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Summary. The aim of this study was to observe the ultra- 
structural events, during the onset of diabetes mellitus 
in the low-dose streptozocin (LDS)-treated mouse model 
with emphasis on the infiltrating elements. Forty male 
C57 BL/6J mice were given 40 mg/streptozocin on 5 con- 
secutive days and killed 5, 6, 7, 8, 9, 10, 15, and 18 days 
after the first injection. Results demonstrated that islet 
infiltration occurring in LDS-treated mice is character- 
ized by a very early pre-infiltration state in which mono- 
nuclear phagocytes in islet capillary vessels were consid- 
erably increased in number. A new histopathological 
time sequence for the early insulitis is described, in which 
attraction of blood mononuclear phagocytes into the 
islet capillary lumen is the first step. During the succes- 
sive stage, occurring on days (~8 we observed that 
mononuclear phagocytes migrate through capillary and 
venule walls into the islet parenchyma, where they differ- 
entiate into tissue macrophages. It was only later (step 
3) that these macrophages acquired novel properties, 
typical of their "activated state" and started to phagocy- 
tose islet beta-cell debris. These data suggest that during 
the pre-infiltration and early insulitis the mononuclear 
phagocyte system plays a key role in the onset of LDS 
diabetes. 
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Introduction 

Like and Rossini (1976) described a new model of insu- 
lin-dependent diabetes mellitus (IDDM) obtained in 
mice given multiple low doses of streptozocin (LDS). 
Diabetes induced in animals using this technique is a 
frequently used model of autoimmune diabetes (Like 
et al. 1978; Kolb 1987) and is accompanied by an islet 
infiltrate often called "insulitis", the inflammatory cells 
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of which (mainly described by them as lymphocytes) 
selectively destroy the insulin-containing beta-cells. 
More than 10 years after the first description, Kolb- 
Bachofen and co-workers (1988) studied the early stages 
of the infiltration at the electron microscopic level and 
described a step by step mechanism in which macro- 
phages played a role as the first element attacking the 
islet beta-cells. Further studies have confirmed these ob- 
servations (Walker et al. 1988) and we have recently 
found that '~ recruited" macrophages play an important 
role in the early islet infiltration (Papaccio et al. 1991). 
It is also known that specific killer cells are able to lyse 
the appropriate targets by direct contact: among the 
killer cells cytotoxic T-lymphocytes (CTL), lymphokine- 
activated killer (LAK) and natural killer (NK) cells are 
also effective in the lysis of targets and may therefore 
be effective against the islet beta-cells (Groscurth 1989). 

Histopathological time sequence data indicate that 
in the spontaneous diabetes occurring in BB rats and 
NOD mice, macrophages are the first inflammatory cell 
population to invade the islet, before B-lymphocytes, 
T-lymphocytes or NK cells and disease onset (Charlton 
et al. 1988; Lee et al. 1988a. b; Hanenberg et al. 1989). 

The exact role of the immune elements infiltrating 
the islet is unclear, even though it is assumed that cytoly- 
sis and phagocytosis occur. Moreover, it has been dem- 
onstrated that in the early stage after LDS treatment 
islet vasoconstriction may occur (Papaccio et al. 1990) 
and this phenomenon may play a key role during onset. 
The aim of the present work was to elucidate the ultra- 
structural features of the infiltrating elements in LDS- 
treated mice in a day-by-day study. In particular, we 
also studied the very early state of infiltration during 
the "single cell insulitis" and the relationship between 
macrophages, islet microvasculature and other cytotoxic 
effector cells in the affected islets. 

