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Abstract

Aims/hypothesis. We undertook the characterization of
the capillary bed of the rat frontal cortex and their
permeability properties in short-term and long-term
diabetic rats.

Methods. Diabetes was induced by strepozotocin injec-
tion. Rats were maintained hyperglycaemic without in-
sulin treatment during 4 to 5 months (short-term) and 8
to 13 months (long-term). Rats from an additional
short-term hyperglycaemic group received an injection
of exogenous dinitrophenylated albumin 15 min before
being killed. Tissues were processed for electron mi-
croscopy and quantitative immunocytochemistry. En-
dogenous and dinitrophenylated exogenous albumin
were revealed with high resolution over the capillary
wall using specific antibodies and the protein A-gold
complex. Morphometrical analyses were carried out.
Results. Albumin is transported across endothelial
cells by plasmalemmal vesicles or caveolae and larger

vacuolar structures. This transport increased in dia-
betic rats by an increment in the number of vesicles.
Albumin distribution across the capillary basement
membrane showed that the restrictive properties of the
basement membrane present in normoglycaemic rats
are altered in the diabetic condition, as was its thick-
ness. Similar aterations of the basement membrane
structure and function were encountered in old normo-
glycaemic rats but to a lesser extent.

Conclusion/interpretation. The results indicate that
diabetes seems to accelerate the ageing process of the
vascular wall and that the central nervous system cap-
illary bed is also atarget for diabetic microangiopathy.
[Diabetologia (2002) 45:1017-1025]
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The blood-brain barrier is a concept based on the fact
that circulating substances reach equilibrium with the
brain tissue at different rates, some of them at very
low ones [1, 2, 3]. Structurally, three candidates could
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be considered as key elements of this barrier, the cap-
illary endothelia cells, their basement membrane and
the astrocytes whose feet processes anchor the same
basement membrane [1, 4, 5, 6]. Some studies indicate
however that the site of the blood-brain barrier lies
mainly on the endothelial cell [3, 4]. Morphological
studies using electron dense tracers injected intrave-
nously have shown that these do not cross the endo-
thelium of the central nervous system blood vessels,
or if they do, the penetration occurs at a very slow
pace [3, 5, 6, 7]. Brain capillaries are known to be of
the continuous type with highly developed tight junc-
tions and a paucity of plasmalemmal vesicles or
caveolae [8]. In addition to the structural barrier, the
passage of circulating substances can be restricted



1018

Table 1. Characteristics of control and diabetic rats
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Body weights Blood glucose Insulin Brain capillary
(9) concentration concentrations basement membrane
(mmol/l) (HU/ml) thickness (nm)
Short-term Controls 400.0+7 7.0+£0.5 70.0+10.0 132.1+2.1
Diabetics 290+302 32.8+0.52 20.8+3.52 157.2+2.32
Long-term Controls 700+30P 6.0+0.9 51.0£3.5 143.1+2.2b
Diabetics 180+202 32.1+1.02 21.4+0.52 166.2+2.2a

ap<0.05 compared to corresponding controls
b p<0.05 compared to short-term control animals
Mean values + SEM

further by a number of mechanisms including passive
efflux, metabolic degradation and active cellular
efflux mechanisms dependant on membrane-bound
proteins such as the P-glycoprotein and the multidrug
resistance proteins[9].

In diabetes, capillary endothelial cells and their
basement membranes undergo major changes, particu-
larly in the heart [10], retina [11, 12], and kidney
[13, 14, 15, 16, 17, 18]. For the nervous tissue, the
perineural [19, 20, 21] and endoneural capillaries [22,
23] were reported as getting altered too during diabe-
tes. Due to their impact on the pathology of diabetes,
several studies have focused on the changes occurring
at the level of the renal glomerular wall showing alter-
ation in rena filtration properties with extravasation
of serum proteins [13, 14, 15, 24]. Mechanisms
responsible for the glomerular permselectivity, such as
size restriction, charge repulsion and molecular con-
figurations of the basement membrane components
have been found to undergo major changes [18, 25,
26, 27, 28]. Similar alterations could take place at the
blood-brain barrier, since loss of its integrity has al-
ready been documented during diabetes [29, 30, 31,
32] with changes in CNS blood capillary density
[29, 33] and capillary basement membrane thickening
[34, 35, 36, 37].

