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Summary. Scanning electron microscope studies of
the aorta and other major arteries have been per-
formed in alloxan-induced diabetic rabbits. After
5 weeks, a variety of structural abnormalities of the
endothelial lining were detected including a signifi-
cant increase in the number of argyrophilic cells and
an increased number of craters or openings in the en-
dothelial junctional region. Evidence of more exten-
sive micro-damage was present after S months dura-
tion of diabetes. These zones with structural changes
in the endothelial lining of major vessels seem to be
areas of high predilection to atherosclerosis in dia-
betes.
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Macro- and microangiopathy are important compli-
cations in the diabetic. Microangiopathy has fairly
well recognized characteristics, including endothelial
proliferation and desquamation, together with capil-
lary irregularity and closure and basement membrane
thickening[1, 2]. Macrovascular damage in diabetes is
characterized by the initiation and rapid progression
of early atherosclerosis [3, 4]. However, the mecha-
nism of the primary damage to the aorta and other
large vessels has not yet been fully elucidated.

Endothelial injury has been postulated as a poten-
tial initiating event in atherogenesis [5, 6]. It has also
been proposed that damage to the endothelial layer
may be an early pathological process in diabetes [7].
However, no experiments have been carried out to
confirm this hypothesis, apart from one report [§], in-
dicating that streptozotocin-induced diabetes in pigs
caused irregularity and disruption of the endothelial
surface.
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We have used scanning electron microscopy for
quantitative analysis of the main types of endothelial
injury in experimental diabetes; using this method,
large areas of endothelial luminal surface can be ob-
served for the presence of micro-damage. The criteria
for early endothelial injury are 1) number and size of
zones of de-endothelialization, 2) presence of argyro-
philic cells, 3) craters and openings on the cell surface
and at intercellular junctions and 4) changes in the
cell size [9-12].

Materials and Methods

Fifty-five chinchilla rabbits (body weight 3-4 kg) were used. Dia-
betes was induced following IV injection of alloxan (120 mg/kg
body weight). Nine rabbits with 5-week duration of diabetes and
four with 5-month duration of diabetes were studied. Four rabbits
with 5-week duration of diabetes received 0.8 U protamine-Zn-in-
sulin/kg body weight by daily injection for 4 weeks. The control
group consisted of 21 animals of whom 17 were untreated. The ves-
sels of two rabbits were examined 1 h after alloxan injection and
compared with 2 animals who had failed to develop diabetes
5 weeks after alloxan treatment. A marked difference in the number
of animals in each group was the result of a high mortality rate (50%
in 5 weeks and 67% in 5 months), due to the high toxicity of alloxan
and in some instances due to uncontrolled severe diabetes.

Levels of Hyperglycaemia and Hyperlipidaemia

Blood samples were taken from ear veins in the morning following
one day starvation. Blood glucose concentrations were determined
using orthotoluidine and plasma cholesterol and triglyceride levels
were measured using an autoanalyser (AA 11 Technicon). Insulin
levels were determined by radioimmunoassay using a “‘Sorin’ test-
collection of antisera. Blood insulin and glucose were measured in
each animal before alloxan injection, on day 7 after alloxan admin-
istration and on the day of the experiment. In the group with 5-
month diabetes, blood glucose and insulin were measured month-
ly. Blood glucose of insulin-treated alloxan diabetic rabbits was
measured before treatment and 23 h after each injection. If the glu-
cose level remained higher than 7.2 mmol/1, insulin (1.2 U/kg body
weight) was injected during the next 2 days.
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Table 1. Quantitative characteristics of endothelial cover in control and alloxan diabetic rabbits

Group Vessel Exam- Cell/mm? Longi- De-endo- No. of Craters/mm?  Argyro- Argyro- Stomata/mm?
ined tudinal thelialized de-endo- philic philic
area size area thelialized cells/mm?* cells
(mm?) {um) (%) zones per mm? area
)
Thoracic aorta 16.4 1340+ 50 70+4  0.004 = 0.004 0.05 £ 0.05 20+ 12 08+ 08 0 38+ 1.6
glojzr%l Abdominal aorta  56.4 1450 £ 80 742 0029 £0012 0.29 £ 0.11 06+ 04 1.0x 05 0 25+ 06
Carotid artery 5.4 1780 + 100 55+3 0.016 = 0.015 014+ 0.14 06+ 06 14+ 14 0 45+ 15
5.week Thoracic aorta 19.8 1350+ 70  72+4  0.008 £ 0.005 0.16 £ 0.11 113+ 2.0° 86 =+ 56° 36.4 453+ 3238
diabetes Abdominal aorta  47.9 1340+ 50 76+3 0018 £0.008 0.17 £ 0.05 266+ 3.8 124 =57 324 196 £ 5.8
=9 Carotid artery 22.5 1760 £ 150 66x2*  0.006 £ 0.004 0.12 + 0.08 27.0 £ 13.6* 90 =+ 60* 31.2 312+ 8.6°
5-month Thoracic aorta 36.0 1350+ 50 715  0.003 £0.003 0.07 +0.07 30+ 1.5 13 £10 36.4 16.6 £ 8.6
diabetes Abdominal aorta  22.7 1370+ 40 90x+3* 0 0 92+ 3.6* 72 %66 11.9 182+ 6.3°
(n=4) Carotid artery 133 1360+ 50° 79+% 0 0 78+ 61 10 = 7 83 162+ 42°
Insulin- Thoracic aorta 16.2 1370 £ 100 695  0.020 £ 0.012 0.25£0.15 40=x 2.1 04+ 03 0 33+ 09
“fl?ated Abdominalaorta 162 1330+ 160 84+7 0013£0009  012+006  1.1% 07 38+ 38 0 98+ 7.8
alloxan
diabetes  Caroticartery 182 1450+ 1108 74+5 0026+0.013 0304008 31+ 03 47+ 19 2x1 74+ 21
(n=4)