Materials and methods 

A total of 40 male C57 BL/6J mice bred in our institute were 
used. The animals, aged between 10 and 15 weeks, were fed ad 



lib• and were checked daily for serum glucose. Four animals 
were given saline and used as controls. The remaining animals 
were treated with intra-perkoneal injections of 40 mg streptozocin 
(STZ)/kg body weight (Zanosar, Upjohn Milan, Italy) on 5 consec- 
utive days as previously described (Like and Rossini 1976; Papac- 
cio et al. 1986; Papaccio and Mezzogiorno 1989). Animals were 
classed as diabetics when glycaemia exceeded 11 mmol glucose/1 
(Glucoquant, Boehringer, Mannheim, FRG). On days 5, 6, 7, 8, 
9, 10, 15 and 18 after the first STZ injection animals (n=4 per 
day) were anaesthetized and the pancreas removed and cut into 
small cubes. Samples were immediately fixed in a 0.1 M phosphate 
buffered solution of 3.75% paraformaldehyde and 1.25% glutaral- 
dehyde (pH 7.38) for 2 h at 4 ~ C, then washed and post-fixed in 
1% osmium tetroxide in the same buffered solution for ~ h at 
4 ~ C. Specimens were then dehydrated and embedded in epoxy 
resin ready for sectioning under a LKB ultratome. The first 4 
islets encountered in the semi-thin sections of the pancreas of each 
treated (n=36) and control (n=4) animals were examined and 
screened for ultra-thin sectioning. A total of 160 islets were ultra- 
structurally observed. Counterstained ultra-thin sections were ex- 
amined under a Zeiss EM 109 electron microscope (Zeis, Jena, 
FRO). 

Table 2. Semi-quantitative data on islet infiltration 

Day Infiltration 
examined 

% of examined % of animals Type of 
islets showing sacrificed with infiltrating 
infiltration infiltrated cell 

islets 

Controls 0 0 - 

5 75 75 Intravascular 
monocytes 

6-8 83 83 Activated intra- 
islet macrophages 

9, 10 83 89 Phagocytozing 
macrophages and 
few lymphocytes 

15-18 78 75 Lymphocytes and 
few macrophages 

Results 

Control animals showed normal glycaemic values (see 
Table 1) throughout  the experiment. LDS-treated mice 
were found to be normoglycaemic on days 5-10. A rise 
in glycaemia was observed on day 15 but values still 
remained below 11 mmol/l_ The animals became hyper- 
glycaemic on day 18 with values ranging around 
10 mmol/1 (P<0.001 vs controls). 

The ultrastructure of  the islets of  control mice was, 
as expected, normal:  no cell necrosis or degranulation 
were seen. Islet beta-cells showed a normal morphology:  
they were polyhedral in shape with a round or slightly 
oval nucleus. Slender and rod-shaped mitochondria were 
numerous and many mature and immature secretory 
granules were seen scattered in the cytoplasm; the Golgi 
apparatus was usually large. No infiltrated islets were 
found. Semi-quantitative results (see Table 2) show that 
only 7 monocytes in 3 islets (2, 3 and 2 respectively) 
were observed. Two unactivated macrophages were also 
detected in 2 islets (~ per islet). No phagocytosing macro- 
phages were seen. 

In LDS-treated animals on day 5 the majority of  islet 
capillary vessels in 12 of  16 of  the islets exlamined 
showed many blood monocytes that, sometimes, seemed 
to occlude the lumen. These mononuclear macrophage 
precursors showed a relatively large, euchromatic nucle- 
us with typical indentations on one side (Fig. 1). Ap- 
proximately 90% of vessels of  all the islets belonging 

Table 1. Glycaemic blood levels in treated mice 

Day Glycaemia (mmol/1) Day Glycaemia (retool/l) 
mean + SD mean +_ SD 

0 5.51• 9 6.33• 
5 5.53• 10 6.45• 
6 5.57• 15 8.85• 
7 5.62• 18 10.88• 
8 5.96• 

Fig. 1. Photomicrograph showing an intravascular monocyte (Mo), 
day 5. Bar=0.9 gin; x 4400 

to 3 of  4 animals presented these elements. Usually 1 
or 2 monocytes per vessel per section were encountered 
so that in each section 5-10 monocytes were detected. 
The islets of  the remaining animals showed fewer mono- 
cytes with a variable distribution within the islets, rang- 
ing from 0 to a maximum of 10 monocytes per section. 

Infiltrating elements could also be seen within or, 
more frequently, around the islets: these cells had the 
appearance of  non-activated macrophages (Fig. 2). They 
did not contain secondary lysosomes or vacuoles with 
cells debris. No lymphocytes or other cytotoxic effector 
cells were obserrved. Islet beta-cells still appeared nor- 
mal; however, a partial degranulation or slight cytoplas- 
mic vacuolation was seen in some cases. 

