
Acta Neuropathol  (Berl) (1984) 6 5 : 1 2 8 - 1 3 7  
Acta 
Neuropatho log ica  
�9 Springer-Verlag 1984 

Axonopathy and Microangiopathy in Chronic AHoxan Diabetes* 

H.C. Powell and R.R. Myers 
Depts. of Pathology, Anesthesia, and Neurosciences, University of California, San Diego, La Jolla, CA 92093, USA 

Summary. A significant reduction in the myelinated 
nerve fiber population was observed during quantita- 
tive electron-microscopic examination of peripheral 
nerves in chronic alloxan diabetic rats. Dystrophic 
axonal abnormalities and regenerating fibers were 
more numerous in diabetics than age-matched con- 
trois. Schwann cells showed reactive changes includ- 
ing prominent pi granules of Reich and intracytoplas- 
mic filament accumulation. Enumeration of these al- 
terations, however, revealed no significant difference 
from controls. Endoneurial macrophages in diabetic 
rats were also filled with lamellar intracytoplasmic 
inclusions characteristic of a chronic neuropathy. 
Quantitation of pathologic lesions in teased nerve 
fibers confirmed the preponderance of axonal over 
demyelinative disease and showed demyelination to 
be segmental. 

Microangiopathy was noted throughout the vasa 
nervorum of diabetic rats, and quantitative electron 
microscopy showed endothelial proliferation with 
doubling of the number of endothelial cells and pro- 
portional capillary mural thickening. Swollen, reac- 
tive endothelial cells appeared to efface the vascular 
lumen and may impair capillary perfusion. These mi- 
crocirculatory changes, in the presence of biochemical 
and rheologic disturbances may contribute to tissue 
hypoxia and underly the loss of axons in experimental 
diabetic neuropathy. 
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in reproducing chronic complications, such as axono- 
pathy, demyelination, and microangiopathy of the 
vasa nervorum [22]. This model may thus be used 
to answer such questions as to whether axonal dystro- 
phy or demyelination is the primary lesion of the 
nerve fiber and if accumulation of pi granules, re- 
ported both in human diabetics [2] and in genetically 
diabetic mice [4], is pathologically significant. 

A decade ago, diabetic neuropathy was consid- 
ered to be attributable primarily to a disorder of the 
Schwann cell. This view was based upon findings of 
segmental demyelination in human diabetic nerves 
[35] and on the demonstration of high concentrations 
of sorbitol and fructose: putative products of 
Schwann cell metabolism, in diabetic nerves [8, 33]. 
Furthermore biochemical analysis of alloxan diabetic 
rabbit nerves [32] revealed an overall reduction in 
myelin content. In recent years, however, there has 
been greater emphasis on the axon as a primary focus 
of injury, and demyelination may be both primary 
and secondary [1, 5, 6, 29, 34, 39]. There is morpho- 
metric evidence of primary axonopathy from neu- 
ropathologic studies of C57BL/Ks (db/db) mice [11, 
30]. The purpose of this paper is to report findings 
of teased nerve fiber examination and quantitative 
electron microscopy which suggest that axonopathy 
is the principal nerve fiber lesion in chronically al- 
loxan-diabetic rats and to emphasize proliferative 
changes in the vasa nervorum associated with mural 
thickening of the microvasculature. 

Introduction 

Of the several animal models for diabetic neuropathy, 
alloxan-induced diabetes has been especially useful 
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Materials and Methods 

Male Lewis rats, weighing 35(~400 g, were used in this study. A1- 
loxan diabetes was induced by i.v. injection of alloxan monohydrate 
42-44 mg/kg body weight. These animals and the controls then 
received a standard laboratory diet. Blood sugars were recorded 
at 2-week intervals throughout the study, and animals which did 
not become diabetic were excluded from the study. Altogether  
38 rats were used in this study consisting of 17 diabetics and 21 con- 
trois. 
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Neuropathology 