Post-embedding immunocytochemistry using col-
loidal gold as a marker [38] alows for the high-reso-
Iution localisation of a large variety of tissue and cell
antigens. This approach has been applied successfully
to show circulating proteins within vascular beds at
steady state conditions or during perfusion experi-
ments allowing for the delineation of transendothelial
transport pathways across the vascular walls in control
aswell asin experimental and pathological conditions
[14, 38, 39, 40, 41, 42, 43, 44]. We thus investigated
the distribution of endogenous albumin over the blood
capillary wall of the CNS, as well as the dynamics of
the exogenous albumin passage across the same capil-
lary bed, both under control and diabetic conditions.
Experiments were carried out on frontal cortex brain
tissue from normoglycaemic and short- and long-term
hyperglycaemic rats.

Control rats (n=3) for each group
Diabetic rats (n=5) for both the short-term and long-term
groups

Materials and methods

A chronic hyperglycaemic state was induced in Sprague-Daw-
ley male rats (100 g, Charles River, St-Laurent, Quebec, Cana-
da) by asingle intraperitoneal injection of streptozotocin (STZ,
70 mg/kg of body weight, in citrate buffer 0.1 mol/l, pH 4.5)
(Sigma-Aldrich Canada, Oakville, Ontario, Canada). Age-
matched control rats received an injection of the citrate buffer
and remained normoglycaemic. The glycaemic state of the rats
was assessed all through the experiment using Uriscan (VWR-
Canlab, Montreal, Canada) and Dextrostix (Miles, Ames,
Ontario, Canada) reagent strips. The hyperglycaemic state
developed in STZ-injected rats within the first 48 h, and
remained high during the entire length of the experiment. One
group of STZ-injected rats (n=10) was kept hyperglycaemic
for 4 to 5 months and a second one (n=5) for 8 to 13 months.
Animals had free access to water and food, and did not receive
insulin treatment. The hyperglycaemic rats showed lower
weight gain, strong hyperglycaemia and low insulin concentra-
tions when compared to the age-matched control normo-
glycaemic rats (Table 1). Experimental procedures were
approved by the Committee of Deontology for experimentation
on animals of the Université de Montréal.

At indicated time points, the rats were anaesthetised by an
intraperitoneal injection of urethane and small tissue fragments
(about 1 mm3) from the frontal cortex were sampled and im-
mediately fixed by immersion with either 1% glutaraldehyde
or 4% paraformaldehyde-lysine-periodate solution for 3 h at
4°C. They were rinsed with 0.1 mol/l phosphate buffer, dehy-
drated in graded methanol and embedded in Lowicryl K4M
(Canemco, St-Laurent, Quebec, Canada) at —20°C [38]. Ultra-
thin sections were cut and mounted on Parlodion-coated and
carbon-coated nickel grids and processed for immunocyto-
chemistry.

Five of the 4-5 months hyperglycaemic rats, and their cor-
responding controls, received an intravenous injection of 2 ml
of dinitrophenylated bovine serum abumin (DNP-BSA)
(200 mg, during 1 to 2 min) in the jugular vein [40, 41]. Prior
to this, 2 ml of blood was retrieved with a heparinised syringe.
After 15 min of DNP-BSA in circulation, the rats were killed
by cervical dislocation. The frontal cortex was exposed and
small samples of tissue were immediately fixed with 1%-glu-
taraldehyde in 0.1 mol/lI phosphate buffer, pH 7.2, and main-
tained in the same fixative for 2 h at room temperature. Tissues
were post-fixed with 1%-osmium tetroxide, dehydrated in
graded ethanol and finally embedded in Epon 812. Ultrathin
sections were cut, mounted on Parlodion-carbon-coated nickel
grids, and processed for the immunocytochemical labelling of
DNP-BSA. The dinitrophenylated borine serum abumin was
prepared according to methods described previously [40].
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To detect endogenous rat albumin and BSA-DNP, the post-
embedding protein A-gold immunocytochemical technique
was applied [38], using specific polyclonal anti-rat albumin
(Cappel, Organon Technika, Westchester, Pensylvania, USA),
and anti-DNP (Dimension Laboratories, Mississauga, Ontario,
Canada) antibodies. For endogenous rat albumin, tissue sec-
tions were first incubated for 30 min at room temperature on a
drop of 0.15 mol/l glycine, followed by 1%-fish gelatin, and
finally on a drop of the specific anti-rat albumin antibody at
the final dilution of 1/100 in PBS, overnight at 4°C. Next, the
grids were rinsed with PBS and quenched by an incubation
with 1% gelatin for 15 min. Antigen-antibody complexes were
shown by an incubation with the protein A-gold complex
(210 nm gold particles) at room temperature for 30 min. Sec-
tions were then washed with PBS and distilled water, stained
with 3%-uranyl acetate and examined with a Philips EM-410
electron microscope. The protein A-gold complex was pre-
pared according to published results [38].

