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Summary. Islet amyloid peptide (or diabetes-associated pep-
tide), the major component of pancreatic islet amyloid
found in type-2 diabetes, has been identified by electron-
microscopic immunocytochemistry in pancreatic B-cells
from five non-diabetic human subjects, and in islets from
five type-2 diabetic patients. The greatest density of immu-
noreactivity for islet amyloid peptide was found in electron-
dense regions of some lysosomal or lipofuscin bodies. The
peptide was also localised by quantification of immunogold
in the secretory granules of B-cells, and was present in cyto-
plasmic lamellar bodies. Acid phosphatase activity was also
demonstrated in these organelles. Immunoreactivity for in-
sulin was found in some lysosomes. These results suggest
that islet amyloid peptide is a constituent of normal pan-
creatic B-cells, and accumulates in lipofuscin bodies where
it is presumably partially degraded. In islets from type-2
diabetic subjects, amyloid fibrils and lipofuscin bodies in
B-cells showed immunoreactivity for the amyloid peptide.
Abnormal processing of the peptide within B-cells could
lead to the formation of islet amyloid in type-2 diabetes.
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Hyaline material in the islets of Langerhans was recognised
as a possible pathological factor in the development of dia-
betes (Opie 1901). The amorphous deposits were subse-
quently shown to be amyloid (Ehrlich and Ratner 1961)
and were unrelated to systemic amyloid discase. Islet amy-
loid has been found in up to 72% of type-2 diabetic subjects
over the age of 40 (Schneider et al. 1980). Although there
is a strong association with diabetes (Bell 1959) islet amy-
loid has been found at post-mortem in elderly non-diabetic
subjects with a prevalence of between 8-55% (Bell 1959;
Westermark et al. 1987a) and, hence, the deposits have been
considered by some to be a non-specific feature of ageing.
However, studies in a group of spontaneously diabetic mon-
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keys have shown that amyloid development precedes intol-
erance to glucose (Howard 1986), suggesting that it could
be a causative or predisposing factor to diabetes. Appear-
ance of amyloid in older subjects at post-mortem could
therefore represent subclinical prediabetic conditions.

The peptide forming the major component of the insolu-
ble islet deposits has recently been isolated and character-
ised from pancreatic tissue of type-2 diabetic subjects (Coo-
per etal. 1987; Westermark et al. 1987b). It consists of
37 amino acids and shows significant structural homology,
particularly at its C-terminal region, with calcitonin gene-
related peptide, a product of alternative gene processing
in thyroid C-cells (Fig.1) (Rosenfeld et al. 1983). There is
also a distant homology with the A-chain of insulin (Cooper
et al. 1987). The peptide has been termed either Diabetes
Associated Peptide, DAP (Clark et al. 1987; Cooper et al.
1987) since it was extracted from pancreatic tissue of dia-
betic subjects or Insulinoma Amyloid Polypeptide/Islet
Amyloid Polypeptide, IAPP, since it was extracted from
a human insulinoma and from pancreatic islets (Wester-
mark et al. 1987a, b). In this report it is called islet amyloid
peptide (IAP).

The amyloid deposits can occupy up to 80% of the
islet space and disrupt the normal islet architecture (Clark
et al. 1986). The fibrils lie between the capillaries and the
endocrine cells, closely apposed to the hormone-producing
cells and within deep invaginations of the B-cell plasma
membrane (Westermark 1973; Clark et al. 1987). These an-
atomical changes could affect the normal passage of glucose
and hormones within the islets and thereby lead to the char-
acteristic abnormalities of insulin secretion of type-2 dia-
betes. The origin of TAP is not known, but there is an
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30 37
Leu-Ser-Ser-Thr-Asn-Val-Gly-Ser-Asn-Thr-Tyr
Fig. 1. The amino acid sequence for [AP
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association of amyloid with B-cells: IAPP has been shown
to be the component peptide of amyloid from an insulinoma
(Westermark et al. 1987a), and in diabetic subjects, amyloid
is not found in the islets of the pancreatic head which con-
tain few B-cells (Clark et al. 1984).

