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Increased vascular permeability in pancreas of diabetic rats:
detection with high resolution protein A-gold cytochemistry
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Summary. The role of the pancreatic microcirculation in the
pathogenesis of Type 1 (insulin-dependent) diabetes melli-
tus remains poorly understood. Herein, a method is de-
scribed for the ultrastructural investigation of the integrity of
the pancreatic microvasculature. The method consists of his-
tochemical detection and isolation of the islets followed by
albumin and protein A-gold immunocytochemistry, whereby
the distribution of endogenous albumin is used as a marker of
endothelial integrity. This technique, applied to the study of
spontaneously diabetic rats, reveals a selective increase in
permeability of islet capillaries and post-capillary venules at

the onset of diabetes, while acinar capillaries and arterioles
remain intact. At 50 days of age, before the onset of diabetes,
the microvasculature of diabetes-prone rats shows no alter-
ations in permeability to albumin. When used in conjunction
with morphometric analyses, this methodological approach
may be useful for further studies in pathologic or experimen-
tal conditions involving the pancreatic microvasculature.

Key words: Diabetes mellitus, diabetic rat, albumin, protein
A-gold, vascular permeability, electron microscopy.

BioBreeding (BB) rats spontaneously develop a diabetic
syndrome resembling human Type 1 (insulin-dependent)
diabetes mellitus [1]. There is increasing evidence that the
disease, both in humans and in BB rats, results from auto-
immune destruction of the insulin-producing Beta cells in
the islets of Langerhans [1, 2]. The importance of the pan-
creatic microvasculature in the pathogenesis of diabetes is
suggested by functional [2-5] and morphological [6, 7]
changes observed in the small vessels of the pancreas in
early diabetes, even prior to the onset of insulitis. Further-
more, recent investigations have demonstrated pancreatic
venular defects that are specific to the spontaneously
diabetic BB rats [8] and that can be observed prior to in-
sulitis [9].

Permeability studies of the pancreatic vasculature in
animal models of diabetes have thus far been hampered by
a variety of methodological limitations. The vascular dam-
age noted in the islets of animals with streptozotocin-in-
duceddiabetes [3-5]ismost likely secondaryto theisletcell
necrosis causedbythe beta-cytotoxicagent,and maythere-
fore not be related to diabetes per se. Exogenous markers
of endothelial integrity such as Monastral blue B (MbB)
(phthalocyanine) [8] and horseradish peroxidase induce
changes in vascular permeability [8, 10, 11] and thus may
not reflect the vascular status under physiological condi-
tions. Indeed, the pancreatic venular defect observed in

BB/Worratsafterinjection with MbB s, atleastin part,due
toactivation ofintravascularmonocytesbythe pigment [8].
Finally, most studies have been performed at the light
microscopic level [3, 4], making it difficult to localize and
identify the exact vascular structures involved.

In the present study an alternative approach is used to
investigate the integrity of the pancreatic microvascula-
ture. Endogenous albumin, used as a marker of vascular
permeability, is detected in spontaneously diabetic ani-
mals using an in situ morphocytochemical method, cir-
cumventing problems which occur with the use of exogen-
ous tracers [12, 13]. The determination of the endogenous
albumin distribution as an approach for the study of vas-
cular integrity has been employed previously to investi-
gate the breakdown of the blood-brain barrier in is-
chaemia [14], the blood-nerve barrier in crush injury [15]
and the blood-retina barrier in diabetes [16].

When combined with the high resolution protein A-
gold immunocytochemical technique, detection of al-
bumin can be performed at the electron microscopiclevel,
allowing for precise localization of the marker. Moreover,
the particulate nature of the gold label permits quantifica-
tion and morphometric analyses [17]. This high resolution
method has been previously applied to the study of capil-
lary permeability of retina [18], pancreas and colon [19]
and of glomerular permeability in diabetes [20, 21].
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The ultrastructural study of pancreaticislets is a labori-
ous task, unless the islets are first isolated from the sur-
rounding exocrine pancreas. We therefore searched for an
islet isolation method compatible with subsequent post-
embedding albumin and protein A-gold immunocyto-
chemistry. The aim of the present study was: (1) to test the
usefulness of a dithizone (diphenylthiocarbazone)-based
islet isolation method [22] to be performed in conjunction
with subsequent albumin and protein A-gold immunocy-
tochemistry and, (2) to apply this method to the study of
the integrity of the pancreatic microvasculature of
diabetes-prone rats prior to and at the time of onset of
diabetes.

