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ABSTRACT: Background: Despite the potential importance of endoneurial microvessel abnormalities
in diabetic neuropathy, the pathogenesis of these abnormalities is incompletely understood. We wished
to evaluate the effect of experimental diabetes on endoneurial microvessels and determine if an aldose
reductase inhibitor alters any of the changes induced by diabetes. Methods: We compared streptozocin
diabetic rats with and without aldose reductase inhibitor treatment to non-diabetic rats after 10 months
of diabetes. Transverse microvessels from the mid-sciatic level were studied by electron microscopic
morphometric evaluation. Results: Microvessel endothelial, pericyte, basement membrane and total
mural area were greater in untreated diabetic animals than non-diabetic animals. Aldose reductase
inhibitor treated diabetic animals had greater endothelial area and possibly pericyte area but not base-
ment membrane or total mural area. Conclusions: This study demonstrates that endoneurial microvessel
abnormalities can be detected in experimental diabetic neuropathy. Microvessel basement membrane
thickening will be prevented by an aldose reductase inhibitor. One mechanism by which abnormal poly-
ol pathway activity may contribute to diabetic neuropathy could be through damage to microvessels.

RESUME: Prévention des changements au niveau des microvaisseaux endoneuriaux par inhibition de ’aldose
réductase dans le diabéte. Introduction: Malgré I'importance potentielle des anomalies des microvaisseaux
endoneuriaux dans la neuropathie diabétique, leur pathogenése n’est pas bien comprise. Notre but était d’évaluer
I'effet du diabéte expérimental sur les microvaisseaux endoneuriaux et de déterminer si un inhibiteur de I’aldose
réductase modifie les changements induits par le diabete. Méthodes: Nous avons comparé des rats diabétiques
depuis dix mois (diabéte induit par la streptozotocine) avec et sans traitement par I’aldose réductase, a des rats non
diabétiques. Nous avons procédé a une évaluation morphométrique par microscopie électronique des microvaisse
aux au niveau sciatique moyen. Résultats: Les aires endothéliales, du péricyte, de la membrane basale et murale
totale des microvaisseaux étaient plus grandes chez les animaux diabétiques non traités que chez les animaux non
diabétiques. Chez les animaux diabétiques traités au moyen de I'inhibiteur de I’aldose réductase, 1'aire endothéliale
et possiblement I'aire du péricyte étaient plus étendues, mais ’aire de la membrane basale et 1'aire murale totale
n’étaient pas modifiées. Conclusions: Cette étude démontre que des anomalies des microvaisseaux endoneuriaux
peuvent étre détectées dans la neuropathie diabétique expérimentale. L'épaississement de la membrane basale des
microvaisseaux peut étre prévenu par un inhibiteur de 1’aldose réductase. Le dommage causé aux microvaisseaux est
un des mécanismes par lesquels une activité anormale de la voie polyole peut contribuer a la neuropathie diabétique.
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Aldose reductase inhibition of polyol pathway activity can As axo-glial dysjunction advances the fibre damage and loss in
prevent electrophysiologic abnormalities in experimental diabetic diabetic neuropathy develops. Inhibiting sorbitol accumulation
neuropathy.'? Aldose reductase inhibitors have proven beneficial through aldose reductase inhibition may prevent this process.*?
in some clinical trials for diabetic neuropathy.** Structural The polyol pathway hypothesis as it is currently understood

improvements of nerve which may occur with use of aldose
reductase inhibitors include increased rates of regeneration of
nerve fibres, reduced paranodal demyelination, reduced segmen-
tal demyelination and reduced myelin wrinkling.* However, the
mechanism through which aldose reductase inhibition may ame-
liorate morphologic nerve fibre changes in advanced diabetic
neuropathy is incompletely understood. One hypothesis is that

does not encompass the large body of evidence that microan-
giopathy and the ischemic process play an important role in the
pathogenesis of diabetic neuropathy. The pattern of nerve fibre
damage and loss suggests an ischemic process'?!3 and the severity
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of microangiopathy has been statistically associated with severi-
ty of nerve fibre alteration.'s"'¥