By day 6-8 no substantial modifications had occurred 
with regard to the ultrastructure of  islet beta-cells: these 
elements showed a discrete degranulation only in some 



Fig. 2. Photomicrograph of a macrophage (M) in a peri-islet posi- 
tion, day 5. B a r = 0 . 8  gm; x 3000 

cases but mitochondria and other organelles were nor- 
mal. However, very important changes occurred in and 
around the islet capillary vessels. Capillary lumina and 
perivascular areas showed an increase of mononuclear 
phagocytes that were seen to undergo a morpho-func- 
tional differentiation into tissue macrophages. In fact, 
several mononuclear phagocytes were seen exiting the 
vessels and entering the islet parenchyma where they 

acquired protrusions and other features typical of the 
"activated state" of macrophages. They all appeared 
as large cells which contained rough and smooth endo- 
plasmic reticulum, an active Golgi apparatus, mitochon- 
dria, endocytic vesicles and a large euchromatic nucleus 
(Fig. 3). Semi-quantitative data show that all of the islets 
examined in 10 of 12 animals showed an increased 
number of monocytes (10-15/section) and activated 
macrophages. The remaining 2 animals showed a smaller 
amount of these elements (from 0-2 to 5-8 per section). 

By days 9 and 10 the most interesting changes had 
occurred. All the islets examined had activated macro- 
phages, and many of these (at least 5 to a maximum 
of 8 macrophages per section) were seen to have begun 
phagocytosis of islet beta-cells: in fact macrophages con- 
taining phagocytosed islet beta-cell debris with still rec- 
ognizable typical beta-granules within them were seen 
(Fig. 4). In some cases several granule cores had a crys- 
tal-like bar instead of the usual appearance (Fig. 5). De- 
generating membranes were also seen within the phago- 
somes. Furthermore, single non-activated macrophages 
were seen scattered throughout the islets, mainly in a 
vascular position (Fig. 6). Among the other cytotoxic 
effector cells lymphocytes were only rarely encountered 
(Fig. 7). 

Undamaged and damaged islet beta-cells, without the 
presence of macrophages or other cytotoxic effector 
cells, were seen next to each other within the same islet. 
The damaged beta-cells showed a dilated Golgi appara- 
tus, swollen mitochondria and a variable degree of de- 
granulation and vacuolation. 

At day 15 and 18 the majority of the islet beta-cells 
were considerably damaged: swollen mitochondria, vac- 
uolation and marked degranulation were observed. Islet 

Fig. 3. Photomicrograph showing a 
phagocytic monocyte (Mo) exiting an 
intra-islet capillary. An activated 
macrophage (M) with typical protru- 
sions that has just exited the capil- 
lary can also be seen, day 8. Bar = 
0.8 pm; x 3000 



Fig. 4. Photomicrograph showing 
phagocytosed islet beta-cell debris 
(arrows) within a macrophage (M) 
next to a degranulated and vacuolat- 
ed islet beta-cell at day 9. Bar = 
0.6 p.m; x 3000 

Fig. 5. Photomicrograph of phagocytosed beta-cell debris showing 
granules containing crystal-like bars (arrows). Bar= 1.4 gin; x 7000 

beta-cell nuclei were often smaller than normal with an 
irregular profile (Fig. 8). 

Macrophages were seen only rarely but other cytoxic 
effector cells were observed more frequently. These in- 
cluded mainly lymphocytes (Fig. 8) (seen in 6/8 animals; 
25/32 islets examined; numbers ranged from 3~4 to 8 
lymphocytes per section) and several subpopulations of 
them like CTL, NK cells and LAK cells. These elements 
showed lysosomes of different types and membrane vesi- 
cles with parallel tubular arrays. Actually LAK cells, 
NK cells and CTL showed a marked heterogeneity and 
were difficult to identify morphologically. 

Discussion 

This study has clearly demonstrated that islet infiltration 
in LDS-treated mice is characterized by a very early 
pre-infiltration state (already ongoing 5 days after the 
first STZ injection) in which mononuclear phagocytes 
in islet capillary vessels are considerably increased in 
number. Therefore, we can describe a new histopatho- 
logical time sequence for the early insulitis in which at- 
traction of blood mononuclear phagocytes into the islet 
capillary lumen is the first step. This follows unknown 
stimulation consistent with autoimmune processes. 