Under deep nembutal-induced anesthesia 2.5% phosphate-buffered 
glutaraldehyde was infused into the abdominal aorta of the rat. 
The sciatic nerves were dissected and immersed in glutaraldehyde 
overnight prio r to processing for electron microscopy. Approxi- 
mately 2.5 cm long portions were obtained from the mid-thigh re- 
gion. Portions of the sciatic nerves were embedded in araldite, and 
l-gm sections from the blocks were examined microscopically. 
Teased nerve fibers were prepared by infiltrating the nerves with 
low viscosity resin and then isolating single fibers with dissecting 

needles. One hundred teased nerve fibers were prepared from each 
nerve. Prior to teasing each nerve was desheathed and then broken 
into several clumps from which equivalent numbers of fibers were 
selected. Teasing was carried out in nerves from 13 "control" rats 
and nine surviving alloxan-diabetic rats from a group of animals 
that were maintained for 16-18 months. 

For quantitative electron microscopy blocks were selected after 
prescreening to exclude any which contained only fatty or adventi- 
tial tissue, and four were randomly chosen from the blocks available 
on each of 16 animals as described previously [24]. Prior screening 
was also used to identify edema, Renaut bodies, or fibrosis. Each 

Fig. 1 a-f. Axonal and demyelinative changes in alloxan-diabetic neuropathy, a Paranodal axonal swelling, b--c Focal axonal swelling, 
myelin ovoids consistent with nerve fiber degeneration and a shortened thinly myelinated internodal segment characteristic of regeneration. 
d Paranodal axonal swelling, e Two adjacent internodal segments of a myelinated axon reveal abnormally thin myelin sheaths reflecting 
different stages of remyelination, f A completely demyelinated segment is marked by large arrowheads at the node of Ranvier. A nearby 
remyelinating axon shows numerous Schmidt-Lanterman (S-L) clefts (small arrowheads). S-L clefts increase during nerve fiber injury. 
Magnifications a-d, teased nerve fibers preserved in low viscosity resin, 250 n, 250 n, 250 n, 1,000 n. e--f 1-pm-thick araldite section stained 
with paraphenylene diamine, 1,000 n 
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Fig. 2a-c. Dystrophic axons in 
alloxan-diabetic rat nerve, a 
Paranodal swelling with densely 
packed axoplasm, b An elliptically 

�9 shaped axonal inclusion consistent 
with a glycogenosome, e Focal 
axonal swelling with densely staining 
axoplasm exhibiting a "ground- 
glass" appearance, x 1,800 

of the 64 blocks was assigned a code number so that the quantitative 
analysis could be conducted "blind". Blocks were trimmed so that 
the size of the block face was approximately 0.5 mm z, and thin 
sections cut and stained with uranyl acetate and lead citrate. Sec- 
tions were examined in a Zeiss 9 electron microscope in which me- 
tered X and Y co-ordinates on the stage drive permitted the opera- 
tor to select areas for micrography guided by random numbers 
tables. In the event that the grid square was not uniformly covered 
by a tissue section, the operator was instructed to continue using 
the table until a technically satisfactory micrograph was obtained. 
The use of a large thin section was designed to provide an adequate 
number of fields and to reduce the possibility of taking the same 
picture twice. From each section four electron micrographs of the 
same magnification (x  1,000) were taken, and a total of 16 ran- 
domly selected electron micrographs represented each of the 16 ani- 
mals studied. The 256 electron micrographs thus obtained were 
then examined "blind" for analysis of pi granules, interstitial mac- 
rophages, onion bulb formation, enumeration of the myelinated 
fibers, and measurement of fiber size. These animals survived for 
24 months .and were the subject of a previous quantitative electron- 
microscopic study of intra-axonal glycogen accumulation [24]. 

