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Summary

Assessment of the histopathological and plasma biochemical characteristics of dia-

betic and non-diabetic rat strains [Han and AP Wistar, lean and obese Zucker Fatty

(ZF), and lean and obese Zucker Diabetic Fatty (ZDF) rats] was performed at 6 or

14 weeks of age. Wistar and lean ZF and ZDF rats showed no or minimal islet

pathology or plasma biochemical alterations at both timepoints. Obese ZFs were

euglycaemic at both timepoints and mildly and severely hyperinsulinaemic at 6 and

14 weeks respectively. Islet morphology was normal at 6 weeks but at 14 weeks,

islet hyperplasia was present with a minority showing degenerative changes namely,

b-cell vacuolation, vascular congestion and haemorrhage with minimal mononuclear

cell and T lymphocytic infiltration. Obese ZDFs were euglycaemic and moderately

hyperinsulinaemic at 6 weeks and severely hyperglycaemic with minor hypoinsulina-

emia at 14 weeks. Obese ZDFs at 6 weeks showed mainly normal islets with some

displaying degeneration (ranging from b-cell vacuolation alone to the features

described above). At 14 weeks, islet degeneration was more severe and widespread:

b-cell death was present in numerous islets at low level. Islet b-cell numbers were

reduced or absent (with associated reduction in insulin immunostaining) within the

islets that now consisted predominantly of fibroblasts, collagen and mononuclear

cells. Fibroproliferation consisting of smooth muscle actin-a-positive tissue was asso-

ciated with mononuclear cell infiltration. Some fibrous scars were visible indicative

of lost islets. Islet degeneration in obese ZF and ZDF rats was not accompanied by a

reduction in b-cell proliferation or in compensatory proliferation of b-cell neogenic

clusters. In the light of recent reports of adaptive and inflammation-mediated degen-

erative changes in human non-insulin dependent diabetes mellitus (NIDDM) islets,

the hypertrophy ⁄ hyperplasia of b-cells and islet degeneration involving infiltration by

monocyte ⁄ macrophages in obese ZF and obese ZDF rats respectively offers substan-

tial potential for elucidation of the processes involved.
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The incidence of obesity-associated, non-insulin dependent

diabetes mellitus (NIDDM) has become a modern health

issue of global importance (Shimabukuro et al. 1998).

Numerous adverse influences, mainly of hyperglycaemia and

hyperlipidaemia have been recognised to affect b-cell meta-

bolic pathways and islet functional integrity both directly

and indirectly (Stefan et al. 1982; Clark et al. 1988; Zhou

et al. 2000; Listenberger et al. 2003; Poitout & Robertson

2008). The key to understanding the nature of this impor-

tant human disease has been assessment of functional and

morphological alterations of islets and their causes, but few

studies on non-diabetics and diabetics have been performed

due to issues of tissue availability and rapid pancreatic dete-

rioration post mortem. As a consequence, literature reports

have been affected by generally low patient numbers, vari-

able gender distribution, duration and severity of disease

and variation in treatment regimes (Stefan et al. 1982;

Rahier et al. 1983; Kloppel et al. 1985). Kloppel et al.

(1985) reported that in NIDDM, b-cells are always present,

irrespective of the severity and duration of the disease indic-

ative of a secretory defect rather than functionally deficient

b-cell mass. Furthermore, in autopsy samples from obese,

insulin resistant, hyperinsulinaemic individuals, substantially

increased b-cell mass (60%), indicative of prediabetic func-

tional adaptation is evident. Following the development of

NIDDM, not only are islet number and total b-cell volume

reduced significantly, but other islet endocrine cell cohorts

are also similarly diminished. The characteristic features of

islet morphology in insulin resistance and overt diabetes are

islet hypertrophy ⁄ hyperplasia and degeneration respectively.

In large part, due to the relative inaccessibility of human

pancreatic tissue acquisition, the focus of investigations on

this disease has been in animals and has intensified signifi-

cantly since the recognition and development of a number of

rodent models of NIDDM that permit access to and investi-

gation of the cellular and molecular processes involved. The

obese Zucker Fatty (ZF) and obese Zucker Diabetic Fatty

(ZDF) rat strains are characterised by a leptin receptor

mutation that renders leptin signal detection ineffective lead-

ing to hyperphagia, hyperleptinaemia, insulin resistance,

diabetes and obesity (Clark et al. 1983). Obese ZFs and

obese ZDFs are euglycaemic at 5–6 weeks but obese ZDFs

become increasingly hyperglycaemic and hypoinsulinaemic,

develop diabetes at about 10 weeks with progressive islet

failure, eventually dying at 30+ weeks of age due to diabe-

tes-related issues (Clark et al. 1983; Tokuyama et al. 1995;

Janssen et al. 1999).

Our primary focus has been on understanding changes in

islets of Langerhans of non-diabetic animals (namely Han

and AP Wistar, lean ZF and lean ZDF rats) during islet

adaptation and eventual failure in those strains (namely

obese ZF and obese ZDF rats) that undergo age-related loss

of glucose homeostasis due to insulin resistance and diabe-

tes. The characterisation of the degree of variation between

islets of Langerhans of individual animals and the rat strains

assessed was important to our investigation due to parallel

in vitro assessments on isolated islets, and was done

using histopathological, immunohistochemical and plasma

biochemical approaches. In this regard, acquisition of an

understanding of inter-strain variation in intra- and inter-

animal islet characteristics was an important goal.

Materials and methods

Animals and husbandry

Four strains of rats were used in this study namely, AP Wistar

(Alderley Park, AstraZeneca Pharmaceuticals, Macclesfield,

UK), Han-Wistar (Charles River, Margate, Kent, UK), lean

and obese ZFs (Alderley Park colony) and lean and obese

ZDFs (Charles River Laboratories, Indianapolis, IN, USA).

The lean ZFs and lean ZDF rats were homozygous and het-

erozygous respectively, based on in-house genotyping. All

animals were male, were maintained on sawdust in smooth

bottomed plastic cages, permitted free access to standard diet

(SDS modified R&M No 1, Special Diet Services, Witham,

Essex, UK) and potable drinking water in a climate-con-

trolled room (maintained at 20 �C, 12 h dark ⁄ light cycle with

approximately 70% relative humidity). Five rats of a single

strain were housed in each cage and entered the study at

5 weeks of age to allow a 1 week acclimatisation period. All

animals were used in the fed state with no fasting period

employed. Ten animals of each strain were used and main-

tained until they were either 6 or 14 weeks old: at each time,

five were terminated by terminal narcosis via CO2 ⁄ O2 inhala-

tion and a heart-puncture blood sample taken into EDTA.