Immunoreactivity for IAPP,_;,; and IAP,,_ 3, has been
demonstrated with light microscopy in islet B-cells of non-
diabetic subjects (Clark etal. 1987; Westermark et al.
1987a, ¢). Immunoreactivity for IAPP,_,, in feline islet
cells has been found in the halo of insulin granules (Johnson
et al. 1988) but the peptide has not been localised in human
B-cells. To establish the origin of the peptide in cells not
associated with amyloid, IAP has been identified within
B-cells from non-diabetic subjects by use of quantitative
immunogold cytochemistry and observations made on tis-
sue from five type-2 diabetic subjects. Some of the results
have been published in abstract form (Clark et al. 1988a).

Materials and methods

Pancreatic tissue

Non-diabetic subjects. Pancreatic tissue was obtained from
4 kidney donors, aged 17, 17, 17 and 44 (the pancreas being
removed at the time of organ donation) and from a surgical
partial pancreatectomy specimen resected from a man aged
65 because of a pancreatic carcinoma (normal pancreatic
tissue was obtained proximal to the localised tumour). Since
the operation the patient has been shown to have normal
glucose tolerance.

Type-2 diabetic subjects. A type-2 diabetic subject aged
67 years had a partial pancreatectomy for a suspected tu-
mour. Pancreas from the resected specimen was fixed in
4% glutaraldehyde in phosphate buffer, pH 7.4. No tumour
was detected in this patient or in the specimen.

Pancreatic tissue resected at post-mortem (2.5-20 h fol-
lowing death) from 4 type-2 diabetic subjects, aged 48—
84 years was fixed in normal saline containing 10% formal-
dehyde (formol-saline). Small specimens were removed
from the body region of the pancreas and processed for
electron microscopy.

Specimen preparation

Pancreatic tissue from the non-diabetic subjects was dis-
sected free from adipose tissue, trimmed into 2 mm cubes
and fixed in 2% paraformaldehyde, 0.5% glutaraldehyde
in cacodylate buffer, pH 7.4. Half the specimens were post-
fixed in buffered 1% osmium tetroxide. All specimens were
dehydrated through ethanol and embedded in Spurr resin
(Taab Laboratories, Reading, UK).

Immunocytochemistry

Ultrathin sections (~ 60 nm thick) of pancreatic islets were
cut from the tissue blocks and supported on nickel grids.
A rabbit polyclonal antiserum to synthetic IAP,,_ 34 raised
in our laboratory was used for immunohistochemistry. Os-
mium was removed from the sections with saturated sodium
periodate (10-30 min) and the sections incubated for 2 h
with antisera, 1: 500 dilution (IAP) or 1:1000 dilution (insu-
lin), and then for 1 h with protein A-gold (Janssen Pharma-
ceuticals, Olen, Belgium) diluted 1:50. Tissue contrast was
enhanced by staining with uranyl acetate and lead citrate

and sections examined with a Jeol-JEM 100S electron mi-
croscope.

Specificity of the antiserum to IAP was demonstrated
by preabsorbtion tests, in which immunoreactivity was not
inhibited by preabsorption overnight at 4° C with human
calcitonin gene-related peptide (10~% M) or with human
insulin (Novo Laboratories, Denmark) (10~ 8 M), but was
blocked by preabsorption with the immunogen IAP,4_;,
(5x 1077 M). Immunoreactivity to insulin was demon-
strated by use of a polyclonal antiserum to insulin (ICN
Immunobiologicals, High Wycombe, UK) raised in a
guinea-pig. Preabsorption of this antiserum with human
insulin (10~8) blocked immunoreactivity.