To show DNP-BSA, thin sections of the glutaraldehyde-
osmium fixed and Epon-embedded tissues were first incubated
on a drop of a saturated solution of sodium metaperiodate at
room temperature for 30 min and washed with distilled water.
The grids were then incubated on drops of 0.15 mmol/I glycine
and 1%-fish gelatin for 15 min at room temperature each, and
transferred to a drop of the specific anti-DNP antibody at
the fina dilution of 1/300, for 2 h at room temperature. Sec-
tions were washed with PBS and transferred to a drop of
the protein A-gold complex for 30 min at room temperature.
The tissue sections were washed in PBS, rinsed in water and
dried. Finally, staining with uranyl acetate and lead citrate was
carried out prior to examination with the electron microscope.

The specificity of the labellings was assessed by control
experiments: incubations with protein A-gold complex aone
omitting the antibody step, and incubations with a solution of
each antibody to which the specific antigen, either rat albumin
or DNP, was added in excess, followed by the protein A-gold
complex.

Densities of the different cytochemica labellings were
determined by morphometry. Labellings for albumin were
evaluated over the capillary lumen, the endothelial cells and
the basement membrane using the Videoplan 2 image process-
ing system (Carl Zeiss Inc., Toronto, Ontario, Canada). Images
were recorded at 16900 and printed at the final magnification
of x42250. Areas occupied by the lumen, endothelial cells and
basement membrane were measured by direct planimetry, and
the number of gold particles within those areas was counted.
Fifty different fields originating from of at least ten capillary
profiles were recorded from at least five tissue sections for
each animal. Labelling densities over the endothelia cells and
basement membranes were expressed as a percentage of that
recorded over the vascular lumen to alow for normalisation of
the data and for comparative evaluations.

The distribution of endogenous and exogenous albumin over
the thickness of the capillary basement membrane was eval uated
[14, 38] using the same image processing system. Recording of
the images was carried out at x31000 and enlarged to the final
magnification of x154330. The distance between each gold par-
ticle and the abluminal plasma membrane of the endothelial cell
was measured. At the same site, the thickness of the basement
membrane from the endothelial abluminal plasma membrane to
the astrocytic or pericytic plasma membrane, was aso mea-
sured. The ratio, R between these two values was calculated.
R values vary from 0 to 1, O being for gold particles located at
the abluminal plasmalemma membrane and 1 for those touch-
ing the membrane of the astrocytes or pericytes. The data (150—
250 per animal) were generated from 10 to 12 capillary profiles
from each animal of each group.
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The density and the distribution of plasmalemmal vesicles
or caveolae at the two poles (lumina and abluminal) of the
endothelial cells were measured in tissues of normal and short-
term diabetic rats. About 90 fields of endothelia cell cyto-
plasm were recorded from at least 10 capillary profiles per rat,
from five tissue sections at the final magnification of x42250.
The length of the endothelial cell was measured, while the
width of the endothelium was arbitrarily separated halfway in-
to luminal and abluminal regions. The total number of plasma-
lemmal vesiclesin each region was counted and reported to the
length of the endothelial cell. The density of plasmalemmal
vesicles, in luminal and abluminal regions of the endothelia
cell was calculated as D, ,,,=(number of luminal plasmalemmal
vesicleglength of endothelium) and D ,,»=(number of ablu-
mina plasmalemmal vesicles/length of endothelium). A total
of about 5000 vesicles was included in the evaluation. In a
second study, the density of plasmalemmal vesicles per endo-
thelial cytoplasmic area was aso evaluated using the same
documents already recorded. Density was calculated as the
number of plasmalemmal vesicles per square micrometer of
endothelial cytoplasm. The endothelial cytoplasmic areas eval-
uated excluded nuclei, peri-nuclear cytoplasmic and peri-junc-
tional regions. Finally, upon labelling DNP-BSA, the percent-
age of labelled vesicles was calcul ated.