Pancreas was removed and fixed by immersion in 10% neu-

tral buffered formalin for 24–48 h before standard processing

and embedding in paraffin wax. The pancreas was embedded

to demonstrate the head ⁄ tail orientation and to maximise the

area of tissue sections (3–4 lm thick), which were stained

with haematoxylin and eosin and examined by light micro-

scopy for subsequent histopathological examination.

Immunohistochemistry

Histochemical demonstration of fibrous tissue was per-

formed using Masson’s Trichrome stain (Pearse 1985).

Insulin immunohistochemistry was used to identify b

cells, assess their density (percent b cells ⁄ islet area) and
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distribution in islets, location and characteristics of b cell

neogenic clusters. Insulin combined with Ki67 immunohisto-

chemistry was used for determination of b cell replicative

rate. Mononuclear cell infiltrates were stained with an anti-

ED1 antibody (110 kDa single chain glycoprotein present in

the outer membrane of monocyte ⁄ macrophage lysosomes,

CD68 homologous) in order to identify these cells and dis-

tinguish them from other inflammatory cells and fibroblasts

that were present in the same tissues. Possible lymphocytic

presence in these infiltrates was determined by CD3 and

CD79a immunohistochemistry for T- and B-lymphocytes

respectively. Immunostaining for smooth muscle actin-a

(SMA-a) was performed in order to assess altered islet

vascularisation and the identity of cells involved in islet mes-

enchymal proliferation ⁄ fibrosis.

For all immunohistochemical techniques, pancreatic sec-

tions were dewaxed in xylene and rehydrated through graded

alcohols to water. When necessary, antigen retrieval was per-

formed by microwave at 110 �C for 2 min in EDTA buffer at

pH 8 using the Milestone RHS2 microwave (Milestone

RHS-2, Sorisole, Italy) with pressure vessel followed by wash-

ing of sections in water before being placed onto a Labvision

Immunostainer (Thermo Fisher Scientific, Runcorn, UK)

where the remainder of the immunohistochemical staining

was performed. Sections were first washed in Tris buffered

saline with 0.05% Tween (TBST) followed by blockade of

endogenous peroxidase with 3% hydrogen peroxide in TBST

for 10 min. Another TBST wash preceded incubation of sec-

tions for 20 min with a 1:20 normal serum block in TBST or

Dako Protein Block (X0909; Dako Denmark A/S, Glostrup,

Denmark), followed by application of primary antibody,

performed with a technique appropriate for each antibody,

followed by another TBST wash and visualized with DAB (or

with a combination of DAB and Vector SG for dual labelling)

for 10 min. Following a water wash, sections were counter-

stained in Carazzi’s haematoxylin for 1 min washed in water

for 5 min and coverslipped. All dilutions were in TBST.

Insulin immunohistochemistry was performed (without

antigen retrieval) using a guinea pig anti-insulin primary

antibody (Dako, A0564) diluted 1:50, followed by a biotiny-

lated swine anti-goat ⁄ mouse ⁄ rabbit secondary antibody

(Dako, E0453) diluted 1:200 and a strept-ABC ⁄ HRP kit

(Dako, K0377). Immunostaining for ED1 required high tem-

perature antigen retrieval and was performed using a mono-

clonal mouse anti-rat ED1 primary antibody (MCA341R;

AbD Serotec, Kidlington, UK) diluted 1:200 for 60 min. Im-

munostaining for SMA-a was performed without antigen

retrieval using monoclonal mouse anti SMA-a (A2547;

Sigma Aldrich Company Ltd, Gillingham, UK at 1:1000) for

30 min. Both ED1 and aSMA were detected with mouse

Envision-HRP kit (Dako, K4007) for 30 min. CD3 and

CD79a immunostaining required high temperature antigen

retrieval. CD3 was performed using a polyclonal rabbit anti-

CD3 (18-0102; Invitrogen Ltd, Paisley, UK) diluted 1:50 for

60 min and detected with rabbit EnVision-HRP (Dako,

K4011) for 30 min. CD79a was performed using a mono-

clonal mouse anti-CD79a (ab3121; Abcam plc, Cambridge,

UK) diluted 1:200, followed by a rabbit anti mouse second-

ary antibody (Dako, Z0456) diluted 1:400 and detected with

rabbit EnVision-HRP for 30 min.

For dual IHC labelling of insulin and Ki67, the method

for insulin described above was used first, except that Vector

SG (SK-4700; Vector Laboratories, Peterborough, UK for

5 min) was substituted for DAB. Prior to application of the

reagents for the second antibody, sections were washed in

water and microwaved at 110 �C for 2 min (EDTA buffer

pH 8.0). After cooling, sections were washed in water, and

placed on a Labvision immunostainer, which applied hydro-

gen peroxide for 10 min, followed by a 5 min wash in TBST

and 20 min incubation with Dako Protein Block (Dako,

X0909). The protein block was blown off the sections

before the monoclonal mouse anti-rat Ki67 antibody (MM1,

Vector, VP-K452) diluted 1:50 in TBST was applied for 2 h.

Detection of Ki-67 was performed using a mouse peroxidase

anti-peroxidase IgG method at 1:50 dilution for 30 min and,

after a TBST wash, sections were immersed in Dako DAB

kit for 10 min and counterstained with Carazzi’s haemat-

oxylin for 1 min.

Omission of the primary IgG on sections of 6 weeks old

Han Wistar pancreatic tissues was included as negative con-

trol.

Insulin immunopositivity was visualised as brown staining

of b cell cytoplasm. In dual-stained preparations of insulin

and Ki67, insulin staining was defined by grey Vector SG

positive cytoplasm and Ki67 positivity by a DAB-positive

(brown) nucleus.

Image analysis

Islets were defined as clusters of seven or more b cells in

association with other morphologically identifiable endocrine

cells. All data were obtained from sections immunostained

either for insulin alone, or, double stained insulin ⁄ Ki67.

Islet image capture was performed using a MRc5 camera

(Axiocam; Carl Zeiss Ltd, Welwyn Garden City, UK) from a

Leica DMRB microscope (·20 objective) and analysed using

KS400 3.0 software. Light source intensity and image hue,

brightness and saturation were standardised. Islets were

identified and images stored. Individual islet perimeters, islet

size, total islet cell number, number and area of insulin
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positive (b) cells and the percentage of islet insulin staining

(IPIA, %) were semi-automatedly determined. All insulin-

positive cells in tissue sections were counted, including

faintly positive cells seen in 14-week-old ZDF rats. The total

number of Ki67- and insulin-positive cells in islets was

counted and the cell replication fraction calculated as a per-

centage of the total number of insulin positive cells.

