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SUMMARY: An ullrastructural study of 
the dorsal sympathetic ganglia, chain, and 
myenteric plexus is described in the strep
tozotocin diabetic rat after intermittent in
sulin treatment. The observations described 
cover the first two weeks following induc
tion of diabetes in which insulin was ad
ministered subcutaneously twice daily. 
Significant regenerative changes were seen 
with marked axonal sprouting noted at 
three days. Degenerative changes were seen 
to be less severe than those in untreated 
animals. It is concluded that the improve
ment in the neuropathic changes with in
sulin treatment supports a transient 
primary role of the streptozotocin in caus
ing the neuropathy — but that the subse
quent improvement seems to be related to 
the partial control of the diabetes. 

RESUME: NOUS decrivons une etude ultra-
structurale du ganglion sympathique dor
sal, de la chaine ganglionnaire et du plexus 
myenterique chez le rat rendu diabetique 
par la streptozotocine et traite a I'insuline 
de facon intermittente. L 'insuline fut ad-
ministree de facon sous-cutanee deux fois 
par jour et les observations faites sur une 
periode de deux semaines apres Vinduction 
du diabete. Des changements regeneratifs 
importants furent observes avec du 
"sprouting" axonal important des le 3e 
jour. Ces changements etaient de moindre 
importance que chez les animaux non 
traites. Cette amelioration avec I'insuline 
supporte un role primaire pour la strep
tozotocine dans la genese de la neuropathie 
mais Vamelioration subsequente semble 
etre reliee au controle partiel du diabete. 
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INTRODUCTION 
In a previous paper we were able to 

show that an autonomic neuropathy 
occurs in the streptozotocin diabetic rat 
(Monckton & Pehowich, 1980). This 
neuropathy which shows widespread 
involvement of the dorsal sympathetic 
ganglia, chain, and Auerbach's plexus, 
is discernible within 24 hours of the 
onset of diabetes. In the peripheral ner
vous system a reduction of nerve con
duction velocity has been observed in 
both the alloxan and streptozotocin 
diabetic rat (Eliasson, 1964, 1969; 
Seneviratne and Peiris, 1969; Greene et 
al, 1975; Jakobsen 1976, a & b). The 
impairment of nerve conduction has 
been shown by Jakobsen (1979) to be 
preventable or reversible by treatment 
with intermittent insulin. Accordingly, 
it was decided to undertake a study of a 
series of rats treated with intermittent 
subcutaneous insulin to produce at 
least partial control of the diabetes in 
order to determine whether the im
proved diabetic and metabolic state 
would ameliorate the severity of the 
neuropathy. 

METHODS: 
Female Wistar albino rats six weeks 

of age weighing between 125 and 150 
grams were used in this study. Three 
rats were used as controls and 9 were 
rendered diabetic by intravenous injec
tion (foot vein) of streptozotocin (Up
john) in doses of 80 mg/kg. The control 
and diabetic animals were treated 
similarly and maintained on regular 
Purina rat chow with water ad libitum. 
In order to avoid severe metabolic and 
diabetic disturbances, insulin treatment 
was started six hours after injection of 
streptozotocin at which time the blood 
glucose levels were in the diabetic 
range. Thereafter, blood and urine 
glucose levels were determined twice 

daily. Weight and urine output were 
recorded daily. From this information, 
an appropriate dose of insulin (NPH 
pork insulin) ranging from 0.5 to 3 un
its was administered subcutaneously 
morning and evening. 

At three, seven, and fourteen days 
the animals were injected intra-
peritoneally with sodium thiopental in 
lethal doses. As soon as the animals 
were unconscious segments of jejunum 
were removed for fixation. Twenty ml 
of Tyrode buffer at pH 7.4 was per
fused through an intra-aortic catheter 
followed by 200 ml of 2% glutaral-
dehyde in 0.1 M cacodylate buffer, pH 
7.4. This perfusate was followed by 
20 ml Tyrode buffer as above, then by 
40 ml 1% osmium tetroxide in 
phosphate buffer, pH 7.4. Dissection 
and removal of the sympathetic chains 
and ganglia were then performed. Fol
lowing post-fixation in osmium, the 
material was dehydrated and embed
ded in Epon 812 (Luft, 1961). 