All the parameters were estimated in both control and dia-
betic conditions. Comparative evaluations between groups
were established through statistical analysis using the Mann-
Whitney U test with a significance threshold of a p vaue of
less than 0.05.

Results

The morphological features of the capillary endotheli-
al cellsin the CNS seem to be similar in control and
diabetic rats (Fig. 1). In both conditions, the endothe-
lium is of the continuous type surrounded by a well-
defined basement membrane between endothelial and
astrocytic or pericytic cells. The thickness of this
basement membrane increased in the diabetic condi-
tion as established by the morphometrical evaluation
(Table 1), the increase being more important for the
long-term diabetic rats. Endothelial cells are joined by
tight junctional complexes, which remain intact in the
hyperglycaemic condition. The endothelial cells are
thin and organelles are mainly in the vicinity of the
nuclei (Fig. 1). These include RER, mitochondria and
prominent Golgi apparatus with cisternae parallel to
the plasma membranes. Plasmalemmal vesicles or
caveolae, either open at the lumina or abluminal
plasma membranes or close in the cytoplasm, show a
particular distribution. They seem to be in higher
numbers in the abluminal region of the endothelia
cells (Fig. 1), a fact which was confirmed by the
morphometrical evaluation (Table 2 ). This was true
for tissues from control as well as from STZ-injected
rats. On the other hand, whereas the number of
plasmalemmal vesicles (Table 2) is among the lowest
compared with other capillary beds, their density in-
creased in diabetes, with numbers almost double to
those found in tissues of control rats (Table 2).
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Table 2. Number and topographical location of caveolae or plasmalemmal vesiclesin the brain cortex capillary endothelium

Number of vesicles per
length of lumina front

Number of vesicles per
length of abluminal front

Number of vesicles per
area of endothelium

(ves./um) (ves./um) (ves./um2)
Control 1.86+0.21 2.94+0.36 16.67+0.49
Diabetic 4.01+0.262 5.12+0.302 28.19+1.97a
5000 vesicles were considered for each group Mean values + SEM

ap<0.05. When compared to corresponding controls

Fig. 1A,B. Rat brain capillary (frontal cortex). Normo-
glycaemic rat. The capillary is composed by an endothelial cell
(Endo) surrounding the capillary lumen (Lum). Around the cap-
illary, pericytes (Per) and astrocytes (As) are present (A). Within
the cytoplasm of the endothelial cell, usua organelles are found:
nucleus, rough endoplasmic reticulum (RER), mitochondria
(Mit), Golgi apparatus and plasmalemmal vesicles (some arein-
dicated by arrowheads) (B). The basement membrane (BM)
separates the endothelial cell from the astrocytes or the pericyte

To establish the steady state distribution of circulat-
ing albumin as well as the pathway for its transendo-
thelial transport, quantitative immunocytochemistry
was carried out. Immunogold labelling for endoge-
nous albumin was found over the capillary lumen, the