Histochemistry for acid phosphatase

Thin slices of one non-diabetic pancreas were prepared for
examination of acid phosphatase acitivity (Gomori 1941);
aldehyde-fixed tissue was washed in acetate buffer, pH 5.0,
and reacted with beta-glycerophosphate in lead nitrate for
10-20 min at 37° C. Electron-dense lead phosphate deposits
were formed at the site of enzyme activity. Specimens were
rinsed in acetate buffer and cacodylate buffer, pH 7.4, and
then processed by the usual method for embedding in resin.

Qantification of immunoreactivity

Photomicrographs (printed at a final magnification of
30000) were prepared of systematic randomly selected adja-
cent regions of the B-cells in a pancreatic islet (total area,
100-500 pm?). For analysis of immunogold density, the B-
cell was subdivided into granule cores, granule halos, lyso-
somal or lipofuscin bodies, mitochondria, nuclei and the
remainder of the cytoplasm. The numbers of gold grains
situated on these compartments and over extracellular
spaces were counted on the photomicrographs. The area
of each compartment was estimated by point-counting us-
ing a 1 cm quadratic lattice and the numerical density of
the gold particles was calculated for each cellular compart-
ment. Similar, low densities of immunoreactive gold were
found over extracellular spaces, nuclei and the remainder
of the cytoplasm. Binding over these regions was taken
to represent non-specific, random background deposition
of gold particles. The density of immunogold in each com-
partment was compared with this background by applica-
tion of the y? test for each individual and the paired s-test
for all subjects together.

Results

Tissue preservation was good in all surgical specimens; mi-
tochondria were intact and cellular membranes well pre-
served. In post-mortem specimens fixed in formol-saline,
intact nuclei, insulin granule cores, lipofuscin bodies and
amyloid fibrils were easily recognised, even though mem-
branes and endoplasmic reticular stucture were poorly pre-
served. Despite this, in both the surgical and post-mortem
specimens, clear immunoreactivity for IAP was found in
the islet amyloid and B-cells of the type-2 diabetic subjects
and in the B-cells from the non-diabetic subjects.

Non-diabetic subjects

In B-cells of non-diabetic subjects the highest density of
immunoreactivity for IAP was located in electron-dense re-



Fig. 2a—c. Islets of type-2 diabetic subjects showing immunoreac-
tivity for DAP. a Immunogold deposition on extracellular amyloid
(Am) enclosing unlabelled areas which possibly represent cellular
debris. Adjacent B-cells containing insulin granules (/). Bar:
0.5 um; b Enlarged region of a showing small areas of immuno-
labelled amyloid (arrows) apparently within the B-cell. Bar:
0.5 pum; ¢ Immunogold deposition on electron-dense regions of a
lipofuscin body in a post-mortem specimen fixed in 10% formol-
saline. Bar: 0.5 pm

A % A

Table 1. Clinical details of diabetic subjects

Patient Age Sex Therapy  Duration Cause
Number of diabetes  of death

1 67 M 0O/1 10 years Alive

2 84 F O 12 years Pneumonia
3 50 M O 1 year Stroke

4 76 F 0O/1 28 years MI

5 48 M I 4 years Cirrosis

The surgical specimen was obtained from Patient 1. O oral sul-
phonylurea; 7 insulin
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gions of lysosomal, lipofuscin bodies (Fig. 2a) (Table 1);
in two subjects (4 and 5) the density of immunogold over
lipofuscin bodies was 30- and 165-fold greater than over
background. However, in 3 other subjects no appreciable
IAP could be detected in lysosomes. There was considerable
structural heterogeneity among lysosomes and lipofuscin
bodies within a single cell. Many did not show immunoreac-
tivity for IAP. Multivacuolar lipofuscin bodies also had
acid phosphatase activity restricted to the electron-dense
regions. Immunoreactivity for insulin was detected within
the electron-dense regions of some lipofuscin bodies.
Multilayered membrane bodies in the cytoplasm showed
immunoreactivity for IAP (Fig. 2¢) and acid phosphatase
activity (Fig. 2b). These structures were distinct from fibril-
lar amyloid. Immunoreactive membranous bodies were
often adjacent to secretory granules (Fig. 2¢).
Immunoreactivity for IAP was present within the gran-
ules of B-cells; gold particles were located over both the
halos and dense core of the granules (Fig. 2d). Quantifica-
tion in individuals showed significant (p < 0.001) immunore-
activity over the granule halo compared with background
in each of 3 normal subjects (nos 1, 3 and 5) compared
with background as well as an overall significant increase
for the group (Table 1). In two individuals (subjects 3 and
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Table 2. Immunoreactivity for IAP in B-cells
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Subject Age Immunogold distribution
Granule core Granule halo Lysosome Background