Materials and methods

Animals

Vascular permeability to albumin was studied in diabetes-prone
(DP) rats, before and after the onset of clinical diabetes, and in age-
matched diabetes-resistant (DR) rats. The DP and DR animals were
bred in our own colony. They are the result of 21 generations of
brother-sister matings from a cross between a Buffalo female and a
male diabetic BB rat from the Ottawa colony. Both DP and DR ani-
mals are RT1.%*, The DR rats have had normal numbers of T lym-
phocytes for eight generations and no diabetes has occurred during
that time. The DP animals are lymphopoenic and the animals used in
this study are from litters in which at least one parent was diabetic.
The incidence of diabetes in such litters is 70-80 %. All animals were
maintained on Purina rat chow and tap water ad libitum. Six DP rats
were killed at age 50 days, prior to the onset of clinical diabetes. Six
other DP rats were killed within 2 days after the onset of diabetes
(days 78 to 140). The onset of diabetes was determined by an in-
crease in daily urine volume (>20ml) and plasma glucose levels
(> 16 mmol/1). Age-matched DR rats (n =3) were killed at age
50-150 days. Experiments were conducted in accordance with the
guidelines of the McGill University Animal Care Committee and
the Canadian Council of Animal Care.

Preparation of islets

The pancreas was carefully resected and briefly rinsed in ice-cold
0.1 mol/l cacodylate buffer, pH 7.45. Part of the organ was fixed in
Bouin’s solution, embedded in paraffin and stained with haemato-
xylin-eosin. The remainder of the tissue was prefixed by immersion
in 0.5% para-formaldehyde and 0.1 % glutaraldehyde in 0.1 mol/l
cacodylate, pH 7.45, for 10 min, and then exposed to 0.12 mmol/l di-
thizone in the same fixation solution for 5 min [22]. The islets were
microdissected and further fixed in 4% para-formaldehyde and
0.1 % glutaraldehyde in 0.1 mol/l cacodylate at 4°C for 2 h, followed
by washes in cacodylate buffer.

Low temperature embedding with Lowicryl K4M resin (Chemi-
sche Werke Lowi GmbH, Wald Kraiburg, FRG) was performed as
follows: tissue pieces stored in cacodylate buffer at 4°C were trans-
ferred into 30 % ethanol at 0°C for 30 min. Further dehydration was
carried out at progressively lower temperatures: 50 % ethanolfor1 h
at —20°C, 70% ethanol for 1 h at —35°C, and 100% ethanol two
times for 1 h each at —35°C. Lowicryl K4M-ethanol mixtures were
used at consecutive volume ratios of 1:1 and 2:1 (resin:ethanol) for
1 h each at —35°C. The tissue was then transferred to gelatin cap-
sules and the resin was polymerized by ultra violet irradiation at
—35°Cfor 24 h and at room temperature for a further 48 h.

In two animals (one normoglycaemic DP, one DR) all visualized
dots were dissected and embedded. One-micron-thick sections of
these tissue blocks were stained with toluidine blue and examined by
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light microscopy to assess the specificity of the dithizone detection
method. In the remaining animals five randomly selected dithizone-
stained foci were embedded per animal. Thin sections of the Lowic-
ryl-K4M embedded pancreata were cut with diamond knives and
placed on parlodion-coated nickel grids. For morphologic studies
the sections were then stained with uranyl-acetate and lead-citrate
and examined with a Philips EM 301 transmission electron micro-
scope at an accelerating voltage of 60 kV.

Immunohistochemical labelling

For the ultrastructural localization of endogenous albumin, the pro-
tein A-gold post-embedding immunocytochemical technique was
applied [17]. Colloidal gold particles 15 nm in size were prepared ac-
cording to techniques described elsewhere [23] using sodium citrate
as the reducing agent. For ultrastructural localization of albumin in
the pancreatic vessels, thin sections were incubated with a rabbit
antibody against rat albumin {Organon Teknika Corp West Chester,
Pa., USA) at a 1/100 dilution in phosphate-buffered saline (PBS)
pH 7.2 at room temperature for 1 h. The grids were washed in PBS
and incubated with the protein A-gold complex at room tempera-
ture for 1 h. The grids were thoroughly washed in PBS, rinsed in dis-
tilled water and lightly stained with uranyl acetate and lead citrate.