Sections of the sympathetic chain 
below the fifth dorsal ganglion were cut 
starting 4 mm below the border of the 
fifth ganglion. Sections were cut so that 
5 one micron serial sections and 10 thin 
serial sections were cut at five micro
meter intervals from each millimeter 
segment of chain. Thin sections were 
stained with uranyl acetate and lead 
citrate and then examined and 
photographed in a Siemen's L-102 
electron microscope. From these sec
tions, the cross-sectional diameter of 
axons and ultrastructural changes were 
determined. 

Sections of jejunum and sympathetic 
ganglia were examined at the light and 
EM levels. Measurement of the in
dividual cross-sectional area of 1,000 
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axons in each animal was ac
complished by using a Zeiss MOP 3 
computer tissue analyzer. From these, 
data histograms and statistical analyses 
were made. 

RESULTS 
The general condition of the rats at 

the time they were sacrificed was much 
better than that in our untreated 
diabetic animals. The daily weights of 
the rats showed moderate weight gain 
for both groups of animals. In neither 
group was the weight gain up to the 
normal of 4 - 5 grams/day. (Figures 1 a 
& b). Blood sugars were determined 
twice daily and the maximal values 
recorded for each animal are indicated 
in Figure 2 which shows all the animals 
to be diabetic with only partial control 
of their diabetes. 

Morphometric A nalysis: 
The accompanying histograms 

(Figure 3) show the average of axonal 
cross-sectional areas for three animals 
in each group — those treated with in
termittent insulin, and untreated 
diabetic rats at three, seven, and four
teen days following induction of 
diabetes with streptozotocin. The 
histograms from the treated and un
treated groups show a marked shift of 

fiber distribution to the left which ap
pears maximal at seven days in both 
groups: At 14 days, although the me
dian for the treated group is slightly 
greater, there is a higher percentage of 
fibers with areas less than 0.4 pm1 — 
41% in the treated and 26% in the un
treated. In the normal animals there are 
only 18.9% of fibers with areas under 
0.4 /xm2. 

Ultrastructural Observations: 
Dorsal Sympathetic Chain 

The ultrastructural appearances of 
the normal dorsal sympathetic chain 
are shown in Figure 4. At three days 
the outstanding feature is the great 
variation of size of the axons with a 
marked increase in the numbers of ax
ons with areas less than 0.4 fim2. Some 
axons show loss of definition with an 
apparent leaching of stainable material. 
Loss of microtubules with relative 
preservation of neurofilaments is 
notable in many axons. The loss of 
microtubules appears to be most 
profound in the central portions of the 
axons with small numbers remaining in 
the periphery of some fibers (Figure 5). 
Some of the smaller axons are noted to 
have lengthened and tortuous mesax
ons. Schwann cell processes appear to 
be engulfing many of the smaller axons. 

At seven days the variation in in

dividual axonal area noted at three 
days is essentially unchanged. Many 
axons are present with long and com
plicated mesaxons. There is widespread 
loss of microtubules in the majority of 
axons and those that are present are 
commonly, but not exclusively, located 
in the periphery of the axons (Figure 6). 
Numbers of vesicles of various types 
are present. Some of these are lyso-
somes. 

At fourteen days the variation in ax
onal diameters is still present, but there 
appears to be a suggestion of some in
crease in numbers of larger axons. The 
majority of fibers are still in the 0.4 to 
0.5 j«m2 range. Many axons appear to 
have increased numbers of vesicles of 
various types, some of which appear to 
have dense cores while others appear to 
be coated. Lysosomes and dense bodies 
are also present. Although there are 
considerable numbers of regenerating 
axons present there remain some swol
len axons with small numbers of 
microtubules and neurofilaments and a 
general thinning of axoplasm exhibiting 
the general appearances of early wal-
lerian degeneration (Figure 7 a). These 
changes, however, are not as severe as 
those seen at fourteen days in the un
treated animal (Figure 7 b). In these 
animals many more swollen and 
degenerating axons were seen. Al-
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Figure I — (a) Daily weight chart of streptozotocin diabetic rats treated 
with intermittent subcutaneous insulin, (b) Daily weight chart of un
treated streptozotocin diabetic rats. 