Years Density- Area Density Area Density Area Density Area
Human
1 44 0.7 22 2.5 26 04 26 11 123
2 17 0.3 15 1.6 21 0 44 1.2 135
3 17 2.9 38 4.8 84 0 2.6 1.6 322
4 17 0.7 60 1.4 26 26 16 0.9 175
5 65 3.0° 14 332 18 102* 9 1.6 57
Mean 1.5 2.7 1.3
+SEM 1.3 1.4 0.4
Paired t-test P= 0.6 0.05
compared

with background

Immunoreactivity of IAP in B-cells expressed as the numerical density of immunogold particles over B-cell granule cores, halos, lysosomes
and background in 5 subjects. Immunogold density in gold particles/um’. Area examined in pm’

2 X? test, p<0.001, significantly greater than background for that specimen

5) but not the group as a whole, there was also significant
(p<0.001) immunoreactivity over the granule core (Ta-
ble 1). The antiserum to insulin showed, as expected, bind-
ing of gold particles over the granule cores. Acid phospha-
tase activity was noted in the halos of some B-cell granules
(Fig. 2b).

Type-2 diabetic subjects

Amyloid fibrils showed a high density of immunogold bind-
ing (Fig. 1a), and its location could be easily identified in
both the surgical specimen and the post-mortem tissue. The
amyloid was situated adjacent to both peripheral and cen-
tral capillaries in the islets and was bordered by insulin-
containing B-cells, glucagon-containing A-cells and soma-
tostatin-containing D-cells. Shafts of amyloid fibrils pene-
trated the adjacent B-cells but were not found between the
islet cells. Irregularly shaped areas resembling fragments
of cytoplasm were present within the amyloid deposits and
were not immunoreactive for IAP (Fig. 1a). Small regions
of immunoreactive amyloid fibrils were present within the
B-cell profiles and appeared to be entirely surrounded by
cytoplasm in the plane of the section (Fig. 1b). In the surgi-
cal specimen fixed in 4% glutaraldehyde little immunogold
was present on the B-cells either within the lysosomes or
associated with the densely packed insulin granules. How-
ever, immunoreactivity for AP was present within the lipo-
fuscin bodies of the B-cells in the post-mortem specimens

Fig. 3a—e. Localisation of IAP by immunogold and acid phospha-
tase in B-cells of non-diabetic human subjects. a Immunogold par-
ticles showing IAP in electron-dense areas of a lipofuscin body.
Bar: 0.5 um; b Acid phosphatase activity shown as electron-dense
areas of lead deposition in the lipofuscin body (arrow) and within
the B-cell granule halo (small arrows). Bar: 0.5 um; ¢ Acid phos-
phatase activity in a ‘lamellar body’ adjacent to a secretory gran-
ule. Bar: 20 nm; d Immunoreactivity for IAP in an intracellular
‘lamellar body’. Bar: 0.5 um; e IAP localisation in secretory gran-
ules. Bar: 0.5 pm

fixed in formol-saline (Fig. 1¢). The poor cytoplasmic pres-
ervation in the post-mortem specimens precluded accurate
quantification of immunogold.

