 mice amyloid deposits are
not observed, but intra- and extra-cellular amorphous
aggregates of hIAPP are present, suggesting that struc-
tural forms of hIAPP in addition to or other than amyloid
may be cytotoxic.34 Treatment of the hemizygous RHF-
hIAPP1/2 mice with growth hormone and dexamethasone
to induce insulin resistance for 4 weeks did cause islet
amyloidosis, including intra- and extra-cellular deposits
that preceded b-cell dysfunction;6 however, the un-
treated RHF-hIAPP1/2 mice did not spontaneously de-
velop any signs of pancreatic dysfunction or glucose
intolerance.6,34 D’Alessio et al35 reported initially that
their transgenic mice lacked islet amyloid deposits but
had higher levels of islet insulin and proinsulin.36 Inter-
estingly, when these animals were moved to another
institution and subjected to a change in diet, extensive
islet amyloid deposits were observed in male transgenic
mice that were older than 13 months but were only ob-
served in 11% of the female mice.13 In these animals, half
of those that had islet amyloid deposits were hypergly-
cemic with plasma glucose levels .11 mmol/L. In
younger animals (6 to 9 months), islet amyloid deposits

were rarely observed; however, their occurrence was
associated with severe hyperglycemia with plasma glu-
cose levels .22 mmol/L.13 Two other studies of trans-
genic animals expressing hIAPP were largely negative
with failure to demonstrate islet amyloid or effect changes
in circulating glucose levels.37,38 In one of these studies,
some amyloid in secretory granules was observed.38 In
the other study, when the islets were cultured in vitro in
relatively high concentrations of glucose (11 to 22 mmol/
L), amyloid was observed to develop within 7 days.37

More recently, Soeller et al,39 crossed RHF-hIAPP1/2 with
the insulin-resistant agouti viable yellow (Avy/a) mice, and
the resultant hybrids developed a slow onset form of
diabetes that was associated with the accumulation of
islet amyloid and a reduction of b-cell mass. Taken to-
gether, these studies support the hypothesis that islet
amyloid plays a role in b-cell dysfunction that leads to
hyperglycemia; however, other factors, including the ab-
solute levels of IAPP expression, the specific conforma-
tion of the IAPP aggregates, diet, and insulin resistance
appear to play important conditional roles in the devel-
opment of these abnormalities.

Because the cell destruction that occurs in NIDDM
appears to be confined solely to the b cells, the concept
that the cells are killed through an intracellular apoptotic
mechanism is attractive, as apoptosis would be expected
to minimize inflammatory effects that could damage the
surrounding tissue. Whereas much work remains to un-
ravel the mysteries of hIAPP-induced cell death, this COS
cell model will be useful in establishing the intracellular
signaling pathway that leads to apoptosis and provide
insights about the mechanisms by which intracellular
amyloid exerts its cytotoxic action.
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