Aggregates of b cells generated via neogenesis (neogenic

clusters) were defined as insulin positive clusters of two to

fifteen b cells present in the exocrine pancreas that were not

associated with other islet (hormone) cells (Rosenberg 1995)

and were assessed by the method of Paris et al. (2003).

Briefly, the total area of pancreatic sections immunostained

for insulin alone was measured using KS400 3.0 software by

manual drawing to define islet perimeter and the total

number of neogenic clusters counted and expressed as the

number per tissue area (N ⁄ cm2) in one section per animal.

Student’s t-test with two tailed distribution was used to

calculate the significance of differences between groups.

Plasma biochemistry

Blood (1 ml) was taken into EDTA-coated tubes and sepa-

rated by centrifugation at 1200–1500 g, 4 �C for 10 min.

The plasma fraction was removed into a sample cup for clin-

ical chemistry analysis (approximately 400 ll) and 1.5 ml

micro tubes for insulin analysis (100 ll). Plasma levels of

glucose, lactate, non-esterified fatty acids (NEFA), triglycer-

ide, cholesterol and fructosamine were assayed by photomet-

ric analysis on a Roche P800 Modular analyser (Roche

Diagnostics, Burgess Hill, West Sussex, UK) in accordance

with the manufacturer’s guidelines.

Plasma insulin levels were assessed by enzyme-linked

immunosorbent assay (ELISA) using the commercially

available Mercodia Ultrasensitive Rat Insulin ELISA kit,

(Mercodia AB, Uppsala, Sweden) in accordance with the

manufacturer’s instructions. Briefly, plates pre-coated with

insulin-specific antibodies were incubated with plasma

sample prior to detection using a peroxidase-conjugated sec-

ondary antibody and substrate to provide a colorimetric

endpoint.

Results

Plasma biochemistry

Data for the 6 and 14 weeks samples are presented in

Table 1.

Table 1 Plasma biochemistry at 6 and 14 weeks

6 weeks

AP HW Lean ZF Obese ZF Lean ZDF Obese ZDF

Glucose (mM) 9.54 ± 0.79 10.6 ± 0.42 8.54 ± 0.27 10.3 ± 0.76 8.56 ± 0.45 8.18 ± 0.62

Insulin (ng ⁄ ml) 1.10 ± 0.20� 1.24 ± 0.23� 0.67 ± 0.13� 2.76 ± 0.48� 0.30 ± 0.03� 10.6 ± 2.78��

Free fatty acids (mM) 0.21 ± 0.04 0.22 ± 0.04 0.13 ± 0.02 0.14 ± 0.04 0.20 ± 0.02 0.20 ± 0.04

Triglycerides (mM) 1.01 ± 0.09� 1.23 ± 0.15 0.54 ± 0.03� 1.32 ± 0.04� 0.84 ± 0.08� 3.06 ± 0.25��

Cholesterol (mM) 2.80 ± 0.21 1.84 ± 0.22� 2.10 ± 0.04� 3.32 ± 0.15� 2.92 ± 0.11 3.42 ± 0.16�

Fructosamine (lM) 126 ± 3.6� 125 ± 2.9� 123 ± 1.5� 143 ± 2.6� 125 ± 1.6� 139 ± 2.6�

Lactate (mM) 4.41 ± 0.57 6.13 ± 0.43 3.24 ± 0.49� 5.22 ± 0.35 3.98 ± 0.42 4.97 ± 0.41

14 weeks

AP HW Lean ZF Obese ZF Lean ZDF Obese ZDF

Glucose (mM) 7.86 ± 0.61 9.20 ± 1.04� 6.62 ± 0.34* 6.48 ± 0.54* 7.94 ± 0.49 32.5 ± 1.6*��

Insulin (ng ⁄ ml) 3.28 ± 0.42*� 4.68 ± 1.87� 2.06 ± 0.34*� 37.7 ± 11*� 0.70 ± 0.14*� 2.94 ± 0.2*��

Free fatty acids (mM) 0.12 ± 0.03 0.24 ± 0.05 0.13 ± 0.01 0.15 ± 0.02 0.36 ± 0.04*� 0.46 ± 0.1*�

Triglycerides(mM) 1.73 ± 0.10* 2.18 ± 0.45 0.71 ± 0.12 1.49 ± 0.68 1.45 ± 0.12* 3.62 ± 0.2�

Cholesterol (mM) 2.98 ± 0.25*� 1.76 ± 0.12*� 1.96 ± 0.10� 7.80 ± 1.8*� 2.72 ± 0.18� 4.52 ± 0.3*��

Fructosamine (lM) 137 ± 1* 133 ± 5 116 ± 1* 147 ± 2 124 ± 3 258.8 ± 9.1*��

Lactate (mM) 4.78 ± 0.39 5.84 ± 0.64 3.33 ± 0.34� 5.63 ± 0.45� 3.09 ± 0.48� 3.60 ± 0.5�

*P value of <0.05 vs. 6 weeks equivalent.
�P value of <0.05 vs. lean equivalent.
�P value of <0.05 vs. obese ZF.
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6 weeks. Minor differences only were present in blood

parameters between non-diabetic AP and HW strains. Mean

plasma insulin concentration of all rat strains with the

exception of obese ZFs and obese ZDFs was within the

range of 0.3–1.2 ng ⁄ ml. Plasma insulin was raised slightly in

obese ZF rats above HW values (2.2·) but was substantially

elevated in obese ZDF rats (8.6·). Mean plasma glucose

concentration of all rat strains was within the range of 8.2–

10.6 mmol ⁄ l. Obese ZDF and ZF rats at 6 weeks were

euglycaemic with glucose values of 8.2 and 10.4 mmol ⁄ l
respectively. Lean ZFs and ZDFs displayed significantly

lower values of insulin and triglycerides by comparison with

all other strains except obese ZDFs, which exhibited 2–3·
higher triglycerides than HW. Free fatty acids were within

the range 0.13–0.72 nM in all strains, no elevation seen in

either obese ZF or, obese ZDF rats. Other values were not

notably altered outside the inter-strain range.