To study microangiopathy separate electron micrographs were 
prepared from nerves of 4 alloxan diabetic animals and four con- 
trois. Thin sections were made in randomly selected blocks and 
micrographs were obtained by moving the stage drives as far as 
possible in the same direction and then scanning the grid squares 
in sequence. As each vessel was identified an electron micrograph 
was taken and the number recorded. No picture was taken if the 
vessel's profile was obscured by artifacts such as folds or breaks 
in the section. Full size (8 x 11 inch) prints were made from the 
negatives and the inner and outer circumference of each capillary 
was measured with a planimeter. Qualitative assessments of the 
extent of endothelial proliferation were also recorded. Student's 
unpaired " t "  test was used in statistical analysis of the findings. 

Results 

T e a s e d  n e r v e  f ibers  s h o w e d  v a r i o u s  a x o n a l  d y s t r o p h i c  
c h a n g e s  i n c l u d i n g  p a r a - a x o n a l  swel l ing  (Figs .  1, 2), 

Table 1. Teased nerve fibers (100 fibers/specimen) 

Mean SD No. SE Probability 

Dystrophic axons 

D 10.7 5.3 9 1.8 p<0.005 
C 2.1 1.8 13 0.5 

Demyelination 

D 1.8 1.5 9 0.5 p<0.01 
C 0.5 0.8 13 0.2 

SD, standard deviation D, Diabetic 
SE, standard error C, Control 

foca l  a x o n a l  swel l ings  s o m e  o f  w h i c h  w e r e  u n i f o r m l y  

dense ,  whi le  o t h e r s  h a d  a " g r o u n d  g l a s s "  a p p e a r a n c e  

(Fig.  2), a n d  m y e l i n  o v o i d s  c o n s i s t e n t  w i t h  n e r v e  de-  

g e n e r a t i o n .  S h o r t e n e d  i n t e r n o d e s  (Fig .  1 b) a n d  th in  

m y e l i n  shea th s  (Fig .  1 b, c, e) were  a lso  n o t e d  a n d  

a re  r e c o g n i z e d  as f ea tu re s  c o n s i s t e n t  w i t h  r e g e n e r a -  

t ion .  S e g m e n t a l  d e m y e l i n a t i o n  (Fig .  1 f). was  seen  

b o t h  in a r a ld i t e  sec t ions  a n d  t ea sed  f ibers ,  b u t  oc-  

c u r r e d  less f r e q u e n t l y  t h a n  p r i m a r y  a x o n a l  p a t h o l o g y  

(Tab le  1). 

V a r i o u s  a b n o r m a l i t i e s  w e r e  n o t e d  d u r i n g  r o u t i n e  

u l t r a s t r u c t u r a l  e x a m i n a t i o n .  S w o l l e n  S c h w a n n  cells  

were  s o m e t i m e s  o b s e r v e d  w i t h  e l e c t r o n - l u c e n t  cy to -  

p l a s m  a n d  d i s i n t e g r a t i n g  o rgane l l e s  (Fig .  3). S ince  n o t  

all  S c h w a n n  cells  w e r e  a f fec ted  in  this  way ,  the  c h a n g e  
is n o t  c o n s i d e r e d  to  be  a s s o c i a t e d  w i t h  a p o l y o l  ab-  