Control rats (n=3); diabetic rats (n=5) short-term experiment
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Fig. 2A, B. Ultrastructural localisation of albumin. Normo-
glycaemic rat. Within the endothelia cell (Endo), plasmalem-
mal vesicles (arrowheads) appear labelled for either endoge-
nous rat albumin (2A) or for DNP-BSA (2B); the labelling is
also present within the lumen (Lum) where we can recognise
a red blood cell (RBC). Large vacuolar structures (Vac) and
plasmalemmal vesicles, both labelled for albumin are present in
endothelial cells. Basement membrane (BM) and pericyte (Per)

endothelial cells and their basement membrane. Over
the cells, the gold particles were preferentially associ-
ated with the plasmalemmal vesicles either open at the
luminal or abluminal fronts or closed in the cytoplasm
(Fig. 2A). In addition to vesicles, larger vacuolar pro-
files were also present in the endothelia cytoplasm.
These were few in number. The content of the vacuo-
lar profiles was similar to that found in the lumen; this
content was labelled by numerous gold particles
(Fig. 2B). The non-specific labelling found over the
cytosol and organelles such as mitochondria and nu-
clei was very low. Also, very few gold particles were
detected within the intercellular clefts. In the pericap-
illary space, a considerable number of gold particles
was present over the basement membrane (Fig. 3). A
similar pattern of labelling was found in tissues of
control and diabetic animals. However, quantitative
evaluations of the densities of labelling showed in-
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Table 3. Evaluation of the labelling for endogenous albumin in the capillary wall of the brain cortex

Short-term Long-term

Control (%) Diabetic (%) Control (%) Diabetic (%)
Endothelial profile 11.64+3.89 20.0+2.392 17.94+1.570 28.97+2.312
Basement membrane 6.56+1.44 17.49+1.722 13.82+1.14p 25.66+1.882

Expressed as percentage of the labelling in the vascular lumen
ap<0.05 when compared to corresponding controls
b p<0.05. When compared to short-term controls

L) % St
Fig. 3. Evaluation of the albumin distribution across the capil-
lary basement membrane. Hyperglycaemic rat, short-term ex-
periment. Gold particles showing DNP-BSA are present over
the basement membrane (BM). Theratio value (R) is calculated
according to the formula: R=[distance gold particle-endothelial

plasma membrane (a)]/[basement membrane thickness (b)]

creases for endogenous albumin at the level of the
endothelial cells and their basement membranes in
diabetic condition when compared with age-matched
control rats (Table 3). The comparative evaluations
carried out on tissues from the short- and the long-
term normoglycaemic and hyperglycaemic animals
also indicated increases in labelling along with the age
of the rats (Table 3). These results reflect the steady
state distribution of endogenous albumin across the
brain capillary wall. To have an image on the dynam-
ics of albumin transport in the capillary bed, an exoge-
nous tracer, DNP-BSA, was injected and maintained
in circulation for 15 min. The immunogold labelling
for DNP-BSA over the CNS capillary wall showed
similar patterns of distribution as endogenous albu-
min, over capillary lumina, endothelial cells and base-
ment membrane. Over the endothelial cells, the label-
ling, although of relatively low intensity, was mainly
associated with plasmalemmal vesicles and larger
endothelial vacuoles (Figs. 2A, B). Tissues from the
diabetic animals showed an increase in the labelling of
the endothelial cells. Morphometrical evaluations
confirmed again that albumin, this time exogenous, is
taken up by the brain capillary endothelial cellsviaits
transcytotic system and in higher amounts in diabetic
rats (Table 4).

Mean values + SEM
Control rats (n=3) in each group; diabetic rats (n=5) in each
group

Table 4. Evauation of the density of labelling for DNP-BSA
over the endothelium and the basement in brain capillaries

Control (%) Diabetic (%)
Endothelia profile 4.42+0.46 10.16+1.782
Basement membrane 7.52+1.09 13.45+1.81a

Expressed as percentage of labelling in the vascular lumen
8p<0.05. When compared to corresponding controls

Mean values + SEM

Control rats (n=3); diabetic rats (n=5) short-term experiment

Table 5. Evaluation of the number of caveolae or plasmalem-
mal vesicles labelled for DNP-BSA

Control (%) Diabetic (%)

Labelled vesicles 7.72+1.37 8.21+0.66

4000 vesicles were considered in each group
Mean values + SEM
Control rats (n=3); diabetic rats (n=5) short-term experiment

Since plasmalemmal vesicles or caveolae were
preferentially labelled for endogenous as well as
exogenous albumin, we decided to evaluate the per-
centage of labelled vesicles. Whether in control or
diabetic conditions, the percentage of the vesicles
showing a labelling was similar, in the range of 8%
despite the fact that there are twice as many vesicles
in cells of hyperglycaemic rats (Table 5).