14 weeks. Mean plasma insulin concentration of all rat

strains, with the exception of obese ZFs was within the

range of 0.7–4.7 ng ⁄ ml demonstrating a small age-related

increase. Obese ZFs showed a group mean hyperinsulina-

emia of 32.8 ng ⁄ l, whereas the insulin concentration of

obese ZDF rats displayed a moderate reduction to 2.9 ng ⁄ l

at 14 weeks (10.6 ng ⁄ l at 6 weeks). Glucose values were

unchanged in all strains except in obese ZDFs, which exhib-

ited a 4· increase by comparison with their euglycaemic

values at 6 weeks. In general, free fatty acids and triglycer-

ide values showed minor differences by comparison with

6 weeks samples but in both ZDF strains, free fatty acids

were significantly elevated above mean values for other

groups at this later time. Triglycerides were elevated mildly

in obese ZDFs only. Cholesterol was raised in obese ZF and

ZDF rats by approximately 4· and 1.6· respectively, by

comparison with levels in corresponding lean strains. Plasma

fructosamine was raised (2·) in obese ZDF rats by compari-

son with their 6 weeks old counterparts. The mean plasma

triglycerides concentration in obese ZDF rats was

3.6 mmol ⁄ l, which represented a significant elevation above

that seen in other obese and lean strains at 14 weeks.

Other values were not notably altered outside the inter-

strain range of values.

Pathology

AP and Han Wistar rats. Islets of both strains showed no

pathology at either 6 or 14 weeks (Figure 1). Typically,

(a) (b)

(d)

(c)

Figure 1 Non-diabetic rat (Han Wistar) islet characteristics. (a) 14 weeks, normal appearance of islet showing a central core of b
cells enveloped by a peripheral, largely continuous mantle of non- b cell endocrine cells (H&E), (b) 14 weeks, anti-insulin IHC show-

ing diffuse, homogeneous distribution of insulin in b cells only. Note the presence of small clusters of b cells and the clear differences

between the central, b cell core and the peripheral, non-b cell endocrine cells, (c) 14 weeks, macrophage infiltration into islets is

almost absent, with few present in peri-ductal and perivascular locations (ED1, IHC), (d) 14 weeks, virtual absence of significant

fibrous tissue ⁄ collagen in islets and present in peri-vascular locations (Masson’s Trichrome).
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islets consisted of small, rounded aggregates of mildly eosin-

ophilic cells, the regular periphery of which displayed a

more or less continuous, monolayer of small a (glucagon), c

(pancreatic polypeptide) and d cells (somatostatin) about the

central mass of larger b-cells (insulin). The number of b-cells

in the majority of small islets was usually less than 30, but

in a few larger islets that were occasionally associated with

exocrine ducts, their numbers were substantially greater.

Islet insulin immunostaining at both times was consistently

intense and homogeneous both within and between islets

and showed only minor variation between individual b cells.

Mononuclear cell ⁄ macrophage infiltration (ED1 positive)

and fibrous tissue (Masson’s Trichrome stain) were minor

features and associated always with islet vasculature at both

timepoints. SMA-a immunostaining was present consistently

in vascular media, pericytes and in periductal myofibroblasts

and ⁄ or smooth muscle cells at both timepoints. Masson’s

Trichrome staining demonstrated no differences in distribu-

tion or amount of intra-islet fibrous tissue at the times

examined. No extravascular T or B lymphocytes were pres-

ent in islets at any time.

Lean and obese Zucker rats. Lean ZF rats showed no islet

pathology at either 6 or 14 weeks. At 6 weeks, obese ZF

islets did not show pathological features. However, at

14 weeks, substantial changes were apparent in that both

adaptive and degenerative alterations were present together

(Figure 2). Commonly, the islet population in individual ani-

mals was heterogeneous in that some small islets appeared

normal, others were hypertrophic ⁄ hyperplastic (adaptation)

and displayed irregular outlines whilst a minority, were

degenerative. The adaptive changes were either, of a purely

hyperplastic ⁄ hypertrophic nature with numerous islets being

considerably enlarged or, these features were coincident in

islets that displayed degenerative features of variable sever-

ity. Degenerative changes were characterised by b-cell vacu-

olation and commonly, recent haemorrhage into islet tissue

from quite markedly dilated blood vessels. In the absence of

haemosiderin pigmentation, it is possible that haemorrhage

was due to post mortem tissue handling with associated

mechanical damage to abnormally delicate blood vessels.

Additionally, monocyte infiltration into, but most frequently,

circumferentially around islets was observed in very few

instances within a tissue section and was often associated

with numerous large SMA-a-positive cells with prominent

fusiform nuclei and few, smaller fibroblasts: this tissue

resembling active fibroproliferation. Hypertrophic ⁄ hyper-

plastic islets also showed increased fibrous tissue deposition

(Masson Trichrome stain and SMA-a-positive) in association

with vascular distribution that displayed a reticular pattern,

effectively separating b cells into groups (Figure 2f). The

features of individual islet degeneration, its incidence and

severity showed considerable intra- and inter-animal varia-

tion. A similar, variable multifocal distribution of islet

fibrosis of minor severity was focussed in perivascular or

periductal locations. It was striking that the majority of

islets at this time appeared normal with only a few showing

the changes described above.

Insulin immunostaining in lean ZF rats at both ages and

obese ZFs at 6 weeks was identical with that seen in AP or

Han Wistar animals; all islets, irrespective of size showing

intense, homogeneous distribution. However, at 14 weeks,

the pattern of insulin staining in obese ZF rats, had chan-

ged significantly with neogenic b cell clusters and smaller

islets displaying an intense, uniform immunopositivity

whilst larger islets (including those showing degenerative

features), exhibiting a heterogeneous staining pattern char-

acterised by intense or pale insulin immunostaining of indi-

vidual b cells. SMA-a immunostaining of lean ZFs at both

timepoints and obese ZFs at 6 weeks showed no change as

compared with AP or Han Wistars. At 14 weeks, obese

ZFs displayed increased, highly variable SMA-a islet tissue

immunostaining, which occasionally was very substantial,

and was seen in the majority of islets in all animals. The

staining defined the fibrous ⁄ vascular tracts that separated

small aggregates of b cells in the majority of islets as well

as the fibrous tissue that was a feature of a minority of

islets at this time. In those few islets exhibiting peripheral

aggregates of ED1-positive mononuclear cells, the associ-

ated tissue was strongly SMA-a-positive. Neither CD3 nor

CD79a-positive lymphocytes were present in any islets

examined although these were present in adjacent lymph

nodes when present, the former also being seen in occa-

sional pancreatitic lesions.