To further develop the polyol pathway hypothesis we were
interested in evaluating a potential link between polyol pathway
disturbance and endoneurial microvessel abnormalities. In partic-
ular we wished to determine if aldose reductase inhibition reduces
the thickening of any of the microvessel wall components seen in
diabetic neuropathy. Aldose reductase activity is found in
endothelial cells of microvessels in nerves and other tissues.>!®
Aldose reductase inhibition has been shown to prevent basement
membrane thickening in experimental diabetic retinopathy.?02!
Experimental models of diabetic endoneurial microangiopathy
have been infrequently studied? and the effect of pharmacologi-
cal manipulation has not been reported. In this study we deter-
mined that endoneurial microangiopathy can be demonstrated in
experimental diabetes and long term use of an aldose reductase
inhibitor can prevent some microangiopathic changes.

MATERIALS AND METHODS

Male Sprague-Dawley rats at age 3 months were divided into
3 groups. Two groups had diabetes induced by intraperitoneal
injection of streptozocin 50 mg/kg. One group of diabetic ani-
mals (n = 4, onset weight 340.3 + 7.3 g) was not treated. The
second diabetic group (n = 6, 347.0 + 13.2 g) received the
aldose reductase inhibitor Statil 25 mg/kg (ICl Pharma) mixed
into the daily feed of rat chow from the onset of diabetes. This
dose of Statil has been previously demonstrated to inhibit aldose
reductase activity in experimental diabetic neuropathy, normal-
izing nerve sorbitol levels and ameliorating nerve conduction
velocity abnormalities in diabetic rats.?? The third group of ani-
mals did not have diabetes induced and did not receive any med-
ication (n = 6, 343.7 + 15.7 g). The animals were raised on
shavings in polypropylene cages and given unlimited water.
Blood glucose and weight were monitored in all 3 groups at reg-
ular intervals. Glucose was measured on capillary blood using a
glucometer after an overnight fast. Diabetes was defined as ani-
mals with blood glucose measurements greater than 17 mmol/L
throughout the duration of the study.

At 10 months following induction of diabetes the animals
were anaesthetized with sodium pentobarbital 50 mg/kg and the
right sciatic nerve was exposed taking care not to damage nerve
vessels and fixed in situ for 17 minutes with 4% glutaraldehyde
in 0.025 M cacodylate buffer at pH 7.39. The sciatic nerve was
removed from the level of the sciatic notch to its distal branches
and placed in 2.5% glutaraldehyde in 0.025 M cacodylate at pH
7.39 for 24 hours. Ten millimetres distal to the proximal cut end
of the sciatic nerve a transverse block of nerve was cut and
washed in cacodylate buffer and additionally fixed in 2% osmium
tetroxide in buffer and embedded into epoxy. The blocks were
embedded with proximal end up. This position along the sciatic
nerve was approximately midpoint between the sciatic notch
and the branching of the sciatic nerve near the knee. The mid-
sciatic level has been shown in previous studies to represent a
region where ischemic changes may be maximal in lower limb
diabetic neuropathy'? and other ischemic processes.?2°

Transverse semi-thin (0.75 pm) sections of the blocks were
cut and stained with methylene blue. These sections were exam-
ined by light microscopy. Thin sections (0.1 pm) of the entire
transverse block were cut and stained with uranyl acetate and
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lead citrate. Electron micrographic analysis was then performed
for morphometric evaluvation of endoneurial microvessels. For
each animal a single grid of thin sections from the transverse
block was scanned for all microvessels. The grid usually con-
tained between 2 to 3 consecutive thin sections. A systematic
X,y traverse of the thin sections was used to ensure all microves-
sels present were sampled. Electron micrographs were prepared
of all endoneurial microvessels encountered in the x,y-traverse
of thin sections. These micrographs were enlarged to final mag-
nifications of approximately X6000 for large and X10,000 for
small microvessels. If duplicate microvessels from the consecu-
tive thin sections were photographed they were discarded. The
group of microvessels analysed in each animal represented as
many microvessels as could be found at a single transverse
level. This method was used to ensure the measured values of
microvessel components was as close to the true average for the
animal at the nerve level evaluated.