Discussion

In B-cells of normal subjects, IAP immunoreactivity was
located in lipofuscin bodies, insulin granules, and in multi-
layered cytoplasmic ““lamellar bodies”. There was consider-
able variability of the immunoreactivity between patients
and within different cells of the same islet. In the type-2
diabetic subjects, the islet amyloid was intensely immunore-
active for IAP confirming light-microscopic results (Clark
et al. 1987), and immunoreactivity to IAP was also found
in lipofuscin bodies of islet B-cells.

The finding of immunoreactivity for IAP in lipofuscin
bodies of both diabetic and non-diabetic subjects suggests
that the peptide may be degraded by an intracellular path-
way. Acid phosphatase activity was present in similar re-
gions of the lipofuscin indicating that the peptide is present
in the biochemically active areas. Heterogeneity was
marked; some large vacuolated lipofuscin bodies showing
little enzyme activity and often no immunoreactivity for
IAP. Insoluble ceroid and lipofuscin pigments are thought
to be formed within the lysosomes from incompletely pro-
cessed material, including peroxidised lipids crosslinked to
peptides (Chio and Tappel 1969). The absence of immuno-
reactivity for IAP in all lipofuscin bodies could indicate
heterogeneity of function of the lysosomes or that degrada-
tion of the peptide has been completed or lack of availabili-
ty of the epitope due to crosslinking of side chains. Lipofus-
cin bodies are found in neonatal tissues (Mann and Yates
1974) but accumulate with age in many tissues of the body,
including the central nervous system (Mann and Yates
1974) and heart (Jayne 1950). The method of formation
of amyloid is unknown but it is possible that progressive
accumulation of intracellular lipofuscin bodies, containing
IAP or a precursor peptide, could lead to polymerisation
of IAP into insoluble amyloid fibrils and cell death. This
hypothesis is supported by the finding of apparently intra-
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cellular amyloid in B-cells of type-2 diabetic subjects and
evidence that cellular debris is present in the islet amyloid
deposits. Light microscopy has shown that amyloid deposi-
tion is associated with destruction of the islet cells in type-2
diabetes (Clark et al. 1988b).

Immunoreactivity for IAP was present within the B-cell
granule halos surrounding the dense cores of crystalline
insulin. This result is comparable to that found in feline
pancreas where immunoreactivity for IAPP was associated
with insulin granules (Johnson et al. 1988). The presence
of the amyloid peptide and insulin both in granules and
in lysosomes suggests that the two peptides are degraded
by intracellular lysosomal pathways (Halban and Wollheim
1980; Orci et al. 1984; Borg and Schnell 1986) but insoluble
residues of IAP can accumulate in lipofuscin bodies. In
the rat, mature insulin granules are incorporated into lyso-
somes, possibly by crinophagy, leading to degradation of
insulin (Meda 1978; Orci et al. 1984). It is probable that
C-peptide, betagranin and other compounds located within
the granule compartment would be similarly catabolised
and some of the products of enzyme activity recycled to
the cell. The finding of insulin immunoreactivity in human
B-cell lysosomes suggests that a similar mechanism for insu-
lin degradation is present in man.

The mechanisms regulating lysosomal uptake of insulin
granules are unknown but may be related to the cellular
concentration of mature granules: diazoxide, which inhibits
insulin secretion without affecting biosynthesis, increases
the activity of islet lysosomal enzymes (Skoglund et al.
1987) and crinophagy is increased at glucose concentrations
that are subthreshold for stimulation of insulin release
(Skoglund et al. 1987; Halban and Wollheim 1980). If the
intracellular pathway for catabolism of IAP is similar to
that of insulin, high levels of biosynthesis associated with
low plasma glucose concentrations could lead to accumula-
tion of IAP in lysosomes.