Values are expressed as mean + SEM.* Significant difference from control values (p < 0.05) determined by t-White criterion [16]

The experimental diabetic group consisted of those rabbits
whose fasting blood glucose level was higher than 11 mmol/1 one
week after injection.

Vessel Preparation for Scanning Electron Microscopy

Rabbits were anaesthetized using nembutal and operated on using
adequate artificial ventilation. The descending thoracic aorta, the
abdominal aorta (from the coeliac artery to the aortic bifurcation)
and the right carotid artery were cannulated and all branches were
carefully ligated. The vessels were treated according to the method
of Davies and Bowyer[13]: washed with Eagle’s medium (35 min),
rinsed with 5% glucose (2-3 min), impregnated with 0.1% Ag-
NO;(2 min) and fixed with 2.5% glutaraldehyde (12-15 h) under a
pressure of 1.33 kPa.

Fixed vessels were opened longitudinally, washed with water
and then air-dried. Samples were coated with evaporated gold
(thickness 30 nm) and observed under a scanning electron micro-
scope Jeol 35 at 25 kV with 0.18 mm? field and magnification x
200.

Measurement of Area of Endothelial Injury:
Calculation of the Number of Damaged Sites
and Cell Shape Distribution

Areas of endothelial damage were counted on ecach sample in
20-50 randomly chosen scanning fields. De-endothelialized areas
were determined planimetrically. The number of argyrophilic cells,
craters and openings were estimated in each field. The number and
longitudinal size of cells were determined on photomicrographs of
two random fields taken from each vessel. Regions lying close to
the ostia were not taken into consideration, as artificial damage to
the endothelial sheet may be observed frequently at such places.

Study of Silver Distribution on Endothelial Luminal
Surfaces by X-ray Microanalysis

An X-ray dispersion spectrometer Kevex — 5100, linked to the scan-
ning electron microscope, was used for studying the deposition of

silver on the endothelial luminal surface. Samples observed pri-
marily by scanning electron microscopy were located at a distance
of 1.5 cm from the X-ray radiation detector at an angle of 40°. Suit-
able regions were chosen in a 5 wm? field and then calculated for
50s at magnification x 10,000. Each structure was examined by the
spectrometer ten times. X-ray pulse height distribution was meas-
ured in the energy range of 0-10 keV with a resolution of 10 eV. The
area of the silver line peak L, in the energy interval 2.90-9.03 keV
was considered to be a characteristic signal. It was compared with
the continuum signal taken simultaneously from the same sample
in each spectrum in the energy interval 4.50-5.00 keV, in which no
characteristic peaks were generated from the sample [14].

Signals obtained from the samples were compared with the
standard signals for the quantitative analysis of silver distribution
in morphological structures [15]. AgNO; was used as a standard
and the silver content under the area varied from 0.1 to 100 pg. The
relationship between the silver content in the sample and character-
istic/continuum ratios was linear for a constant scanning field.

Results

The weight loss of diabetic animals was 9% in 5 weeks
and 26% in 5 months. Blood glucose concentration on
the day of experiment, for the control group and for
the 5-week and 5-month diabetes was 7.21 = 0.77
(mean + SEM),13.30 + 0.78 (p < 0.05),and 16.11 =
3.05 mmol/1 (p < 0.05), respectively, according to
non-parametric t-White criteria [16]. Blood glucose
levels oscillated from 11 to 20 mmol/1for the 5-month
duration of diabetes.