The specificity of immunolabelling was assessed by the following
controls: (1) preadsorption of the antibody by its specific antigen
(rat serum albumin; Sigma Chemical Co., St. Louis, Mo., USA) for
12 h at 4°C (control for specificity of the antigen-antibody reaction),
(2) omission of the primary antibody and incubation with the pro-
tein A-gold complex alone (control for non-specific adsorption of
protein A-gold to the tissue section), and (3) substitution of the spe-
cific antibody by normal rabbit serum (control for non-specific ad-
sorption of immunoglobulins to the tissue section).

Morphometrical analyses

Quantitative evaluation of the labelling of insular and acinar capil-
laries was performed based upon the approach described by Ben-
dayan [17]. Insular capillaries were defined as capillaries located
within the islet or at its periphery. Acinar capillaries were taken at
random from the exocrine tissue surrounding the islets. Fields con-
taining capillaries were first selected at x 3000, a magnification at
which gold particles are not discernible. Micrographs were then
taken at x 15,000 and enlarged to a final magnification of x 37,500.
Twelve pictures, representing at least three insular and acinar capil-
laries, were recorded per animal. The intra- and extra-capillary sur-
face areas were determined by direct planimetry. For this purpose
intra-capillary area was defined as the surface area occupied by the
capillary lumen, excluding blood corpuscles, whereas the extra-ca-
pillary area was defined as the area occupied by capillary basement
membrane and attached collagen. The number of gold particles over
these areas was then counted and the labelling density, expressed as
the number of gold particles per pm? of selected area, calculated. Fi-
nally, the ratio of extra-capillary labelling density (ECD) over intra-
capillary labelling density (ICD) was determined per capillary.

In order to quantitate the background labelling, the following la-
belling densities were recorded: (1)nuclei in the experimental
protocol and (2) intra- and extra-capillary spaces in control experi-
ments using normal rabbit serum instead of specific antibody. The la-
belling density was obtained as indicated above and expressed as the
number of gold particles per pm?

Statistical analysis

The mean ECD/ICD ratio obtained for normoglycaemic animals
was compared to that found for early diabetic animals using a two-
sample t test whereby a p value < 0.05 was considered statistically
significant.
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Fig.1. Normoglycaemic diabetes-pronerat. Islet (lower two-thirds),
exocrine pancreas (upper one-third) and islet capillary (cap) show-
ing satisfactory preservation. (A) presumably Alpha cell (glucagon),
(B) Beta cell (insulin). Magnification x 3,500; bar, 5 pm

Fig.2. (a) Islet capillary, diabetes-resistant rat. Gold labelling over
proteinaceous material in lumen (left, with erythrocyte). Little or no
labelling over thin, flat endothelium (arrow), basal lamina and ad-

Results
Histology

Four of the six newly-diabetic DP rats showed active
insulitis associated with varying degrees of acinar and peri-
ductular inflammation. The remaining two diabetic ani-
malsshowedsmall end-stageislets devoid of inflammation.
There were no signs of insulitis in the pancreata of non-
diabetic DP rats killed at day 50 and of control DR rats, al-
though two of the six normoglycaemic DP rats displayed
mild degrees of periductular and acinar inflammation.

Dithizone detection and islet isolation

After 15 to 30 min of immersion in the dithizone-fixative
solution, the pancreata displayed bright red dots, evenly
distributed throughout the organ, and readily visible
under the dissecting microscope. The number of islets per
animal so detected ranged between 27 and 52 (mean 39) in
the DR animals, between 17 and 42 (mean 33) in the nor-
moglycaemic DP rats and between 12 and 33 (mean 18) in
the newly-diabetic DP rats. The detection method proved
to be highly specific: 91 % of the embedded tissue blocks
(68 of 75) contained islets.