Lamellar myeloid bodies have been identified in isolated
rat islets in tissue culture (Halban et al. 1979; Zwahlen et al.
1979). These structures resemble the end products of lysoso-
mal activity found in other tissues, which are known as
residual bodies. Myeloid bodies are released from rat B-cells
by exocytosis and this is reduced by cyproheptadine, an
agent that inhibits insulin secretion (Zwahlen et al. 1979).
Immunoreactivity for IAP in lamellar bodies suggests a
membrane-bound location for the peptide or its precursor
but further identification of the nature of these bodies is
needed.

Immunoreactivity for IAP in both diabetic and non-
diabetic B-cells suggests that the amyloid peptide is derived
from a normal cellular constituent. The gene encoding hu-
man IAP has been isolated from a genomic library and
located on chromosome 12. The peptide is derived from
a larger propeptide and the predicted amino acid sequence
is identical to that of the extracted peptide with the excep-
tion that the peptide may be amidated on the carboxy termi-
nal in the native IAP (Mosselman et al. 1988). This suggests
that, unlike amyloid derived from prealbumin (Pras et al.
1983) and cystatin C (Palsdottir et al. 1988), in which a
genetically altered protein is produced, islet amyloid is
formed from the normally-occurring peptide. Identification
of more than one cDNA sequence encoding IAP by screen-
ing an insulinoma library suggests that amyloid may devel-
op by inefficient splicing of the prohormone in insulinoma
tissue (Sanke T etal. 1988). A similar situation may be

present in islet cells of type-2 diabetic subjects; aberrant
biochemical processing of IAP could be the result of a pri-
mary abnormality in the B-cell or secondary to the effects
of hyperglycaemia (e.g. during hypersecretion of insulin).
This could lead to its accumulation in the B-cell with subse-
quent formation of amyloid deposits.

Since the peptide is located in organelles showing acid
phosphatase activity it is possible that post-translational
changes could take place at acid pH or that IAP has a
role in the regulation of enzyme activity. Acid phosphatase
activity in granule halos has been reported in rats (Meda
1978) and the activity of the peptidases responsible for
cleavage of proinsulin is optimal at low pH (Orci et al.
1986; Davidson and Hutton 1987). Analysis of the cDNA
for the A4 protein from amyloid of Alzheimer’s disease
indicates a much longer precursor peptide which includes
a domain with homology with the Kunitz family of serine
protease inhibitors (Ponte et al. 1988; Carrell 1988). The
peptide of hereditary cerebral amyloidosis, cystatin C, is
also a protease inhibitor (Barrett et al. 1984). The precursor
of the Alzheimer protein has, like some other proteases,
a hydrophobic region suggesting it is membrane bound.
Since TAP is found in the halos of insulin granules and
lamellar bodies it could be membrane bound.

Decreased immunoreactivity for the islet amyloid pep-
tide (IAPP) has been reported in islets of type-2 diabetics
(Westermark et al. 1987¢). In our study, immunoreactivity
for IAP was noted in lipofuscin deposits in B-cells of five
diabetic subjects and the density of the lipofuscin bodies
corresponded with the density of immunoreactivity ob-
served with light microscopy of specimens from the same
subjects. No apparent reduction in the peptide in tissue
from type-2 diabetic subjects was noted. Since the accumu-
lation of amyloid in the pancreas might account for the
late onset of a hereditary disease, determination of the role
of the formative peptide and its localisation in normal and
diabetic pancreas may be pertinent.

Acknowledgements. We are grateful to Dr. D.V. Pow, Department
of Human Anatomy, Oxford, for technical advice and assistance
with photography, to Miss J. Vass, Biochemistry Department, Ox-
ford, for assistance with antibody production, to Mr. R.J. Britton,
John Radcliffe Hospital, Oxford, for surgical tissue, and to Mrs.
P.A. Davis for preparation of the manuscript. This work was sup-
ported by the British Diabetic Association and the Oxford Re-
gional Research Fund.