The morphometric methods have been previously described®
including the method of tracing elements of the microvessel.
The borders of the vessel lumen (LA), outer endothelial border
(OEB), pericyte cell body and processes (P) and outer vessel
border (OVB) were traced. A programmable digitizing tablet
was used to determine the area within the space circumscribed
by these borders. The endothelial area (OEB-LA), basement
membrane area {OVB - (P + OEB)] and mural area (OVB-LA)
were calculated. The number of endothelial nuclei per vessel
and pericyte nuclei per vessel were counted.

Values for comparison are expressed as mean + standard
deviation (SD). The mean values compared are the means of the
groups which are obtained by averaging the mean values from
each animal. To determine if an overall difference in the size of
the microvessel wall was present among the groups, the mural
area of the 3 groups was compared using ANOVA one way anal-
ysis. Two-sampled t-tests for unpaired samples (95 percent con-
fidence limits) were then used to assess separate components of
the vessel wall as well as other microvessel features of interest
including lumen area, endothelial nuclei per vessel, pericyte
nuclei per vessel and total vessel area. Statistical difference was
compared between the untreated diabetic and non-diabetic
groups, the Statil treated diabetic and non-diabetic groups and
the Statil treated diabetic and untreated diabetic groups.

RESULTS

All diabetic rats had persistent blood glucose measurements
greater than 20 mmol/L. The diabetic rats without Statil devel-
oped dense cataracts and with Statil only slight or no cataracts.
Weights of animals in the untreated diabetic group (454.5 + 18.0
gm, p = 0.0005) and Statil treated diabetic group (435.3 + 60.9,
p = 0.0005) were significantly lower at the end of the study than
the non-diabetic group (705.0 + 30.2 gm) consistent with what
is anticipated in experimental diabetic neuropathy.?’

There was no obvious alteration of endoneurial microvessel
appearance at light microscopic magnification level.
Microvessels examined by electron microscopy were occasion-
ally closed in the diabetic nerves. The microvessel wall gave the
appearance of thickening in diabetic nerves which was con-
firmed by morphometric analysis (Figures 1-3). Using ANOVA
the mural area between the 3 groups was different (p < 0.05).
There did not appear to be other structural differences of mural
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Figure 1: Electron micrograph of endoneurial microvessel from the tib-
ial nerve of a non-diabetic rat. Measurements were made of the vessel
lumen (arrow), outer endothelial border (double arrows), pericyte cell
body and processes (arrowhead) and outer vessel border (double
arrowheads). The size of mural components were calculated from these
measurements. Stained with uranyl acetate and lead citrate. Calibration
bar = 2.0 um.

Figure 2: Endoneurial microvessel from a diabetic rat. On average the
size of all components of the vessel wall including endothelial cell, peri-
cyte cell and basement membrane were significantly greater than non-
diabetic rats. The basement membrane between the endothelial and
pericyte cells in this vessel appears thickened. Stained with uranyl
acetate and lead citrate. Calibration bar = 2.0 um.
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Figure 3: Endoneurial microvessel from a Statil treated diabetic rat.
Mean endothelial cell area was greater in Statil treated diabetic rats
than non-diabetic animals and the mean pericyte area was also greater
approaching significant levels. The mean basement membrane area mea-
surement for the Statil treated group was not greater than in the non-dia-
betic group. Stained with uranyl acetate and lead citrate. Calibration
bar = 2.0 um.

elements in diabetic nerve microvessels. Excess pericyte degen-
eration or degeneration of endothelial organelles was not seen.
Tight junctions between endothelial cells appeared preserved.