Ultrastructural morphology

The ultrastructural detail of islets, surrounding exocrine
pancreas, and vessels was well preserved (Fig. 1). The islet
cells showed satisfactory preservation of their cytoplasmic

jacent islet cell (right, with cytoplasmic granules). Magnifica-

tion x 28,000; bar, 0.5um. (b)Islet capillary, newly-diabetic
diabetes-prone rat. Thickened endothelium showing prominent bul-
bous and villous cytoplasmic projections. Moderate gold labelling is
present over the endothelium and subendothelial space (ses). lum,
capillary lumen. Magnification x 35,500; bar, 0.5 um

granules, allowing presumptive identification of the vari-
ous endocrine cells. The diameter of the islets ranged from
220 umto 650 pm (mean diameters 410 wm and 380 um for
DR andnormoglycaemic DP rats, respectively). The rim of
exocrine pancreas surrounding the islets was between
50 um and 550 um wide. Innewly-diabeticanimalsthe pan-
creas exhibited mononuclear cell infiltration of islets and
acinar tissue associated with degranulation, increased
membrane systems and occasional necrosis of the Beta
cells. The islet morphology of the young normoglycaemic
DP rats was indistinguishable from that of DR rats.

Based on morphologic criteria, the various types of
microvascular structures could be easily identified. The is-
lets contained predominantly capillaries, although at their
periphery occasionally arterioles could be observed. The
exocrine tissue showed a greater variety of vessels, includ-
ing capillaries, arterioles and post-capillary venules. In
DR and normoglycaemic DP animals, the endothelium of
capillaries and post-capillary venules was flat and devoid
of cytoplasmic projections (Fig.2a). In newly-diabetic
animals the endothelial cells of the insular and acinar ca-
pillaries and of the post-capillary venules showed irregu-
lar cytoplasmic projections and nuclear protrusion to-
wards the lumen (Fig.2b).

Albumin immunocytochemistry
In all animals there was intense immunocytochemical la-

belling of flocculent material in the vascular lumina, rep-
resenting serum proteins retained throughout the islet iso-
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Fig.4a—d. Post-capillary venule, newly-diabetic diabetes-prone rat.
(a) Low power view showing ductule (D) in close association with
venule (bottom, with erythrocyte). Magnification x 5,500; bar, 2 um.
(b) Numerous gold particles are present over the venular [umen
(left), endothelium and subendothelial space (right). Labelling is
seen in association with several plasmalemmal vesicles (above and
below intercellular junction, marked by arrows). Note the villous
projection of the endothelial cell. Magnification x 30,500; bar,

lation and fixation procedures. In non-diabetic animals,
whether DR or young DP, the insular capillaries demon-
strated only sparse immunostaining outside of the lumen
(Fig.2a). In animals examined at the onset of diabetes, the
islet capillaries showed enhanced gold labelling over the
endothelial cells and subendothelial spaces (Fig.2b).
Similarly, the post-capillary venules of diabetic animals
showed increased labelling intensity over the endothe-
lium and subendothelial and perivascular spaces, whereas
in non-diabetic animals labelling was virtually limited to
proteinaceous material in the lumen (Figs.3 and 4a—c).

Fig.3. Post-capillary venule, normogly-
caemic diabetes-prone rat. Intense gold la-
belling in lumen (top), moderate labelling
over the endothelium and subendothelial
space (*). Magnification x 35,000; bar,
0Spum

0.5 um. (c¢) Heavy gold labelling over venular lumen (bottom left),
endothelium and subendothelial space. The adjacent ductular epi-
thelium and lumen (*) are virtually free of labelling. Magnifica-
tion x 21,500; bar, 1 um. (d) Markedly irregular outlines of the en-
dothelial cells, showing close association of gold labelling with
plasmalemmal vesicles (arrows). (Lumen above, subendothelial
space below.) Magnification x 36,500; bar, 0.5 pm. Note: Figures
4b—crepresent high power views of field shown in Figure 4a

The extravascular labelling appeared to be increased to
the same degree in diabetic animals with and without evi-
dence of insulitis. At the cellular level, endothelial gold la-
belling was often seen in association with plasmalemmal
vesicles (Fig.4 d) or — particularly in the post-capillary ve-
nules — with intercellular junctions (Fig.5).