_ 450 

* 
<ji 

E 

trt 

O 300 

LU
C

 

O 

O 
0 
2 150 
cfi 

MAXIMUM DAILY BLOOD GLUCOSE LEVELS 

A h 
A \K \ \ / \ \ \ \ V \ \ \ 
A\ I y \ \ / / \ \ l\ h \ / \ 

/ \\ \ \ \ \ 
M\ \ U \ ^ 

/ WW \ ^ / \\\ I \ / \ • < * X J 7 \ \ \ // \ * 

^Sil W \ y 1 v 
0 1 3 7 

DAYS DIABETIC TREATED WITH INSULIN 

A / \ 
/ \ 

14 

Figure 2 — Graph showing the mean of maximum daily blood sugar of the 
three animals in each group of rats treated with intermittent insulin. 
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Figure 3 — Histograms showing the distribution of fiber size by the average axonal cross-sectional of streptozotocin diabetic rats either treated with inter
mittent insulin or untreated. The histograms show axon distribution at three, seven, and fourteen days after induction of diabetes, and were derived by 
averaging the numbers of axons in each 0.1 'jim1 bin of three animals. 1,000 axons were measured in each animal. 

Figure 4 —: Ultrastructural appearances of the 
normal dorsal sympathetic chain. Bar = 1 
/im. 

Figure 5 — Cross-section of dorsal sympathetic 
chain of streptozotocin diabetic rat after 
three days treatment with intermittent sub
cutaneous insulin. Some axons show loss of 
microtubules more severely in the central 
areas of the axons. Many small axons are 
shown only partially engulfed by Schwann 
cell. Bar = 1 Am. 

Figure 6 — Dorsal sympathetic chain of strep
tozotocin diabetic rat after seven days treat
ment with intermittent subcutaneous insulin. 
Note long mesaxons and" sparse micro
tubules. Bar = 1pm. 
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streptozotocin diabetic rat after 14 days 
treatment with intermittent subcutaneous in
sulin. Larger degenerating axons are oc
casionally seen as in this micrograph. Bar = 
l^im. 

though the histograms of treated and 
untreated animals are quite similar, the 
ultrastructure shows that there are 
more intact larger fibers in the treated 
animals accounting for the broader 
base of the histogram, whereas, in the 
untreated group, most of the larger 
fibers are degenerating. 

Ganglion Cells of the 
Sympathetic Chain 

Examination of sections of the 
autonomic ganglia at the light level 
shows essentially no changes at three 
days. Occasional ganglion cells show 
some eccentricity of the nucleus and 
abnormal distribution of Nissl sub
stance. A few refractile bodies are seen 
in the cytoplasm which are presumed 
to be lipid laden lysosomes. At seven 
days the changes become more obvious 
and generalized. Eccentric nuclei are 
seen and shrunken chromatolytic nerve 
cells are present (Figure 8). In the sur
viving ganglion cells, refractile particles 
are more in evidence than at three days 
and variation in Nissl substance dis
tribution is present. At fourteen days 
the changes noted above are still pre
sent although apparently less severe. 

At the ultrastructural level at three 

Figure 8 — Dorsal sympathetic ganglion from 
streptozotocin diabetic rat after seven days 
treatment. Note eccentric nucleus, two 
shrunken adjacent chromatolytic nerve cells. 
Bar = 1,/im. 

days there is a slight excess of 
lysosomal bodies, but little other gross 
change. At seven and fourteen days 
there is an increase in the numbers of 
lysosomes and other vesicles and 
degenerative changes in some mito
chondria. Cells undergoing active 
chromatolysis were not seen at the 
ultrastructural level. 