During the successive stage, occuring on days 6-8, 
we observed that these elements, described as mononu- 
clear phagocytes, migrate through capillary and venule 
walls into the islet parenchyma where they differentiate 
into tissue macrophages. Only later (step 3) do these 
macrophages acquire novel properties, typical of their 
activated state, and start to phagocytose islet beta-cell 
debris. In a previous study (Papaccio et al. 1991) we 
hypothesized that recruited macrophages instead of resi- 
dent macrophages, as proposed by Kolb-Bachofen et al. 
(1988), have a greater importance in attacking islet beta- 
cells. The above-described histopathologicaI time se- 
quence of the pre-infiltration and early insulitis now 
gives the mononuclear phagocyte system a key role in 
the pathogenesis of LDS diabetes. 

The mononuclear phagocyte system, consisting of 
monocytes and tissue macrophages, is the major cellular 
component of the classical reticuloendothelial system. 
It is a generally dynamic cellular system having the po- 
tential to exert a modulatory role in tissue homeostasis 
in local immunological and inflammatory responses. 
These phagocytes are highly active cells that readily re- 



Fig. 6. Photomicrograph showing a macro- 
phage (M), with ruffled membranes typical of 
an activated state, in a vascular position, 
day 10. Bar=l  gin; x4400 

Fig. 7. Photomicrograph showing a lymphocyte (L) within the islet 
parenchyma at day 10. Bar=0.3 gin; x 1500 

spond to hormonal and cellular signals and participate 
in several physiological and pathological events. They 
can interact with many extracellular molecules and can 
internalize and negotiate them for intracellular metabol- 
ic changes (Unanue and Allen 1987). Moreover, macro- 
phages are critically situated in the various tissues, usual- 
ly close to the microvasculature. It is also assumed that 
during the early islet infiltration monokine production 
by macrophages causes increased capillary permeability 
(Nerup et al. 1987, 1989). On this point we have recently 
demonstrated that during the early LDS treatment re- 
duction in islet capillary area occurs (Papaccio et al. 
1990): this observation, together with the finding of pha- 
gocyte migration from the blood stream to extravascular 
sites through capillary walls, is of great importance dur- 
ing the initial stages of the disease. 

Fig. 8. Photomicrograph showing an intravascular macrophage 
(M) and a lymphocyte (L) in a perivascular position at day 15. 
Capillary lumen (C). Bar=0.3 gin; x 1500 

Kolb-Bachofen etal .  (1988) hypothesized that in 
LDS-treated mice STZ has a dual effect: as a selective 
islet beta-cell toxin it exerts a direct cytotoxic activity 
in beta-cells; furthermore it stimulates intra-islet macro- 
phages to develop chemotactic and cytotoxic activities, 
damaging surrounding still intact islet beta-cells. The 
effectivness of STZ activity as a direct toxin on islet 
beta-cells, acting without stimulating autoimmune pro- 
cesses has been already stressed (Papaccio et al. 1991). 
This effect has also been evident in this study examining 
ultrastructure where intact beta-cells were seen in the 
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same islet close to others showing swollen mitochondria, 
dilated Golgi apparatus and areas of  vacuolation other 
than degranulation; moreover damaged beta-cells were 
noticed without the close proximity of  macrophages or 
other cytotoxic effector cells. The co-existence of  both 
intact and lysed insulin-containing beta-cells and the 
lack (in the immediate vicinity) of  phagocytes is consis- 
tent with the above-reported hypothesis. This important  
aspect should be taken into consideration when compar- 
ing LDS diabetes to other types of autoimmune diabetes. 

Our findings are also in accordance with those of  
Nagy et al. (1988), who affirmed that islet inflammation 
is dissociated from clinical diabetes onset. This is evident 
examining blood glucose values that were normal until 
day 15. Animals only became hyperglycaemic on day 18, 
when inflammation is maximal and islet beta-cells are 
mostly damaged or show marked signs of  regression. 
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