Morphometric measurements were made of multiple
microvessels from each animal, all obtained from sections at the
same transverse level. The mean number of microvessels mea-
sured per rat was not different between groups (Table). The
microvessel lumen area and total vessel area were largest in the
diabetic animals but mean values were not significantly different
between groups. As compared to non-diabetic controls all com-
ponents of the vessel wall in untreated diabetic nerves were
increased in size including endothelial area (P = 0.005), pericyte
area (P = 0.038), basement membrane area (P = 0.024) and total
mural area (P = 0.005). The increased size of wall components
ranged from an increase of 31% for pericyte area, 35% for
endothelial area and 40% for basement membrane area. In the
Statil treated diabetic group the endothelial area was 25%
greater than the control group which was significant (P = 0.016).
Pericyte area was 25% greater than controls which reached bor-
derline significance (P = 0.051). There was no significant differ-
ence in the basement membrane area of Statil treated diabetic
nerves and control nerves. The overall mural area of the Statil
group was not significantly different than control. The number
of endothelial and pericyte nuclei per vessel was not different in
either diabetic group compared to controls suggesting that the
endothelial and pericyte changes are due to increase in cell size
and not cell number.

Comparisons between the Statil treated and untreated diabetic
groups demonstrated that for all measurements except basement
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Table: Morphometric Comparisons of Electron Micrographs of Endoneurial Microvesels From Non-Diabetic, Diabetic and Statil Treated Diabetic Rat

Tibial Nerve.
Non-Diabetic Diabetic Statil Treated Diabetic vs. Statil Treated Statil Treated
Diabetic Non-Diabetic Diabetic vs. Diabetic vs.
Non-Diabetic Non-Diabetic
Number Vessel Measured
per amimal 19.7 £ 5.1 250 = 738 260 x 34 n.s. n.s. n.s
Lumen Area (Lm?) 85.6 =+ 34.1 99.3 + 238 974 =175 n.s. n.s. n.s
Total Vessel Area (Um?) 1424 + 440 173.5 +£25.6 1623 270 n.s. n.s. n.s
Endothelial Area (um?) 172 = 29 233 + 25 215 = 3.1 p = 0.005 p=0.016 n.s
Perictye Area (Lm?) 202 + 46 264 + 49 252 = 50 p=0.038 p=0.051 n.s
Basement Membrane
Area (um?) 172 £ 54 240 £ 22 179 = 54 p=0.024 n.s. p=0.035
Mural Area (m?) 546 = 97 736 = 7.3 647 = 114 p=0.005 n.s. ns
Endothelial Nuclei/Vessel 1.19 + 0.24 1.39x 0.28 1.27 = 0.03 n.s. n.s. n.s
Pericyte Nuclei/Vessel 042+ 0.18 045+ 0.05 049 x 0.14 ns. n.s. n.s

Values are mean £ SD of nerve means.

membrane area no differences were found. The Statil treated
animals developed less thickening of basement membrane than
untreated diabetics (p = 0.035).

DiscussioN

The present study demonstrates that endoneurial microvessel
abnormalities develop after 10 months of experimental diabetic
neuropathy. Experimental diabetic microangiopathy has not
been frequently reported.22 The model used in the current study
proved helpful for studying the effect of pharmacological
manipulation on diabetic microangiopathy. Due to the potential
importance of microvessels in the pathogenesis of diabetic neu-
ropathy the experimental model of microangiography demon-
strated here will be very useful for evaluating future possible
treatment strategies.

Endoneurial microvessels in chronic clinical diabetic neuropa-
thy demonstrate thickening of mural elements including endothe-
lial cells, pericyte cells and basement membrane.'¢!728.29 This
results in increased rates of microvessel closure.'® The alterations
of the microvessel wall and the rates of vessel closure'® are statis-
tically associated with the severity of nerve fibre change in diabetic
neuropathy.'6-'8. 28 The pattern of myelinated fibre damage and
loss is consistent with the pattern of an ischemic neuropathy.'?-!4
The endoneurial microenvironment demonstrates reduced nerve
blood flow and decreased oxygen tension in experimental diabetic
neuropathy?*3' and patients with diabetic neuropathy.>3 Nerve
conduction velocity slowing and myelin abnormalities develop in
rats reared in a hypoxic environment.>* Oxygen supplementa-
tion of animals with experimental diabetic neuropathy will
improve electrophysiologic abnormalities.*® These morphologic
and physiologic data have led to the conclusion that endoneurial
microvessel abnormalities may play an important role in the
development of diabetic neuropathy.