References

Barrett AJ, Davies ME, Grubb A (1984) The place of human
gamma trace (cystatin C) amongst the cysteine proteinase inhib-
itors. Biochem Biophys Res Commun 120:631-636

Bell ET (1959) Hyalinization of the islets of Langerhans in nondia-
betic individuals. Am J Pathol 35:801-805

Borg LAH, Schnell AH (1986) Lysosomes and pancreatic islet
function: intracellular insulin degradation and lysosomal trans-
formations. Diabetes Res 33:277-285

Carrel RW (1988) Alzheimer’s disease: enter a protease inhibitor.
Nature 331:478-479

Chio KS, Tappel AL (1969) Synthesis and characterization of fluo-
rescent products derived from malonaldehyde and amino acids.
Biochemistry 8:2821-2827

Clark A, Holman RR, Matthews DR, Hockaday TDR, Turner
RC (1984) Non-uniform distribution of islet amyloid in the
pancreas of ‘maturity-onset’ diabetic patients. Diabetologia
27:527-528



Clark A, Cooper GJS, Lewis CE, Morris JF, Willis AC, Reid
KBM, Turner RC (1987) Islet amyloid formed from diabetes
associated peptide may be pathogenic in type 2 diabetes. Lancet
i1:231-234

Clark A, Morris JF, Ostle LR, Edwards CA, Lewis CE, Sutton
R, Britton BJ, Cooper GJS, Turner RC, Rothbard JB (1988a)
Ultrastructural identification  of diabetes associated peptide/
islet amyloid polypeptide in secretory granules and lysosomes
of B-cells in human and monkey pancreatic islets. Diabetic Med
5:A20

Clark A, Wells CA, Buley ID, Cruickshank JK, Vanhegan RI,
Matthews DR, Cooper GJS, Holman RR, Turner RC (1988b)
Islet amyloid, increased A-cells, reduced B-cells and exocrine
fibrosis: quantitative changes in the pancreas in type 2 diabetes.
Diabetes Res 9:151-160

Cooper GJS, Willis AC, Clark A, Turner RC, Sim RB, Reid KBM
(1987) Purification and characterisation of a peptide from amy-
loid-rich pancreases of type 2 diabetic patients. Proc Natl Acad
Sci USA 84:8628-8632

Davidson HW, Hutton JC (1987) The insulin-secretory-granule
carboxypeptidase H: purification and demonstration of in-
volvement in proinsulin processing. Biochem J 245:575-585

Ehrlich JC, Ratner IM (1961) Amyloidosis of the islets of Langer-
hans. Am J Pathol 38:49-59

Gomori G (1941) Distribution of acid phosphatase in the tissues
under normal and under pathologic conditions. Arch Pathol
32:189-199

Halban PA, Wollheim CB, Blondel B, Niesor E, Renold AE (1979)
Perturbation of hormone storage and release induced by cypro-
heptadine in rat pancreatic islets in vitro. Endocrinology
104:1096-1106

Halban PA, Wollheim CB (1980) Intracellular degradation of insu-
lin stores by rat pancreatic islets in vitro: an alternative pathway
for homeostasis of pancreatic insulin content. J Biol Chem
13:6003-6006

Howard CF (1986) Longitudinal studies on the development of
diabetes in individual Macaca nigra. Diabetologia 29:301-306

Jayne EP (1950) Cytochemical studies of age pigments in the hu-
man heart. J Gerontol 5:319-325

Johnson EH, O’Brien TD, Hayden DW, Jordan K, Ghobrial
HKG, Mahoney WC, Westermark P (1988) Immunolocaliza-
tion of islet amyloid polypetide (IAPP) in pancreatic beta cells
by means of peroxidase-antiperoxidase (PAP) and protein A-
gold techniques. Am J Pathol 130:1-8

Mann DMA, Yates PO (1974) Lipoprotein pigments: their rela-
tionship to ageing in the human nervous system 1. The lipofus-
cin content of nerve cells. Brain 97:481-488

Meda P (1978) Lysosomes in normal pancreatic beta-cells. Diabe-
tologia 14:305-310