In the insulin-treated diabetic rabbits, blood glu-
cose was 15.2 = 1.7 mmol/1 before insulin adminis-
tration falling to 6-10 mmol/1 during insulin treat-
ment. On the day of experiment, the blood glucose le-
vel was 8.50 = 0.52 mmol/l, cholesterol 1.05 =+
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Fig. 1. The luminal surface of control rabbit thoracic aorta ( x 200)
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Fig.2a and b. De-endothelialized areas in the normal rabbit aorta: a desquamation of the group cells ( x 200), bindividual cell loss ( x 1,000)

Fig. 3. Argyrophilic cells on the luminal surface aorta from a rabbit of 5-week duration of diabetes (x 600)

Fig.4. Craters on the luminal surface abdominal aorta from a rabbit of 5-week duration of diabetes (x 600)

0.27 mmol/1 and triglyceride 042 + 0.05 mmol/1.
During oral glucose tolerance tests, blood glucose in
this group increased from 8.50 + 0.63 to 17.7 =+
2.0 mmol/I (after 1 h) and 10.7 = 1.7 mmol/I (after
3 h). In the control non-diabetic rabbits, the blood
glucose was 9.3 £ 1.9 (after1h)and 7.0 + 0.4 mmol/1
(after 3 h) after glucose loading.

Serum insulin concentration was 159 + 25 (con-
trol group), 98 = 9 (5-week diabetes, p < 0.05)and 79
=+ 19 pmol/1 (5-month diabetes, p < 0.05); cholester-
ol concentration was 1.17 + 0.31,22 = 0.21 (p <
0.05)and 2.0 £ 0.26 mmol/] and triglyceride concen-
tration was 0.38 + 0.03,0.61 = 0.08 (p < 0.05)and 1.1
£ 0.21 mmol/1 (p < 0.05), respectively.
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Fig.5. Argyrophilic stomata on the carotid artery luminal cover of a 5-week duration diabetic rabbit ( x 200)

Fig. 6. Intercellular boundary thickening on the thoracic aorta surface of a 5-month duration diabetic rabbit ( x 200)

Control Group

The luminal surface was lined by a continuous sheet
of endothelial cells oriented along the axis of blood
flow; only cell borders were uniformly stained with
silver (Fig.1). The density of monolayers (expressed
as the number of cells/mm?) was 1.3 times higher in
the carotid artery, where smaller cells prevailed. Cal-
culated cell sizes are in good agreement with the data
obtained by the vascular casting technique [17], thus
the fixation procedure used preserved the true endo-
thelial cell size.

Spontaneous endothelial injury was found in
some normal rabbits. Two main types of de-endo-
thelialization were distinguished: desquamation of
groups of cells (Fig.2a) and of individual cells
(Fig.2b). The first type of de-endothelialization was
rare and only one area of major endothelial cell loss
with adherent platelets was found in an abnormal
aorta amongst all the vessels examined. The second
type of injury was seen with an average frequency of
one per 6 mm?. No platelets adhered to these sites.
The frequency of cell loss in the areas examined are
shown in Table 1.

5-Week Diabetes

Cell density and sizes were unchanged except for an
increase in cell length in the carotid artery. The num-
ber and areas of de-endothelialization zones in the ex-
amined vessels were not higher than in the control an-

imals (Table 1). However, the number of argyrophilic
cells was significantly higher in the thoracic aorta
(107-fold increased), in the abdominal aorta (124-fold
increased) and in the carotid artery (64-fold in-
creased) (Table 1).

The regions of argyrophilic cells occupied ap-
proximately one-third of the examined area (Fig.2)
and about ten argyrophilic cells were present in each
scanning field. It was found that the number of argyr-
ophilic cells was 13 + 3 and 186 £ 100 per mm? (p <
0.05) for rabbit subgroups with blood glucose concen-
tration < and > 13 mmol/} respectively. The fre-
quency of craters per mm? of endothelial luminal sur-
face was also significantly increased (Fig.4): in the
thoracic aorta (sixfold), in the abdominal aorta (44-
fold) and in the carotid artery (45-fold) (Table 1). In
addition, the number of stomata was also significant-
ly increased by 12.8 and sevenfold respectively
(Table 1). The argyrophilic stomata are illustrated in
Figure 5.

5-Month Diabetes

The number of cells per mm? of the carotid artery lu-
minal surface decreased by 1.3-fold and the longitudi-
nal size of endothelial cells increased by 1.2-fold, and
by 1.4-fold in the carotid artery compared with nor-
mal rabbit. Intercellular boundary thickening was
marked (Fig.6). The frequency of the other types of
abnormality are shown in Table 2.
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Table 2. Silver absorption by cells and craters on the luminal surface of vessels in control and alloxan diabetic rabbits

Group Normal cells Argyrophilic cells Craters
Surface Border Surface Border
(pg per 5um? areas) (pg per 5um’ areas)
Control (n=10) 1.8 +£0.1 158+ 0.9 22,6 +3.1 18.6 £23 -
Diabetes  (n=10) 1.7+ 0.1 136+ 038 148 +2.22 193 +3.0 03+0.1

Results expressed as mean + SEM.? p < 0.05 according to the Student’s t-test

Insulin-Treated Alloxan Diabetes

No consistent morphological distinctions have been
found in the thoracic and abdominal aorta of this
group compared with the control animals (Table 1).
However, in the carotid artery the cell density was de-
creased by 1.2-fold, cell length was increased by 1.3-
fold and the frequency of craters was higher by five-
fold than normal.