The pattern of microvessel change in the present experimen-
tal model of diabetes correlates well with what is seen in clinical
diabetic neuropathy. Thickening of the three components of the
endoneurial microvessel wall was found including endothelium,
pericytes and basement membrane. Mean total vessel area was
greatest in the diabetic group raising the concern that basement
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membrane area increase may at least in part reflect the measure-
ment of larger vessels in that group. However, the total vessel
area was not significantly different between groups and the
method of selecting microvessels for measurement was chosen
to avoid bias toward evaluating larger or smaller microvesels in
any particular animal. The results should reasonably represent
the mean values from each animal making comparisons between
groups valid.

Only a few vessels were closed in the experimental model,
but it is possible that end stage microvessel abnormalities may
require much longer duration diabetes than the 10 months of this
study. Statil prevented basement membrane thickening in
endoneurial microvessels similar to what has been demonstrated
in retinal microvessels in diabetes treated with an aldose reduc-
tase inhibitor.?®! Statil may have a beneficial effect in prevent-
ing changes in other vessel wall structures as the pericyte
change in Statil treated animals was of borderline significance.
It is not certain what specific effect an alteration of each mural
component would have on the vessel function, though oxygen
transport, nutrient transport and the blood nerve barrier would
be at risk for dysfunction by microvessel changes.

When the oxygen transport function of microvessels is inter-
rupted a number of hypoxic consequences will occur in the
nerve. Some of these may occur immediately but delayed scc-
ondary effects may develop. It has been shown that capillary
closure will directly damage nerve fibres. Experimental occlu-
sion of endoneurial microvessels with microspheres produces a
pattern of myelinated fibre alteration similar to what is found in
diabetic and other ischemic neuropathies.? Ischemia produces
marked changes in nerve structures other than myelinated fibres
such as the perineurium?’ and the endoneurial microvessel
itself.2¢ The endothelial cells of the microvessel are particularly
susceptible to ischemic damage. This means that once microves-
sel pathology has been initiated a progressively worsening cycle
may develop of hypoxic induced microvessel damage, worsened
hypoxia and greater microvessel damage.

Microvessel changes could also contribute to development of
an ischemic microenvironment through reduced prostacyclin
synthesis in endoneurial microvessels*® leading to increased
platelet aggregation,® increased microvessel tone® and reduced
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nerve blood flow. As well, thickened rigid microvessel walls
may be incapable of normal squeezing of red blood cells to
assist oxygen exchange.*>4! Vasodilation has been reported in
acute diabetic neuropathy*? and is an early indicator of abnormal
vasoreactivity. In this model of chronic diabetic neuropathy
lumen area was not altered suggesting that vasodilation is no
longer present at this stage.

Regardless of how and to what extent abnormal microvessels
contribute to the development of diabetic neuropathy it has not
yet been established how microvessels are altered in the first
instance. The present study provides one potential link between
microvessel abnormalities and the metabolic disruption of the
nerve microenvironment that is set in motion by hyperglycemia.
During hyperglycemia the polyol pathway actively converts glu-
cose to sorbitol through the enzyme aldose reductase. This
metabolic process may be responsible for several complications
of diabetes.*>* Increased polyol activity in experimental diabetic
neuropathy leads to depletion of tissue myo-inositol,7 though in
human diabetic neuropathy reduced myo-inositol is not always
found.* Voltage clamp studies show sodium channel activity at
the node of Ranvier is impaired*® by abnormal sodium potassium
ATPase activity that can be attributed to myo-inositol
reduction.® Abnormalities of nodal function could slow nerve
conduction velocity which is the first electrophysiologic abnor-
mality found in experimental diabetic neuropathy. As well,
axoglial dysjunction present in diabetic neuropathy may be the
result of the metabolic abnormalities at the node that occur in
early diabetes.!? This structural nodal abnormality may explain
why the nerve conduction abnormalities in established diabetic
neuropathy are poorly reversible despite correction of the hyper-
glycemia.