Lean and obese ZDF rats. No pathological changes in islet

morphology were evident in lean ZDFs at either 6 or

14 weeks. By comparison with lean ZDFs, obese ZDF ani-

mals showed substantial changes in islet morphology at

6 weeks (Figure 3). The majority of islets in all animals were

mildly enlarged, showed hypertrophy ⁄ hyperplasia, with

slightly irregular contours and slight compression of adjacent

exocrine tissue. Mononuclear cell infiltration (ED1 immuno-

staining) was generally minimal and was not associated with

diffuse b-cell vacuolation that was present in many islets at

this time. However, in a few islets, the degenerative changes

observed were much more severe and identical to those

described above for obese ZF rats at 14 weeks. Islet vascular

congestion with some recent haemorrhage was a striking

feature of numerous islets in these animals.
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It is noteworthy that at 14 weeks, more islets showed lesions

of substantially greater severity than those seen at 6 weeks or

in obese ZFs. The predominant feature was that of consider-

able intra- and inter-animal variation in degrees of islet degen-

eration, with the hypertrophy ⁄ hyperplasia observed previously

at 6 weeks being largely reduced. Additionally, apoptotic

death was present more commonly, though at very low

incidence. Occasionally, the extent of degeneration was such

that b-cells were markedly reduced in numbers or appeared

absent within the islet that now consisted of fibroblasts, fibrous

connective tissue and very few ED1-positive mononuclear

cells. In a few instances, fibrous scars were visible, indicative of

lost islets. At this time, the irregular appearance of most islets

was not associated with b-cell hypertrophy ⁄ hyperplasia, but

was due to recruitment of mononuclear cells, substantially

elevated numbers of fibroblasts and collagen deposition. Very

few T (CD3) lymphocytes were present in islet-associated

mononuclear cell infiltrates (Figure 3j), with typically only a

few present in the entire pancreas section. No B (CD79a)

lymphocytes were observed.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 2 Islet characteristics of Zucker Fatty (ZF) rats. (a) 14 weeks, with multiple hyperplastic ⁄ hypertrophic islets, one of which

(arrow) and at higher magnification, (b) illustrates the differences between islets in degree of mononuclear cell infiltration, vascular

congestion ⁄ haemorrhage and fibrous tissue present (H&E), (c) 6 weeks, intense diffuse insulin staining compared with (d) 14 weeks,

in this hypertrophic ⁄ hyperplastic islet, b cells are separated into groups by increased interstitial tissue and insulin staining is generally

paler and more heterogeneous, (e) 14 weeks, two adjacent islets showing substantially different mononuclear infiltration, which in

the smaller islet, is focussed principally around the periphery and illustrates the spectrum of islet changes in these animals (ED1), (f)

14 weeks, hypertrophic islet with increased fibrous tissue separating b cells into groups (Masson’s Trichrome), (g) 6 weeks, sparse

islet SMA staining; note vascular associated staining, (h) 14 weeks, two adjacent islets show different degrees of SMA staining associ-

ated with islet periphery, inter b cell perivascular tissue and in extra-islet periductal and vascular locations, (i) 14 weeks, islet periph-

ery with active SMA-positive mesenchymal proliferation.

294 H.B. Jones et al.

� 2010 The Authors

Journal compilation � 2010 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 91, 288–301



(a) (b) (c)

(d) (e) (f)

(g) (h)

(j)

(i)

Figure 3 Islet characteristics of Zucker Diabetic Fatty (ZDF) rats. (a) 6 weeks, two islets showing substantially different appearances.

On the right, this hypertrophic islet shows compression of adjacent exocrine tissue, vascular congestion ⁄ haemorrhage is prominent

and peripheral endocrine cells are segregated into linear clusters. The left islet shows similar congestion ⁄ haemorrhage and b cells are

vacuolated. The striking feature of this islet, that distinguishes it from its neighbour is the peri-islet layer of mononuclear cells and

fibrous tissue, these being largely absent from the interior. Some b cell loss is also present as hyperchromatic cell debris. (Note that

the changes observed in these islets are similar to those present in ZF islets, at 14 weeks, H&E), (b) 6 weeks, increased magnification

of islet showing substantial, diffuse b cell vacuolation, b cell death inter-lacing, thin skeins of fibrous tissue and vascular congestion ⁄
haemorrhage (H&E), (c) 14 weeks, degenerate islet showing reduced b cell numbers, b cell vacuolation and degeneration (arrows)

and numerous mesenchymal cells (H&E), (d) 6 weeks, substantial degeneration in this islet showing depleted numbers of b cells and

heterogeneous insulin immunostaining, illustrating the rapidity of onset of degenerative changes in this strain, (e) 14 weeks, diffuse

islet degeneration showing reduced and heterogeneous insulin staining in all islets, (f) 6 weeks, peri-islet monocyte ⁄ macrophage distri-

bution illustrating the often substantial infiltration at this time (ED1), (g) 14 weeks, monocyte ⁄ macrophage infiltration almost absent

in this severely degenerate islet which shows very few b cells, islet tissue replaced with fibrous tissue (ED1), (h) 14 weeks, abundant

collagen distribution in two degenerate islets (arrows) and interconnecting in adjacent areas (Masson’s Trichrome), (i) 14 weeks,

severely degenerate islet showing little SMA immunopositivity of the islet, but present in islet pericytes and extra-islet vascular

smooth muscle, (j) few T (CD3 positive) lymphocytes (arrows) in peri-islet fibroproliferative tissue.
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Insulin immunostaining of neogenic clusters, small and

large islets in 6 weeks old obese ZDF rats showed a hetero-

geneous pattern. At 14 weeks, b cells were substantially

reduced in numbers (those remaining being widely separated

by interstitial tissue) and displayed marked differences in

staining intensity, very few being intensely brown whilst the

majority were very lightly stained indicative of hyper-secre-

tion. In obese ZDFs at 6 weeks, in the majority of islets,

SMA-a immunostaining, was as seen in AP and Han

Wistars, the remainder showing substantially increased inter

b cellular staining of islet tissue. This SMA-a immunostain-

ing of islet fibrous tissue seen at this time was absent at

14 weeks although all extra-islet tissue components (vascu-

lar, periductal) that normally stained positive for SMA were

stained, representing a striking difference in islet condition

between this strain and others. By comparison, Masson Tri-

chrome-positive fibrous tissue staining in these older animals

was markedly increased in both intra- and extra-islet tissue

indicative of substantial collagen deposition.