n o r m a l i t y .  O t h e r  S c h w a n n  cel l  a b n o r m a l i t i e s  in-  
c l u d e d  f i l a m e n t o u s  d y s p l a s i a  o f  the  i n n e r  l o o p  
(Fig .  4), s u p e r n u m e r a r y  b a s a l  l a m i n a  (Fig .  5), " m i -  
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Figs. 3-6. (for detailed legends, see p. 132) 
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nor" onion bulb formation (Fig. 6), and perikaryonal 
swelling with masses of intermediate cytoplasmic fila- 
ments and endoplasmic reticulum (Fig. 7). These dys- 
trophic Schwann cell changes are non-specific and 
probably represent a response to axonal injury. In 
this context "minor" onion bulbs constitute further 
evidence of a response to axonopathy. Minor or 
"thin" onion bulbs appear during regeneration in 
chronic axonopathies and also are seen in aging 
nerve. In the present study they were found around 
0.22% of myelinated fibers in diabetic rats as com- 
pared to 0.05% in controls. Membrane-bound, lamel- 
lar lipid inclusions, identical to pi granules in 
Schwann cells were present in endoneurial macro- 
phages in diabetic nerves (Figs. 8, 9). Lipid inclusions 
were also observed in diabetic macrophages (Fig. 6). 
Although there was no significant differences in the 
overall number of macrophages (Table 2), diabetic 
macrophages were packed with this material. As in 
the case of the Schwann cells, the findings are sugges- 
tive of chronic neuropathy. Finally, a composite 
histogram was constructed from measurements of 
myelinated fiber size in 256 coded electron micro- 
graphs (Fig. 10). The findings revealed that the mye- 
linated axons were fewer in diabetic rats than in con- 
trois. Since we did not detect nerve swelling due to 
edema and in the absence of Renaut bodies and sub- 
perineurial fibrosis by light microscopy, we assume 
that the reduction in fiber density is not an artifact. 
Attempts were made to quantify microangiopathy of 
the vasa nervorum in diabetic rats. Viewed by elec- 
tron microscopy, the most notable change appeared 
to be endothelial proliferation, involving not only cel- 
lular proliferation and reduplication of basal lamina, 
but also substantial swelling of endothelial cyto- 
plasm. Swollen endothelial cells bulged into the lu- 
mina of capillaries, sometimes effacing them. Swollen 
endothelial cytoplasm appeared qualitatively normal. 
Assessment of endothelial proliferation was per- 
formed in different ways. Firstly, semi-quantitative 
estimation of proliferation was carried out on ran- 
domized electron micrographs. Vessels were graded 
from 0 (normal) to + + + +,  depending on the extent 
of endothelial proliferation. A second, quantitative 

Fig. 7. Swollen, reactive Schwann cell cytoplasm packed with uni- 
formly dispersed intermediate cytoplasmic filaments and cisternae 
of endoplasmic reticulum glycogen granules are scattered through- 
out the cell. • 15,000 

method, applied to these electron micrographs in- 
volved measurement of the circumference of the inner 
layer of the capillary endothelium. The area of the 
inner endothelial layer was then calculated, and the 
endothelial area and vascular luminal areas were 
compared in alloxan-diabetic rats and controls (Ta- 
ble 3). Thirdly, enumeration of endothelial cells was 
attempted by counting their nuclei in coded electron 
micrographs obtained in a randomized survey. Semi- 
quantitative estimation of capillary endothelial prolif- 
eration showed a significantly greater endothelial cy- 
toplasmic size in diabetic animals, and subsequent 
measurement of endothelial circumference revealed 
it to be approximately double in the diabetic rats 
(Table 3). The endothelial cell population, also deter- 

Fig. 3. The Schwann cell at the base of this electron micrograph has swollen electron-lucent cytoplasm with scattered disintegrating organelles. 
There is onion bulb formation with cytoplasm of a supernumerary Schwann cell adjacent to the abnormal cell. x 11,400 

Fig. 4. The principal abnormality in this myelinated fiber is filamentous dysplasia of the inner loop of Schwann cell cytoplasm filling 
the periaxonal region. • 7,600 

Fig. 5. Swollen degenerating axoplasm with empty vesicles and fibrillar debris. The affected fiber is surrounded by thin layers of redundant 
basal lamina, x 8,550 

Fig. 6. Minor onion bulb formation around a thinly myelinated axon. The macrophage at the bottom of the picture is filled with lipid 
droplets, x 5,250 
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Figs. 8, 9. Macrophage from a control (Fig. 8) 
and a diabetic animal (Fig. 9). Macrophages in 
the diabetic are characteristically filled with 
lamellar inclusions and darkly staining 
lysosomal bodies. • 10,000 

mined by counting their nuclei, was almost twice as 
numerous in diabetics (Table 3). 