In acinar capillaries and arterioles, the intensity of the
gold labelling was similar for normoglycaemic and
diabetic animals. The arterioles displayed a characteristic
pattern of staining showing a high intensity of gold par-
ticles in the subendothelial spaces and in the pericellular
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Fig.5. Post-capillary venule, newly-diabetic diabetes-prone rat.
Gold labelling over intercellular junction between endothelial cells
(arrows). Magnification x 50,500; bar, 0.5 um

Fig.6. Acinar arteriole, normoglycaemic diabetes-prone rat. Gold
particles are abundant in vascular lumen (lum), subendothelial space

spaces between the smooth muscle cells, sharply contrast-
ing with the virtually non-staining smooth muscle cells
(Fig.6). Nuclei, mitochondria and cytoplasmic granules
(zymogen or insulin) were largely free of staining.

Controls. Omission of the primary antibody, pread-
sorption of the anti-albumin antibody with its antigen and
substitution of the specific antibody with normal rabbit
serum resulted in abolition or significant diminution of
staining (Fig.7).

Morphometrical studies

In the capillaries the qualitative observations made con-
cerning the intensity of albumin labelling were confirmed
by quantitative analysis (Table 1). The mean ICD values
of the capillaries, representing the gold labelling densities
of the capillary lumina, showed little variation, indicating
consistently good preservation of the luminal content dur-
ing the experimental protocol. The mean ECD/ICD ratio
of islet capillaries was significantly higher under diabetic
conditions (0.30+0.15, n =20) than under normogly-
caemic conditions (0.14%£0.08, n =7, and 0.10£0.09,
n =21,p <0.01). The mean ECD/ICD ratio of islet capil-
laries was comparable between diabetic animals with and
without evidence of insulitis (0.324£0.18, n=14 vs
0.27 £0.17, n = 6). There was no significant difference be-
tween the mean ECD/ICD ratio of islet capillaries of DR
animals (0.14 £0.08,n = 7) and that of DP animals prior to
the onset of diabetes (0.10+0.09, » =21). The mean
ECD/ICD ratio of the two normoglycaemic DP rats with
acinar inflammation (0.11 £0.09) was similar to that of the
normoglycaemic DP animals without any sign of inflam-

(*), and pericellular spaces between smooth muscle cells (arrow).
Magnification x 14,500; bar, 1 pm

Fig.7. Abolition of labelling after preadsorption of antibody with
antigen, representative of all controls of specificity. lum, capillary
tumen. Magnification x 30,000; bar, 0.5 um

mation (0.09+0.08). In non-diabetic animals the
ECD/ICD ratio was higher for acinar -capillaries
(0.28+0.05 and 022 £0.11) than for insular capillaries
(0.14£0.08 and 0.10 £ 0.09).

The background labelling evaluated on nuclei resulted
in average density of labelling of 0.17 + 0.09 particles/im?,
both in normoglycaemic and diabetic animals. In control
experiments the background labelling. density was
0.12+0.09 particles/um?* over the capillary lumina and
0.09 +0.06 particles/um? in extra-capillary sites.

Discussion

The ultrastructural localization of endogenous albumin,
used as a marker of vascular integrity, was revealed in the
rat pancreas by applying the protein A-gold immunocyto-
chemical approach. To allow specific investigation of the
microvasculature in and around the islets, the islets were
first marked with dithizone (diphenylthiocarbazone) and
isolated by microdissection [22]. In our hands this islet de-
tection method resulted in the isolation of 12 to 52 islets
per animal, a yield slightly lower than that obtained by
other visualization methods [3]. The islets thus isolated
are intermediate- to large-sized, as indicated by their
diameter (220 um to 650 um) and their close association
with major branches of blood vessels and large ducts [24].
The dithizone technique is less sensitive in diabetic rats at
an early stage of disease than in non-diabetic animals. This
loss of sensitivity probably results from the Beta-cell de-
granulation described in early diabetes [25], since the di-
thizone method is based on the histochemical detection of
zinc contained in insulin.
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Table 1. Gold labelling densities of islet and acinar capillaries

ECD ICD ECD/ICD
(particles (particles
perum’)  perpm’)

Islet capillaries

DR rats (3) 1.90£0.83 13.90+4.87 0.14+0.08

Normoglycaemic DPrats (6) 1.32+0.64 13.66+5.54 0.10+0.09

Diabetic DP rats (6) 4.63+238 1520+6.97 030+0.15
Acinar capillaries
DR rats (3) 3.87+1.89 13.87+2.97 0.28+0.05