b cell replication. b cell replication as shown by Ki67

expression showed an age-related reduction in all rat strains

(Table 2). AP and HW rats showed 5.9· and 3.8· decreases

respectively, with similar reductions seen in both lean and

obese ZDF rats. Lean ZF rats showed the greatest reduction

of approximately 13· from an initial level of 4% at 6 weeks

to 0.29% at 14 weeks. Obese ZF rats maintained a high b

cell replicative rate at 14 weeks, with an age-related reduc-

tion of 0.5· between 6 and 14 weeks as compared with AP

rats of the same age.

b cell neogenic clusters. b cell neogenesis was significantly

higher in all rat strains at 6 weeks by comparison with

14 weeks and highest in 6 weeks HW rats at 2.1 ⁄ cm2. All

strains showed no significant difference from AP or HW rats

at 6 weeks with the exception of obese ZDF rats (lower). At

14 weeks, lean ZF, lean ZDF and obese ZDF rats showed

significantly lower b cell neogenesis than AP rats. This

reduction was most marked in 14 weeks obese ZDF rats in

which b cell neogenesis was less than 30% of other rat

strains at this time and showed a 5.5· decrease at 14 weeks

compared with the low value seen at 6 weeks.

Mean islet size. With the exception of obese ZF rats, no

significant change in mean islet size was observed between 6

and 14 weeks in all rat strains. At 14 weeks, obese ZF rats

showed a 2.5· increase in mean islet size and were approxi-

mately 1.5–2· larger than in the majority of other strains,

with the exception of obese ZDF rats at this time, which

were of similar dimensions.

Insulin-Positive Islet Area (IPIA). IPIA varied from 28 to

46% in all strains except obese ZDF rats at both time points.

Obese ZDF rats showed a statistically significant and mark-

edly lower IPIA at 6 and 14 weeks of 18% and 10% respec-

tively by comparison with all other strains. No significant

Table 2 Islet parameters at 6 and 14 weeks

6 weeks

AP HW Lean ZF Obese ZF Lean ZDF Obese ZDF

b cell replication (%) 2.52 ± 0.43 1.8 ± 0.49 4.0 ± 0.55 2.9 ± 0.34� 1.5 ± 0.26 � 1.9 ± 0.32

Neogenic islet clusters (N ⁄ cm2 pancreas) 1.7 ± 0.19 2.1 ± 0.20 1.1 ± 0.15 1.8 ± 0.24 1.1 ± 0.20 0.66 ± 0.10�

Mean islet size (mm2) 0.91 ± 0.08 0.98 ± 0.09 0.95 ± 0.27 0.76 ± 0.16 0.71 ± 0.12 1.71 ±0.29

Insulin positive islet area (%) 37 ± 1.6 41 ± 9.7 44 ± 2.0 44 ± 5.7 28 ± 7.1 18 ± 4.1�

Islet b cell density (no. ⁄ mm2) 62 ± 3 72 ± 5 66 ± 5 64 ± 4 62 ± 3 38 ± 4 ��

14 weeks

AP HW Lean ZF Obese ZF Lean ZDF Obese ZDF

b cell replication (%) 0.43 ± 0.11*� 0.47 ± 0.08* 0.29 ± 0.10*� 1.6 ± 0.47� 0.51 ± 0.14*� 0.63 ± 0.22*

Neogenic islet clusters (N ⁄ cm2 pancreas) 1.1 ± 0.04 0.87 ± 0.11* 0.68 ± 0.06* 0.99 ± 0.05*� 0.6 ± 0.04� 0.12 ± 0.04*��

Mean islet size (mm2) 1.21 ± 0.17 � 1.21 ± 0.19� 1.14 ± 0.16� 1.89 ± 0.18*� 1.06 ± 0.20 1.87 ± 0.34

Insulin positive islet area (%) 44 ± 2.2� 34 ± 4.1 34 ± 1.3 * 32 ± 2.1 46 ± 2.1*� 10 ± 0.7��

Islet b cell density (no. ⁄ mm2) 64 ± 3 67 ± 4� 57 ± 3 47 ± 3* 61 ± 3 29 ± 1*�

*P value of <0.05 vs. 6 weeks equivalent.
�P value of <0.05 vs. lean equivalent.
�P value of <0.05 vs. obese ZF.
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increase in IPIA was observed in any strain between 6 and

14 weeks. Lean ZF rats showed a slight age-related reduction

in IPIA from 44% at 6 weeks to 34% at 14 weeks.

Islet b cell density. There were approximately 62–72 b

cells ⁄ mm2 (mean values) in all rat strains at 6 weeks with

the exception of obese ZDF rats, which showed a substantial

reduction in islet b cell density of almost half that in other

strains (38 ⁄ mm2). In obese ZDFs, significant further reduc-

tions were observed at 14 weeks when b cell density was

decreased to 29 ⁄ mm2. A statistically significant decrease in b

cell density was also observed in obese ZF rats at 14 weeks

compared with the 6 weeks value. Furthermore, b cell den-

sity was decreased slightly at 14 weeks in obese ZF rats

compared with HW rats at this time.

Discussion

This study focussed on the plasma biochemical and morpho-

logical characteristics of islets of Langerhans in 6 or 14 weeks

old diabetic and non-diabetic strains of rat, maintained on

standard diet. These ages were selected as they represent

pre-diabetic and diabetic conditions in the obese ZDF rat

(Peterson et al. 1990). No significant morphological differ-

ences were observed in AP, HW, lean ZF and lean ZDF

animals at either timepoint. However, the lean ZF and ZDFs

displayed minor changes in some plasma chemistry parame-

ters at both timepoints namely, lowered plasma insulin and

triglycerides. Lean ZFs showed lowered free fatty acids,

although in lean ZDFs these were normal or mildly increased.

Hypoinsulinaemia in these animals may be directly related to

low plasma triglycerides and ⁄ or free fatty acids and explained

by control of or, reduction in lipotoxic influences on b-cells

(Unger 2002). Indeed, evidence in support of this notion is

provided by reduction of hyperlipacidaemia and hyperlipida-

emia through controlling hyperphagia of obese ZDFs: pair

feeding with lean littermates reduced all b-cell abnormalities

and prevented hyperglycaemia. (Ohneda et al. 1995).