Discussion 

The principal neuropathologic change in alloxan-dia- 
betic rats was a diffuse loss of myelinated axons (Ta- 

ble 2). Schwann cells filled with lamellar lipid inclu- 
sions, although conspicuous in diabetic neuropathy, 
were not significantly more numerous than similar 
cells in age-matched controls. Thus, there is no ultra- 
structural evidence for a lipid metabolic defect in 
Schwann cells in this model. Interstitial macrophages, 
packed with lamellar (Fig. 9) inclusions were also 
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Table 2. Quantitative electron microscopy 

Mean SD No. SE Probability 

Myelinated axons 

D 346.0 48.4 8 17.1 p<0.01 
C 431.0 75.8 8 26.8 

Schwann cells 

D 193.3 69.8 8 24.7 p>0.05 
C 240.3 64.2 8 22,7 

Pi granules 

D 
C 

5.38 3.0 8 1.06 NS 

Endoneufialmacrophages 

D 7.9 5.2 8 1.8 
C 6.0 4.0 8 1.4 

NS 

NS, not significant 

Table 3. Microangiopathy of the vasa nervorum in alloxan-diabetic 
neuropathy 

Mean SD SE No. Significance 

I. Endothelial circumference (gm 2) 

Diabetic 192.25 101.83 28.24 13 
Control 106.28 34.40 9.93 12 p<O.O1 

2. Endothelial luminal diameter 

Diabetic 36.01 8.57 2.38 13 
Control 42.97 11.89 3.43 12 

NS 

3. Endothelial proliferation in endoneurial microcirculation 

Diabetic 2.769 0 . 5 9 9  0.166 13 
Control 0.667 0 . 7 7 9  0.225 12 p < 0.001 

4, Endothelial nuclei per section 

Diabetic 2.33 1.37 0.40 12 
Control 1.33 0.89 0.26 12 p < 0.005 

It, i, Ii 
[ ~ w i r  r a f  ~ c i a t i c  n e r v e  

animals 
= 2036 fibers) 
;betic neuropctthy (n =1355fibers) 
1 Centre/>Diabetics 

Control <Diabetics 

N 10 �9 - ,-,74 I 
0 20 40 60 80 100 120 140 160 180 200 220 

Myetinated Fiber Aree (,urn 2 ) 

Fig. 10. Nerve fiber areas from transverse sections of rat sciatic 
nerve. Two groups of animals, control and alloxan-diabetic, are 
displayed on this semi-logarithmic histogram which plots the 
number of  fibers (log) vs. myelinatedfiber area (in 24 bins from 
0-240 gmZ). All transversely cut myelinated fibers were counted 
from randomly selected, paired electron micrographs. The solid 
black bars in the histogram represent the difference between groups 
in which the number of fibers in the control group was greater 
than the number from the diabetic group within that area bin. 
The hashed bars represent the converse; the number of fibers in 
the diabetic group exceeded the control group for that bin. Note 
the greater number of fibers in the control group for areas less 
than 140 gm z but a greater number of large fibers above 140 lam 2 
in the diabetic group. A paired Student's t-test, bin by bin for 
all fibers, indicated a significantly greater number of fibers in the 
control group (p = 0.001) 

prominent in the diabetic endoneurium, but this ap- 
peared to be a qualitative change since interstitial 
macrophages were not significantly increased overall. 
Signs of increased Schwann cell lysosomal activity 
and similar alterations of macrophages are non-spe- 
cific changes characteristic of a chronic neuropathy 
and consistent with the observed loss of myelinated 

fibers. In the following paragraphs the findings in 
axons, Schwann cells, and the endoneurial intersti- 
tium in alloxan-diabetic neuropathy will be discussed. 