Normoglycaemic DPrats (6) 2.84+2.16 12.74£3.87 022+0.11
Diabetic DP rats (6) 350£2.84 1442+6.31 024£0.13

Values are expressed as mean £ SD. Numbers in parentheses repre-
sent number of animals examined. DR, Diabetes resistant; DP,
diabetes prone; ECD, extra-capillary labelling density (number of
gold particles per pm? of area occupied by capillary basement mem-
brane and attached collagen); ICD, intra-capillary labelling density
(number of gold particles per pun? of capillary lumen)

The present experimental protocol ensures the in situ
retention of endogenous albumin, as indicated by the con-
sistent, intense gold labelling over intravascular proteina-
ceous material. Consequently, colloidal protein A-gold
immunocytochemistry can be used in a post-embedding
approach, avoiding problems of antigen accessibility and
of penetration of the tracer [17].

Innon-diabetic animals the islet capillaries and post-ca-
pillary venules exhibited a low permeability to albumin, as
evidencedbythelow density of gold particles, representing
albumin antigenic sites, around these structures. This is in
agreement with previous protein A-gold immunocyto-
chemistry studies in Wistar-Furth rats which have demon-
strated that, under non-diabetic conditions, the capillary
endothelium of the endocrine pancreas is restrictive to al-
bumin [19]. Innon-diabetic animals the endothelium of the
acinar capillaries appeared to be more permeable to al-
buminthanthat ofislet capillaries, a finding previously sug-
gested by Hart and Pino [19]. Relatively intense goldlabel-
ling was noted in the wall of arterioles. The pattéern of
staining observed in these structures, particularly the in-
tense labelling of the subendothelial spaces and of the peri-
cellular spaces between the smooth muscle cells, has also
been described in the wall of large arteries [26].

Newly-diabetic DP rats showed a higher concentration
of albumin antigens outside the islet capillaries and post-
capillary venules than DR animals. In the islet capillaries
this qualitative observation was confirmed with quantita-
tive analyses based upon the distribution of labelling over
intra- and extra-capillary sites. This increase in per-
meability for albumin seems to be specific for islet capil-
laries and post-capillary venules, as the integrity of the aci-
nar capillaries and arterioles remained unchanged after
the onset of diabetes. There was no obvious increase in al-
bumin permeability in the islet capillaries of young DP
rats prior to the onset of diabetes, which suggests that the
changes are due to the disease process itself rather than to
genetic differences.

Increased permeability of islet capillaries [4] and post-
capillary venules [3, 9] in diabetic rats has been described
before. However, previous studies were based upon the
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light microscopic detection of changes in vascular inte-
grity, using Evans blue [4] and MbB vascular labelling
[3, 9]. Furthermore, in two of these studies the diabetes
was streptozotocin induced. [3,4]. With the present
method these permeability changes can be observed at the
ultrastructural level in the spontaneously diabetic rat. The
use of an endogenous, naturally occurring marker of vas-
cular integrity avoids the potential bias associated with
the use of exogenous substances.

At the cellular level gold particles revealing albumin
antigenic sites were frequently observed in association
with endothelial plasmalemmal vesicles, both in capil-
laries and post-capillary venules. Plasmalemmal vesicles
have previously been implicated in the transendothelial
transport of circulating proteins [12, 27-29] although this
subject remains highly controversial and is under ongoing
investigation [29, 30]. In post-capillary venules gold par-
ticles were occasionally observed over intercellular junc-
tions, which might suggest this transport pathway as a sec-
ondary mechanism for the movement of albumin across
the endothelium. From the present data however, the di-
rection of this movement, either from the venular lumen
towards the interstitium or vice versa, cannot be deter-
mined.

In conclusion, dithizone-detection of the islets in com-
bination with albumin and protein A-gold immunocyto-
chemistry allows high resolution studies of the morpho-
logy and permeability of the pancreatic microvasculature,
more specifically in and around the islets of Langerhans.
Preliminary studies in spontaneously diabetic rats indi-
cate that there is a selective increase in permeability of the
islet capillaries and post-capillary venules at the onset of
diabetes. When used in conjunction with morphometric
analyses, this method may be useful for further studies in
pathologic or experimental conditions involving the pan-
creatic microvasculature.
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