Mosselman S, Hoppener JWM, Zandberg J, van Mansfeld ADM,
Geurts van Kessel AHM, Lips CJM, Janz HS (1988) Islet amy-
loid polypeptide: identification and chromosomal localization
of the human gene FEBS Lett 239:227-232

Opie E (1901) The relation of diabetes mellitus to lesions of the

185

pancreas. Hyaline degeneration of the islets of Langerhans. J
Exp Med 5:527-540 '
Orci L, Ravazzola M, Amherdt M, Yanaihara C, Yanaihara N,
Halban P, Renold AE, Perrelet A (1984) Insulin, not C-peptide
(proinsulin) is present in crinophagic bodies of the pancreatic
B-cell. J Cell Biol 98:222-228

Orci L, Ravazzola M, Amherdt M, Madsen O, Perrelet A (1986)
Conversion of proinsulin to insulin occurs coordinately with
acidification of maturing secretory vesicles. J Cell Biol
103:2273-2281

Palsdottir A, Abrahamson M, Thorsteinsson L, Arnason A, Olafs-
son I, Grubb A, Jensson O (1988) Mutation in cystatin C gene
causes hereditary brain haemorrhage. Lancet ii: 603-604

Ponte P, Gonzalez-de-Whitt P, Schilling J, Miller J, Hus D, Green-
berg B, Davis K, Wallace W, Lieberburg I, Fuller F, Cordell
B (1988) A new A4 amyloid mRNA contains a domain homolo-
gous to serine proteinase inhibitors. Nature 331:525-527

Pras M, Prelli F, Franklin EC, Frangione B (1983) Primary struc-
ture of an amyloid prealbumin variant in familial polyneuro-
pathy of Jewish origin. Proc Natl Acad Sci USA 30:539-542

Rosenfeld MG, Mermod JJ, Amara SG, Swanson LW, Sawchenko
PE, Rivier J, Vale WW, Evans RN (1983) Production of a
novel neuropeptide encoded by the calcitonin gene via tissue-
specific RNA processing. Nature 304:129-135

Sanke T, Bell GI, Sample C, Rubenstein AH, Steiner DF (1988)
An islet amyloid peptide is derived from an 89-amino acid pre-
cursor by proteolytic processing. J Biol Chem 263:17243-17246

Schneider HM, Storkel S, Will W (1980) Das Amyloid der Langer-
hansschen Inseln und seine Beziehung zum Diabetes mellitus.
Dtsch Med Wochenschr 105:1143-1147

Skoglund G, Ahren B, Lundquist T (1987) Biochemical determina-
tion of islet lysosomal enzyme activities following crinophagy-
stimulating treatment with diazoxide in mice. Diabetes Res
6:81-84

Westermark P (1973) Fine structure of the islets of Langerhans
in insular amyloidosis. Virchows Arch [A] 359:1-8

Westermark P, Wernstedt C, Wilander E, Hayden DW, O’Brien
TD, Johnson KH (1987a) Amyloid fibrils in human insulinoma
and islets of Langerhans of the diabetic cat are derived from
a neuropeptide-like protein also present in normal islet cells.
Proc Natl Acad Sci USA 84:3881-3885

Westermark P, Wernstedt C, O’Brien TD, Hayden DW, Johnson
KH (1987b) Islet amyloid in type 2 human diabetes mellitus
and adult diabetic cats contains a novel putative polypeptide
hormone. Am J Pathol 127:414-417

Westermark P, Wilander E, Westermark GT, Johnson KH (1987¢)
Islet amyloid polypeptide-like immunoreactivity in the islet B-
cells of type 2 (non-insulin dependent) diabetic and non-dia-
betic individuals. Diabetologia 30:887-892

Zwahlen R, Richardson BP, Hauser RE (1979) The production
and elimination of myeloid bodies by cultured pancreatic islet
cells. J Ultrastruct Res 67:340-356

Accepted February 14, 1989