Myenteric Plexus 
There are no significant changes in 

the myenteric plexus at three days; 
however, by seven days occasional ax
ons are swollen and show loss of inter
nal architecture (Figure 9). At fourteen 
days occasional axons appear to be un
dergoing degenerative changes, but 
otherwise the plexus appears normal. 

DISCUSSION 
In our earlier paper describing 

neuropathic changes in the autonomic 
nervous system in the streptozotocin 
diabetic rat (Monckton & Pehowich, 
1980) we showed severe degenerative 
changes in the dorsal sympathetic 
chain, ganglia, and myenteric plexus. 
These changes were observed to begin 
24 hours following induction of 
diabetes and were still occurring at six 
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Figure 9 — Myenteric plexus from strep
tozotocin diabetic rat treated with insulin 
seven days. A number of small regenerating 
axons are present as well as swollen 
featureless axon terminals. Bar = 1/im. 

weeks at the termination of our study. 
However, by two weeks after induction 
of diabetes evidence of regeneration is 
present as indicated by the occurrence 

82-MAY 1982 Autonomic Neuropathy in the Streptozotocin Diabetic Rat 

https://doi.org/10.1017/S0317167100043729 Published online by Cambridge University Press

https://doi.org/10.1017/S0317167100043729


LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES 

of many small axons of less than 0.4 
/tm diameter. Thereafter, the ultrastruc-
tural appearances were those of con
tinued wallerian degeneration intermix
ed with increased numbers of regen
erating axons. The data presented from 
the present series of insulin treated 
streptozotocin diabetic rats show dis
tinct improvement in the ultra-
structural appearances of sympathetic 
ganglia, chain, and myenteric plexuses. 
This improvement is indicated by the 
increasing axonal areas of sympathetic 
chain axons and the early appearance 
of r e g e n e r a t i n g a x o n s whi le 
degenerating axons become less fre
quent. Regeneration appears in many 
axons to be incomplete in that there is a 
persistent loss of microtubules and an 
excess of vesicles. 

The morphometric studies of the 
treated and untreated animals in this 
series raise some interesting questions. 
At three and seven days in the treated 
and untreated animals there is a 
profound shift of the median of axonal 
areas to the left. This shift is partly due 
to many small regenerating axons, but 
is likely also related to either an axonal 
response to hyperosmolarity or to 
atrophy. The effect of osmolar changes 
on neurons has been discussed in detail 
as it affects myelinated fibers (Dyck et 
al, 1980; Sugimura et al, 1980). The 
former authors point out the impor
tance of osmolarity in fixatives in 
changing appearances in size of axons: 
The latter correlate osmolar changes in 
the streptozotocin diabetic rat with the 
axonal diameter and suggest that 
shrinkage of axons in the presence of 
hyperosmolarity is the more probable 
explanation. These changes are 
described in myelinated nerve fibers. It 
seems probable that the relatively small 
reduction in myelinated axonal fibers in 
the presence of moderate increases in 
osmolarity may well be related to the 
surface area of axons available for 
rapid fluid exchanges. Thus, in the 
myelinated axons multiple layers of 
lipid membrane cover all but the nodal 
regions and presumably prevent gross 
response to osmolar changes by 
providing an effective waterproofing. In 
the case of nonmyelinated nerve fibers 
no such barrier exists and one would 
expect a more profound effect. In a 

preliminary study (unpublished obser
vations), six pairs of streptozotocin 
diabetic rats showed mean osmolar 
changes of approximately 13 mil-
liosmoles above the normal range at 
three days and that these osmolar 
changes were associated with a 55% 
reduction in axonal diameter. This 
reduction is quite consistent with the 
reduced axonal area at three days 
described in this report. The persistent 
preponderance of small axons, even 
though the general axonal architecture 
appears improved, is consistent with 
the observed protracted period required 
for regenerating axons to mature 
(Dyck & Hopkins, 1972). The sugges
tion of atrophy as a cause of the small 
fibers seems unlikely since the axonal 
architecture is improved in appearance 
and the time frame is too short. 