The distribution of the labelling over the basement
membrane thickness is indicative for the degree of
diffusion of abumin across the basement membrane
(Fig. 3). Differences were found between young and
old normoglycaemic rats (Fig. 4) as well as in the
diabetic condition (Fig. 5). In older animals, the distri-
bution of albumin has higher R-values which corre-
spond to a displacement of albumin towards the astro-
cytic side of the basement membrane. This indicates
that the basement membrane of older rats even in
normoglycaemic condition, is less restrictive to the
passage of albumin. In short-term diabetic rats a slight
increase in the R-value was registered compared to the
control rats (Fig. 5A). The distribution shifted towards
the astrocytic or pericytic side of the basement mem-
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Fig. 4. Distribution of endogenous rat abumin across the
basement membrane in normoglycaemic rats. Distribution of
rat albumin immunolabelling in the central nervous system
capillary basement membrane in young (4 months) (white
columns) and old (12 months) (black columns) normo-
glycaemic rats as expressed in ratio values (R). The histograms
are similar, except for a more uniform distribution of albumin
and amean value (X') higher for the older animals (3p<0.05)

% of labeling

Fig. 5A, B. Distribution of endogenous rat albumin across
the basement membrane. Distribution of abumin immuno-
labelling in the capillary basement membrane in short-term
(4 months) (A) and long-term (8-13 months) (B) normo-
glycaemic (white columns) and hyperglycaemic (black
columns). The histogram of short-term animals (A) is similar
to that of long-term animals (B), distributions however shifted
towards the astrocytic or pericytic side of the basement mem-
brane for the hyperglycaemic animals compared to a more en-
dothelial distribution for the normoglycaemic animals. Signif-
icant differences in R values exists between normoglycaemic
and hyperglycaemic conditions in both short-term and long-
term rats (3p<0.05)

P. Bouchard et al.: Morpho-functional studies of the blood-brain barrier

% of labeling

[R—0.54% i
ratio R
Fig. 6. Distribution of DNP-BSA across the basement mem-
brane. Distribution of DNP-BSA immunolabelling in the capil-
lary basement membranes in normoglycaemic (white columns)
and hyperglycaemic (black columns) rats. The histogram of
normoglycaemic rats shows a rather subendothelial distribution
of DNP-BSA whereas for the hyperglycaemic rats the distribu-
tion seems more uniform. Significant differences in R values
exist between normoglycaemic and hyperglycaemic animals
(3p<0.05)

0 =0.39

brane. A similar result was also recorded for the long-
term diabetic rats (Fig. 5B). Concerning the distribu-
tion of exogenous albumin across the basement mem-
brane, similar increases in R values were obtained for
the hyperglycaemic rats (Fig. 6), supporting the fact
that the restrictive characteristics of the brain capillary
basement membrane are altered during diabetes.