Quantitative Analysis of Silver Deposition

X-ray spectrometry was used for the study of silver to-
pography on the luminal surface. The results are
shown in Table 2. For the control group, the silver de-
position at the borders of endothelial cells was nine-
fold higher than on their luminal surface. The amount
of silver on the surface of argyrophilic cells was 12-
fold higher compared with the normal cell surface.
The concentration of silver on the surface of argyro-
philic cells was 1.2 times higher than at the cell bor-
ders. Minimal amounts of silver were detected on
sub-endothelium at the sites of spontaneous de-endo-
thelialization. These data show that there are signifi-
cant differences in silver absorption by cells from nor-
mal and diabetic vessels.

Discussion

Diabetes is considered to be one of the risk factors for
atherosclerosis [18]. According to Ross et al. [19, 20],
the risk factors triggering or accelerating atherogene-
sis may cause primary injury to the endothelial sheet.
It has been suggested that diabetes may accelerate the
atherosclerotic process by injuring endothelial layers
[7]. Certain methods for the quantitative analysis of
endothelial damage have been developed recently.
The most adequate method for the preservation of
monolayer integrity in samples for scanning electron
microscopy was reported by Davies and Bowyer [13]
and has been used in this study.

The technique described made it possible to inves-
tigate the extent of injury and the morphological

types of endothelial cell damage in the aorta and ca-
rotid artery of normal rabbits. Zones of large endo-
thelial desquamation were not normally detected in
healthy vessels, except for occasional sites of cell loss.
This may reflect the natural endothelial turnover and
is not accompanied by platelet adhesion.

Our studies have also shown that the frequency
and area of de-endothelialization zones were equally
small in both normal rabbits and in animals with 5-
week duration of diabetes. The apparent lack of de-
endothelialization may reflect some resistance to
atherosclerosis in rabbits with alloxan diabetes [21,
22}. Therefore, this model is suitable for evaluating
specific endothelial cell injury implicated only with
diabetes.

The degree of argyrophilia represents a change in
cell properties. The appearance of argyrophilic cells
and stomata in diabetes is compatible with the con-
cept of accelerated cell death and regeneration pro-
posed by Vracko and Benditt [23]. The tendency to
variable cell size in diabetes, especially in those ani-
mals with 5-month duration of diabetes, supports the
idea of accelerated endothelial regeneration.

The possibility exists that an increased cellular up-
take of silver in this animal model is secondary to the
effect of alloxan injury which resembles endotoxin-
induced damage [9]. However, no changes were ob-
served in the endothelial sheet of the aorta or in the
carotid artery from rabbits examined either 1 h after
alloxan injection or from rabbits resistant to alloxan
5 weeks after alloxan injection. These data suggest
that there is no direct toxic effect of alloxan on the
vascular endothelium. No consistent morphological
changes of luminal surface have been observed in the
thoracic and abdominal aorta in the group of insulin-
treated alloxan diabetic rabbits. This observation in-
dicates that the structural changes of the endothelial
cover were, in fact, attributable to the diabetes.

In our studies, we found that there is a significant
increase in argyrophilic cells in diabetic animals, par-
ticularly after 5-week duration of diabetes, showing
phasic process. Recently we have found phasic struc-
tural changes of endothelial integrity in rabbit aorta
and carotid artery, during early stages of experimen-
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tal hypercholesterolaemia [24]. The presence of cra-
ters, as has been suggested previously [25], occurs as
the result of weakening of intercellular junctions. This
weakening results in the appearance of smooth mus-
cle cell pseudopodia, which extrude from the media
through holes of the elastic membranes and at sites of
damaged endothelial junctions. Following fixation of
the tissues, these myointimal hernia are destroyed and
craters are formed. A significant increase of craters
was observed in the endothelial sheet of the aorta in
most of our diabetic animals.

High blood glucose concentration may exert di-
rect cytotoxic effect on the endothelial cells [26, 27].
Increased glucose concentration resulted in an accu-
mulation of sorbitol in the rabbit aorta [28] via the
polyol pathway. This excess can lead to aorta intima-
media swelling and impaired oxygen diffusion.

In summary, diabetes associated with hypoinsu-
linaemia, is accompanied by primary damage to the
endothelial sheet of macro-vessels. These regions
with structural abnormalities may be zones of high
predilection to atherosclerosis in diabetes.
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