At 14 days the histograms seem 
similar, however, the ultrastructure 
shows that the majority of the larger 
fibers in the untreated group are un
dergoing degeneration. In the treated 
group, degenerating axons are also 
seen, but are occasional rather than fre
quent. At the smaller fiber end of the 
spectrum the treated group have almost 
37% more fibers of 0.4 /tm2. This ap
pears to indicate a brisker regenerative 
effort in the treated group. 

There remains the problem of 
relative loss of microtubules in the 
regenerating axons. In this regard it is 
important to note that microtubules 
were well-preserved in the control 
animals and that fixatives and perfu
sion techniques were the same for the 
controls and the diabetic animals. In 
view of this it would seem less probable 
that technical factors caused the loss of 
microtubules. An argument might be 
made that specific microtubule loss 
could represent a toxic manifestation of 
streptozotocin. However, Schein & 
Loftus (1968) have defined some of the 
pharmacokinetics of streptozotocin 
and show that plasma clearance of this 
drug in mice is complete in three hours 
and that with a dosage of 200 mg strep
tozotocin per kg there is less than 1 mg 
metabolites per gram of liver in liver 
cells after 24 hours. They also 
demonstrated that the catastrophic ef
fect of this drug on nicotinamide 
adenine dinucleotide (NAD) is reversed 

in 48 hours. In view of this rapid 
clearance of the drug in mice and the 
recovery of NAD levels, the effects of 
the drug do not likely persist beyond 48 
hours. This being the case, loss of 
microtubules in regenerating axons is 
not likely due to streptozotocin. 
Careful review of the ultrastructure of 
regenerating axons shows that micro
tubules become fewer as the axons in
crease in size (see Figure 7 a) and, in 
the larger axons, may be absent. Such 
progressive loss of microtubules sug
gests a continuing metabolic derange
ment other than that directly due to the 
initial ictus of the streptozotocin. The 
persistence of diabetes and associated 
changes in osmolarity with fluctuations 
in blood sugar are more probable 
causes for the microtubular damage 
and loss. 

In the light of these considerations 
we feel that the possible effects of strep
tozotocin in the autonomic nervous 
system in the rat remain debatable. It is 
probable that the toxicity of this sub
stance may induce neuropathic 
changes by the severe reduction of 
NAD and interference with the redox 
system as was reported by Gunnarsson 
et al (1974) and Robbins et al (1980). 
The former confirmed the effect on 
NAD reported by Schein & Loftus 
(1968) and demonstrated in their 
studies that the reduction of NAD is 
associated with reduced nerve conduc
tion velocity. Greene et al (1975) and 
Palmano et al (1977) also demon
strated that a reduction in myoinositol 
in whole sciatic nerve and a decrease in 
phosphatidyl inositol were associated 
with reduced nerve conduction velocity 
which could be co r rec ted by 
myoinositol. This suggests another pos
sible side effect of streptozotocin or 
diabetes on peripheral nerve axons. 
Despite these possible causes of the 
neuropathy in the first place, it seems 
more probable that the persistence of 
the neuropathy is related to the as
sociated metabolic changes of the ensu
ing diabetes. In considering these fac
tors, the metabolic consequences of 
diabetes, fluctuating hyperglycemia 
and osmolarity may be of primary im
portance in preventing full recovery of 
the neuropathy in partially treated 
diabetes. The alteration in osmolarity 
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may also have an effect on 
microtubular integrity. 

Whatever the underlying basis of the 
neuropathy, there appears little doubt 
that compared with the untreated 
diabetic rat, treatment with intermittent 
insulin improves the neuronal architec
ture in the dorsal sympathetic chain 
and reduces the severity of degenera
tion present at 14 days after the ad
ministration of streptozotocin. Ex
amination of the myenteric plexus also 
shows a distinct reduction of de
generative changes. The study in our 
view supports the conclusion that 
streptozotocin induces both diabetes 
and a severe autonomic neuropathy, 
but the subsequent recovery from this 
is aided by intermittent insulin treat
ment even if the diabetes is only partial
ly controlled. 
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