Axons 

A count of myelinated nerve fibers in diabetic rats 
and age-matched controls disclosed a statistically sig- 
nificant reduction in this population in diabetic rat 
nerves (Table 2). The number of myelinated axons 
identified in micrographs of the same magnification 
from diabetic rat nerve was considerably fewer 
(1,368) than in age-matched controls (3,026), and the 
difference was significant (t7 =0.001). Nerve fiber re- 
duction appeared to involve myelinated fibers in all 

�9 but the larger categories (Fig. 10), and increased col- 
lagen was interposed between fibers in the endoneu- 
rial interstitium. No swelling of the nerves was de- 
tected microscopically and "Structureless space", as 
described by Jakobsen [13] in streptozotocin rats with 
nerve edema, was not observed in electron micro- 
graphs, nor was there any sign of edema or fibrosis 
in 1-gin-thick sections examined by light microscopy. 
No specific changes appeared within the axoplasm; 
however, masses of glycogen and polyglucosan accu- 
mulated in axonal mitochondria. Although this chan- 
ge is non-specific, it is pathologically significant, in 
that these inclusions occurred twice as commonly as 
in age-matched controls. An increase in axonal glyco- 
genosomes has also been reported in diabetic mutant 
mice [31] and in human nerves [37, 39]. While its 
pathogenesis in peripheral neuropathy is not pre- 
sently understood, attempts to explain it may be rele- 
vant to the mechanism of axonal loss. Glycogen stor- 
age within mitochoudria is not a uniquely neurologic 
phenomenon; it can be reproduced in experimental 
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anoxic states in the canine heart [3] and was first 
noticed during pathologic studies of human ischernic 
heart disease [28]. It appears that when tissue oxygen 
concentrations are insufficient, glycogen is stored in 
the outer compartments of mitochondria and accu- 
mulates in proportion to the oxygen deficit. When 
accumulation of  intramitochondrial glycogen be- 
comes extensive in peripheral nerve, transformation 
of glycogen into polyglucosan de'posits occurs [24]. 
These inclusions may become quite large, filling the 
greater part of the axon. These and other dystrophic 
changes may be responsible for the preponderance 
of large diameter fibers among diabetic rats. 

Myelin and Sehwann Cells 

Morphologic changes of Schwann cells in chronic al- 
loxan-diabetic neuropathy appeared to be reactive, 
and no specific mechanism of primary demyelination 
was elicited. The swelling of Schwann cell perikarya 
with masses of intermediate cytoplasmic filaments has 
not been reported at earlier stages of diabetic neurop- 
athy, but has been described in a,nimals with distal 
axonopathy due to 2,5 hexanedione (2,5 HD) neu- 
rotoxicity after several months of experimental intox- 
ication [23]. The primary lesion in 2,5 HD neuropa- 
thy involves the peripheral axon, and demyelination, 
when it occurs, appears to be secondary [9], showing 
a temporal and a topographic distribution consistent 
with a delayed effect of axonal degeneration. Periax- 
onal filament accumulation (Fig. 5) may also be ob- 
served in chronic neuropathy [12]. This non-specific 
change of the adaxonal compartment of Schwann 
cells was noteworthy in alloxan-diabetic rats, in 
which it sometimes circumscribed the entire axon, 
while in aging controls the change was focal, involv- 
ing a smaller portion of the periaxonal region. 

Accumulation of pi granules in the Schwann cell 
cytoplasm has been noted by other investigators in 
both human [2] and experimental diabetic neuropa- 
thy [4] and has been viewed as possibly indicative 
of a disorder of lipid metabolism E36]. Although the 
change was prominent in diabetic Schwann cells and 
occurred more frequently (Table 2), the difference 
was not significant between alloxan-diabetic rats and 
age-matched controls, and it may be concluded that 
this, too, is a secondary change associated with 
chronic abnormality of the axon. Prominent pi gran- 
ule accumulation in Schwann cells has already been 
described in the course of chronic neuropathies in 
which axonal degeneration is the principal disorder 
[27]. A possibly related change occurred in endoneur- 
ial macrophages, which in diabetic rats were always 
packed with multi-lamellar and homogeneous lipid 

inclusions. This abnormality probably reflects an in- 
creased breakdown of myelin in the course of axonal 
degeneration, and the findings are not supportive of 
a lipid metabolic defect. The morphologic findings, 
while supportive of the concept of secondary demye- 
lination, do not rule out the possibility of primary 
demyelination in this model. 