The current study shows that microvessels are also affected
by abnormal polyol pathway activity. An important link between
aldose reductase activity and microvessel alteration may result
from abnormalities in nitric oxide metabolism due to increased
polyol production. Nitric oxide is a potent vasodilator.*? Aldose
reductase activity competes with nitric oxide synthetase for
NADPH#? which may decrease production of this vasodilator
over time. However, in the acute stages of diabetes an increased
NADH/NAD* ratio promotes increased nitric oxide produc-
tion.*2 These changes in vasoreactivity may contribute to chronic
morphologic microvessel abnormalities in diabetic neuropathy.
The morphologic abnormalities of microvessels similar to
myelinated fibre alterations may be poorly reversible in estab-
lished diabetic neuropathy.

In addition to polyol pathway abnormalities, other metabolic
factors may play a role in the development of diabetic neuropathy.
Non-enzymatic glycation of proteins contributes to vessel abnor-
malities through increased protein cross linking in the vessel
wall. 4849 This effect appears to be largely independent of aldose
reductase activity?® though polyol pathway abnormalities may
indirectly promote glycation by increasing fructose levels. As
well, nitric oxide may be linked to glycation as aminoguanidine
inhibits the production of both.® Further work is necessary to
determine how these various factors interact to produce
microvessel abnormalities in diabetic neuropathy.

It is possible that microvessel abnormalities in diabetic neu-
ropathy develop secondary to the metabolic disturbance but do
not have any pathogenic role in the development of myelinated
fibre alteration. Similar microvessel changes have been reported
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in inherited neuropathies which are not felt to have any ischemic
pathogenic mechanism.>! Metabolic abnormalities could dam-
age axons and Schwann cells directly®'!233 with microvessels
as innocent bystanders being affected by the metabolic changes
that lead more directly to fibre damage. However, the results of
many studies to date support the presence of some ischemic pro-
cess affecting diabetic nerve. The strong link demonstrated
between microvessel changes and the progression of neuropathy
makes the possibility that microvessels are not at all important
to the development of diabetic neuropathy unlikely to be entirely
correct. It would seem more likely that microangiopathy con-
tributes to diabetic neuropathy as one component of a multifac-
torial process that includes hypoxia and other direct metabolic
effects on myelinated fibres.

In experimental diabetic neuropathy the morphologic
changes of myelinated fibres are not as striking as those in well
established clinical diabetic neuropathy. Changes in the region
of the node of Ranvier,”!! axonal shrinkage? and Schwann cell
injury®® occur in experimental and clinical diabetic neuropathy
but it is unclear how the mild morphologic changes of experi-
mental diabetic neuropathy relate to the severe multifocal fibre
damage and loss in clinical diabetic neuropathy. Short term
experimental diabetic neuropathy likely does not completely
model what occurs in long term clinical diabetic neuropathy.
The current study demonstrates that vascular changes can be
detected after 10 months of experimental diabetic neuropathy. A
much longer period of time may be required for these vascular
changes to advance to the point where they will produce suffi-
cient ischemia in the nerve to lead to multifocal nerve fibre
loss. Therefore, the morphologic alterations of microvessels in
experimental diabetic neuropathy of 10 months duration may be
as important a marker of nerve damage from diabetes as the
early structural changes in myelinated fibres. Experimental
microvessel changes may also be an important target for assess-
ment of therapeutic intervention when the aim of intervention is
to prevent late stage ischemic myelinated fibre alteration.
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