Discussion

Protein A-gold immunocytochemical technique has
been used to show circulating serum abumin in the
CNS blood capillary bed. The passage of this protein
across the capillary wall was comparatively evaluated
on brain frontal lobe tissues from age-matched normo-
glycaemic and STZ-injected rats at two intervals after
the onset of the hyperglycaemic state. The relation be-
tween the density of the immunolabelling and the
actual concentration of the detected tracer has been
well established [41, 42]. Changes in albumin perme-
ability were found in normoglycaemic rats along with
their age as well as between normo-glycaemic and
hyperglycaemic rats. These changes go aong with
previous biochemical data on the cerebrospinal fluid
protein content which showed increases in diabetic
patients [45, 46, 47, 48]. However, unlike the lymph,
the amount of plasma proteins present in the cerebro-
spinal fluid, is only an approximate index of the per-
meability of the blood-brain-barrier. The cerebrospinal
fluid is not brain interstitial fluid, but rather the result
of an active process of secretion by the epithelial cells
of the choroids plexus. The CNS capillary endothelial
cells of the hyperglycaemic rats show higher amounts
of albumin immunolabelling associated to plasmalem-
mal vesicles. These increases were consistent for the
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endogenous as well as the exogenous abumin. In-
creases were also found in the total number of plasma
lemmal vesicles. Together these results indicate that
transport of albumin via vesicular structures under-
goes changes during the hyperglycaemic condition.
These changes are mainly caused by the increase in
the total number of vesicular profiles in endothelial
cells of the CNS capillary bed and not by an increase
in the vesicle loading since the percentage of labelled
vesicles did not change in hyperglycaemic conditions.
Similar increases in the total number of plasmalemmal
vesicles was reported in endothelial cells of STZ-
injected animals at the level of the muscle capillaries
[49]. Also a similar increase in albumin transport by
endothelial cells was reported in mesenteric capillaries
of hyperglycaemic animals [41]. The low number of
the plasmalemmal vesicles in the CNS endothelial
cells has been well established and is considered
as one of the features responsible for the low perme-
ability to macromolecules attributed to the blood-brain
barrier [1, 5, 6, 8, 43]. The increase in their number
could then contribute to an alteration in permeability
found for the blood-brain barrier during diabetes [29,
50, 51, 52]. Another interesting result concerns the
asymmetry between the luminal and the abluminal
distributions of plasmalemmal vesicles in endothelial
cells. Such asymmetry was aready reported in the
brain [53] as well as in other tissues [53, 54, 55, 56]
and raises concern with regards to the vesicular trans-
cytotic models of endothelial transport. Cellular
mechanisms regulating capillary wall permeability
remain an ongoing debate and several paths such as
the shuttling of vesicles, the existence of patent trans-
endothelial channels and the inter-endothelial clefts
have been proposed for the passage of molecules [42,
56, 57, 58]. Other endothelial structures, such as the
vesicular-vacuolar organelles [59] and vesiculo-tubu-
lar systems [56, 57] were reported to be involved in
the transendothelial transport of serum proteins. In our
study, large vacuolar profiles were found in endotheli-
a cytoplasm showing intense labelling for albumin.
Some of these vacuoles were open either at the lumi-
nal or abluminal fronts, while others seemed to be
closed within the endothelial cytoplasm. Similar vacu-
olar structures were reported in aortic endothelium
[60], in capillaries from various tumours [59, 61],
from the CNS [62, 63], and from the cardiac muscle
[52]. It has been shown that these vacuoles represent
distinct endothelial cell structures that participate in
the transendothelial transport of macromolecules
[60, 61, 63].

In what concerns the distribution of abumin in the
basement membrane, this seemed to undergo changes
along with the age of the animals and in the diabetic
condition. Labelling for circulating albumin was pres-
ent in capillary basement membranes in all groups of
rats. In tissues from normoglycaemic rats, the label-
ling was more concentrated on the endothelial side
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of the basement membrane than on the astrocytic or
pericytic side, suggesting that similar to the glomeru-
lar wall [14], the basement membrane of brain capil-
laries must contribute to the restricted passage of pro-
teins across the capillary wall [29, 51, 52]. In contrast,
the basement membrane of hyperglycaemic rats
showed an increase in albumin amounts and changes
in albumin distribution. Albumin was no longer re-
tained on the endothelial side of the basement mem-
brane, but rather spread to the astrocytic or pericytic
side. These changes became more important along
with the duration of the hyperglycaemic state. For the
glomerular permselectivity, the molecular conforma-
tion of the basement membrane matrix and the con-
centrations of glycation of circulating proteins are
assumed to be responsible for the restricted passage of
serum proteins [64]. Changes in these characteristics
lead to alterations in permeability properties [64].
Diabetes or prolonged periods of hyperglycaemia do
affect drastically the glycation of proteins, glomerular
basement membrane integrity and its filtration proper-
ties [15, 18, 25, 27, 28]. Previous [51] and present
results indicate that this may also be the case for the
blood-brain barrier. Since changes in albumin distri-
bution across the basement membrane was also
detected in normoglycaemic rats in relation to their
age suggests that diabetes could accelerate a normal
ageing process taking place at the blood-brain barrier.
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