Microangiopathy of the Vasa Nervorum 

Morphometric analysis of endoneurial blood vessels 
revealed significant changes in the vasa nervorum of 
alloxan-diabetic neuropathy. Changes in the basal la- 
minae have already been reported [22], and the objec- 
tive of these morphometic studies was to analyze pro- 
liferative changes observed in the endothelial layer. 
As a result of these alterations the normal smooth 
flattened appearance of endothelium, forming a thin 
capillary wall, is replaced by plump endothelial cells 
whose cytoplasm bulges into the lumen [22]. Both 
the outer circumference of the endothelial layer and 
the luminal circumference were measured in test ani- 
mals and controls. The area enveloped by the basal 
lamina was twice as great in the diabetics as in con- 
trols, while the capillary lumina showed no significant 
difference in area (Table 3). A separate "semi-quanti- 
tative" assessment was performed on coded electron 
micrographs which were graded for endothelial pro- 
liferation and once again significant differences were 
appreciated (Table 3). The importance of endothelial 
proliferation is that increased numbers of abnormally 
large endothelial cells tend to reduce luminal area 
relative to capillary size and may have an impact on 
microvascular blood flow. Endothelial proliferation 
has been described in human diabetic neuropathy [2, 
10] and accelerated turnover of endothelial cells oc- 
curs in other tissues [37]. It is one of several microcir- 
culatory disturbances including increased concentra- 
tions of glycosylated hemoglobin [26], increased 
blood viscosity [18], and decreased concentrations of 
2-3 diphosphoglycerate [7]. The net effect of these 
changes is tissue hypoxia, and the problem may be 
aggravated further by reduced nerve blood flow [21]. 

Peripheral nerve receives its blood supply from 
two principal sources. Firstly, axial vessels branching 
from major arteries pass along the shank of the vessel 
perfusing the center of each fascicle. Secondly, a 
richly anastomosing network of small vessels enve- 
lopes each fascicle and individual vessels pass 
obliquely through the perineurium to gain access to 
the endoneurial contents [15, 16]. Penetration of the 
semi-rigid perineurial sheath predisposes these vessels 
to compression in conditions in which the sheath is 
distended, such as increased endoneurial fluid pres- 
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sure [17, 20]. Studies of nerve compliance reveal that 
the perineurium tends to resists distension, and that 
relatively modest (i.e., 2-3 fold) increases in pressure 
can be associated with reduced nerve blood flow [21]. 
Although increased fluid pressure rarely occurs in ex- 
perimental diabetic neuropathy [25], a possible 
ischemic mechanism has been identified in human 
diabetic neuropathy in which a combination of endo- 
thelial proliferation, basal laminar thickening, and re- 
duplication increases the size of vessel walls [38]. 
When those thickened vessels pass through the perin- 
eurium, in which substantial basal laminar thickening 
occurs [14], the net effect is a reduction in luminal 
diameter, as shown in biopsy material from chroni- 
cally diabetic patients (Powell et al., unpublished 
data). These structural abnormalities may be com- 
pounded by alteration in blood viscosity, associated 
with glycosylation of hemoglobin [26] and of red cell 
membranes [19] which is associated with increased 
blood viscosity [18]. These changes augmented by ep- 
isodic depressions of 2-3 diphosphoglycerate [7] give 
rise to tissue hypoxia. 

The non-specific abnormalities of axon and 
Schwann cells, accompanied by chronic myelinated 
nerve fiber loss in these alloxan-diabetic rats, may 
be due in part to chronic microangiopathy in which 
there is structural alteration of vessels and functional 
disturbance of the microcirculation, the cumulative 
effects of which include ischemic damage to nerve 
fibers. 
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