Obese ZFs at 6 weeks were euglycaemic and showed only

a minor increase in plasma insulin with no changes in islet

morphology or insulin immunostaining pattern. Islet param-

eters in general, were not significantly altered from other

strains. By comparison, at 14 weeks, these animals remained

euglycaemic, had become markedly hyperinsulinaemic and

morphologically, showed several islet appearances, princi-

pally of hypertrophy ⁄ hyperplasia, whilst a minority of islets

were degenerative. The increased level of insulin resistance

in this strain is regarded as the stimulus for these adaptive

(hypertrophic ⁄ hyperplastic) islet changes to maintain glucose

homeostasis and euglycaemia (Bonner-Weir 2001) and repre-

sents a valid model of islet adaptation in human insulin

resistance and associated hyperglycaemia. Given the bio-

chemical evidence, the heterogeneous islet morphologies

present are an interesting feature, as clearly, all islets do not

respond in the same way and at the same time to blood-

borne, chemical messengers of systemic tissue glucose

utilisation. In these animals, the physiological outcome of

euglycaemia is constructed upon a base of marked hyperin-

sulinaemia (approximately 8–11· HW or AP) due to b-cell

hypertrophy ⁄ hyperplasia. The key features of the majority of

islets at this time was the substantial elevation in Ki67-

assessed b-cell replication which was several fold that in AP,

HW and lean ZFs, in conjunction with reduced islet b-cell

density, reduced IPIA and mildly increased mean islet size.

In our study, no markers of b-cell apoptosis were employed

to evaluate the balance between recruitment to and loss

from this population due to the relatively few b-cells present

in tissue sections, but it is clear that the other measures

employed support a view of substantially increased b-cell

turnover (Bonner-Weir 2001).

Obese ZDFs displayed moderate hyperinsulinaemia and

euglycaemia at 6 weeks but at 14 weeks this profile had

reversed such that the animals were hyperglycaemic and

slightly hypoinsulinaemic by comparison with HW or AP

rats. The morphology of the majority of islets in these

animals at 6 weeks reflects the plasma chemistry profiles, as

islets were generally hypertrophic with a small minority

only, showing combined hypertrophy and degenerative

changes and which would appear to account for the moder-

ate hyperinsulinaemia observed. Whilst, b-cell replication

was similar to that in HW or APs, mean islet size was about

double that of non-diabetic rat islets and IPIA and islet

b-cell density were substantially reduced, being approxi-

mately 50% of values in these other strains. This evident

disparity is accounted for by increased and variable islet

inflammatory cell infiltration and fibrosis. Neogenic b-cell

clusters were substantially reduced by comparison with

non-diabetic controls. At 14 weeks, islet degeneration had

progressed to such a degree that insufficient insulin was

generated by the remaining b-cells as demonstrated by

immunohistochemistry and consequently, hyperglycaemia

was substantial in these animals (32.5 mM, approximately

four fold greater than APs). b-cell replication was substan-

tially reduced by comparison with obese ZDFs at 6 weeks

and similar to that in non-diabetic controls at 14 weeks.

Whilst mean islet size remained significantly increased by

comparison with non-diabetic controls, IPIA, islet b-cell

density and the incidence of neogenic b-cell clusters were all

substantially reduced. In contrast, islet fibrosis, as indicated

by Masson Trichrome staining was often substantial.
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Our observations of increased b-cell degeneration and

death in obese ZDFs and obese ZFs with reduction both in

insulin immunostaining and in viable islet tissue accord with

those of several investigators (Pick et al. 1998; Janssen et al.

2001, 2003). However, by comparison with studies such as

those of Pick et al. (1998), four important differences

between non-diabetic control rats and obese ZFs and ZDFs

are notable in the present study, although the latter strain

exhibit these changes earlier and to a greater severity.

Firstly, substantial islet morphological heterogeneity, sec-

ondly, increased vascular dilatation and congestion with

recent haemorrhage and occasionally, some pigment in obese

ZDFs, thirdly, the often substantial infiltration of mainly

ED1-positive mononuclear cells (with some T lymphocytes)

into and around islets, fourthly, elevated fibrosis seen in a

minority of islets often associated with and following peri-

islet mononuclear cell infiltration and distinct from the retic-

ular pattern of fibrosis that accompanies neovascularisation

during adaptive hypertrophy ⁄ hyperplasia.

Islet vascular changes were present only in obese animals,

were most prominent in obese ZDFs and showed substantial

intra- and inter-animal variation. Three spontaneously dia-

betic rat strains namely Goto-Kakisaki (GK), Spontaneously

Diabetic Torii and Otsuka Long-Evans Tokushima fatty

(OLETF) rats also display vascular and blood flow altera-

tions during development of the disease (Atef et al. 1992,

1994; Carlsson et al. 1997; Mizuno et al. 1999; Iwase et al.

2002; Masuyama et al. 2004; Svensson et al. 2006; Homo-

Delarche et al. 2006). Jansson and Hellerstrom (1986)

demonstrated that intra-carotid infusion of glucose into

adult Sprague-Dawley rats, induced rapid increase in plasma

insulin and islet blood flow (without any alteration in pan-

creatic blood flow) and concluded that islet insulin release

was mediated via systemic glucose concentrations whilst islet

blood flow was controlled via plasma glucose-induced vagal

cholinergic stimulation. Atef et al. (1992) showed that

obese, hyperglycaemic rats have a higher islet blood flow

and are hyperinsulinaemic by comparison with their lean

counterparts and implicated both parasympathetic and sym-

pathetic influences in this control. The regulation of islet

blood flow is complex and depends upon balanced vasocon-

striction and vasodilatation involving numerous factors. NO

is a potent endothelium-derived vasodilating agent generated

in noradrenergic, non-cholinergic nerves terminating on

vascular smooth muscle cells. NO generation is catalysed by

nitric oxide synthase (constitutively expressed in peripheral

nerves, the CNS and endothelial cells and inducible in many

cell types including islet cells and inflammatory cells) and its

islet vasodilating effects are reversed by inhibition of NO

synthase through NG-nitro-l-arginine (Svensson et al. 2006).

It is plausible therefore that the vascular changes seen in our

study are related, at least in part, to sustained hyperglyca-

emia and hyperlipacidaemia. Indeed, Shimabukuro et al.

(1997) demonstrated that FFA-induced suppression of insu-

lin release in prediabetic ZDF islets in vitro was character-

ised by substantial NO release by comparison with controls

and associated with upregulated iNOS mRNA. These

changes are effectively reversed by nicotinamide and amino-

guanidine, potent NO-lowering agents, as their administra-

tion to prediabetic ZDF rats prevents islet iNOS expression,

decreased b-cell dysfunction and blocked b-cell destruction

and hyperglycaemia. Endothelial functional perturbation is a

characteristic feature of diabetes and responsible for signifi-

cant pathologies in different systems. Hyperglycaemia acti-

vates islet endothelial cells and induces generation of islet

proinflammatory cytokines resulting in recruitment of leuco-

cytes (Morigi et al. 1998; Booth et al. 2001; Takaishi et al.

2003). Exacerbation of these inflammatory events occurs by

activated macrophage release of extra cellular matrix-related

molecules, inflammatory cytokines, growth factors and

chemokines (Shanmugam et al. 2003; Devaraj et al. 2005;

Donath et al. 2008).

Common to both ZF and ZDF rats was the key morpho-

logical feature of islet degeneration namely, mononuclear

cell infiltration that either preceded or coincided with fibro-

proliferation leading to mature fibrous tissue and was signifi-

cantly more prominent in the latter strain. Notably, this

inflammatory cell infiltration is free of polymorphonuclear

neutrophils in any islet examined, regardless of condition,

distinguishing it clearly from an acute inflammatory

response to a necrotic stimulus. However, it does occasion-

ally contain a very small number of T lymphocytes sugges-

tive of an inflammatory and not an autoimmune response.

The fibroproliferation observed was different from that seen

during islet adaptation by b cell hypertrophy ⁄ hyperplasia, in

which sparse fibrous tracts associated with neovascularisa-

tion, separated b-cells into groups. Initially, almost pure

populations of mononuclear inflammatory cells pervaded the

islet margin and often lay between adjacent exocrine tissue

and the outermost layers of islet tissue. These ED1-positive

cells constituted a population of monocytes that in some

instances appeared in association with a vigorous prolifera-

tion of mixed SMA-a-positive mesenchymal cells that may

include macrophages, smooth muscle cells, pericytes and

myofibroblasts (Gabbiani 2003; Hinz et al. 2007). The

variation between islets in their display of ED1-positive

mononuclear cells and fibroproliferation was substantial.

Manifestly, all islets were dissimilar in this regard;

adjacent islets often showing substantial variation in inflam-

matory cell association and both adaptive and reactive
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fibroproliferation. The spectrum of islet degeneration that

initially displayed mononuclear cell infiltration with fibro-

proliferation and fibrosis, with sequential loss of markers of

these processes, culminated in fibrotic islet remnants (scars).

Numerous elements of this pattern of islet failure have also

been seen in another diabetic rat strain, the GK rat (Homo-

Delarche et al. 2006). These workers compared non-diabetic

Wistar and GK rats at 1, 2 and 4 months using histological,

immunohistochemical and gene expression analysis with

Affymetrix microarrays and found no significant histological

alterations in islets of 1-month-old Wistar or GK rats. How-

ever, at 2 months (after 1 month of mild hyperglycaemia)

considerable increases were noted, most significantly in infil-

tration of macrophages, degree of fibrosis and extent of vas-

cularization. These findings accord with those of our study

of obese rat islets in which increased vascularization ⁄ fibrosis

between intra-islet b-cell clusters occurred in obese ZF and

ZDF rats during islet hypertrophic adaptation in physiologi-

cal conditions of mild hyperglycaemia, islet fibrosis progress-

ing during the duration of hyperglycaemia. Moreover, of 71

genes found to be over-expressed in 4-month-old GK rat

islets, 24% and 34% respectively belonged to extra cellular

matrix ⁄ cell adhesion and inflammatory ⁄ immune response

families. In a synthesis of the morphological and genetic

events occurring in the GK rat during islet failure, Homo-

Delarche et al. (2006) suggested that the primary events are

likely to occur in the intra- and peri-islet vascular endothe-

lial and smooth muscle cells in their secretion of cytokine

production and adhesion molecule expression leading to

attraction and migration of inflammatory cells (Morigi et al.

1998; Booth et al. 2001; Takaishi et al. 2003). Activated

macrophages generate chemokines, extracellular matrix mol-

ecules, proinflammatory cytokines and growth factors

(Nathan 1987; Homo-Delarche & Drexhage 2004). Further-

more, hyperglycaemia stimulates monocyte ⁄ macrophage

secretion of numerous proinflammatory factors such as inter-

leukins (IL)-1 and -6, tumour necrosis factor a and trans-

forming growth factor b1. In this context, neutralisation of

the proinflammatory effects of IL1-b by antibody adminis-

tration in hyperglycaemic, diet induced obese mice (Osborn

et al. 2008) and an IL1-b antagonist in type II diabetic

patients (Larsen et al. 2007) resulted in improved glycaemic

control and b-cell function with lowered circulating inflam-

matory markers. These stimuli and proinflammatory influ-

ences on cell recruitment and function and their direct

relationship to glycaemia differentiate the diabetic from the

non-diabetic rat strains assessed in our study. These findings

in this rat strain are resonant of recent work that has dem-

onstrated the presence of CD68+ macrophages in the islets

of human NIDDM patients (Ehses et al. 2007; Richardson

et al. 2009). These workers demonstrated that although few

macrophages were present in the islets of NIDDM patients,

significantly greater numbers were seen by comparison with

non-diabetic age-matched controls. Hyperglycaemia-induced

IL1-b secretion by human b-cells occurring prior to leuco-

cyte infiltration and substantial b-cell death and later, fibro-

sis, pathognemonic of late stage chronic inflammation has

been described by Donath et al. (2008, 2009) and Ehses

et al. (2009) and brings into sharp focus the importance of

islet inflammation in human diabetes. The numerous intra-

and extra-islet processes relating to cause and effect of

human islet inflammatory processes in NIDDM are reflected

by similar changes in islets of obese ZDF rats and other

obese rodents and may offer investigative opportunities in

their dissection.

The focus of this report has been the stark differences

in islet characteristics of non-diabetic and diabetic Wistar-

derived rat strains. We have demonstrated substantial

vascular and inflammatory changes in islets of insulin resis-

tant and diabetic strains that are absent in non-diabetic

strains. However, the primary feature(s) that confers upon

certain islets a predisposition to inflammatory cell ingress

and consequent further degeneration and fibrosis remains

unknown. This characteristic of these islets in diabetic

strains of rat may offer insight into the pathogenesis of

NIDDM. Whether or not endothelial cell or islet blood

flow perturbations, b-cell or endothelial cell inflammatory

mediator secretion, extracellular matrix glycation products

(Brownlee 1995; Wautier & Guillausseau 2001), islet b-cell

functional integrity ⁄ activity or other influences are primar-

ily involved in individual islet susceptibility is an important

issue.
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