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To address the pathogenesis of diabetic autonomic
neuropathy, we have examined the sympathetic ner-
vous system in non-obese diabetic (NOD) and strep-
tozotocin (STZ)-induced diabetic mice, two models of
type 1 diabetes, and the db/db mouse, a model of type
2 diabetes. After only 3 to 5 weeks of diabetes, NOD
mice developed markedly swollen axons and den-
drites (“neuritic dystrophy”) in the prevertebral supe-
rior mesenteric and celiac ganglia (SMG-CG), similar
to the pathology described in diabetic STZ- and BBW-
rat and man. Comparable changes failed to develop in
the superior cervical ganglia of the NOD mouse or in
the SMG-CG of non-diabetic NOD siblings. STZ-in-
duced diabetic mice develop identical changes, al-
though at a much slower pace and to a lesser degree
than NOD mice. NOD-SCID mice, which are geneti-
cally identical to NOD mice except for the absence of
T and B cells, do not develop diabetes or neuropathol-
ogy comparable to diabetic NOD mice. However, STZ-
treated NOD-SCID mice develop severe neuritic dys-
trophy, evidence against an exclusively autoimmune
pathogenesis for autonomic neuropathy in this
model. Chronically diabetic type 2 db/db mice fail to
develop neuritic dystrophy, suggesting that hypergly-
cemia alone may not be the critical and sufficient
element. The NOD mouse appears to be a valuable
model of diabetic sympathetic autonomic neuropathy
with unambiguous, rapidly developing neuropathol-

ogy which corresponds closely to the characteristic
pathology of other rodent models and man. (Am J
Pathol 2003, 163:2077–2091)

Autonomic neuropathy is a significant clinical complica-
tion of diabetes, whose symptoms range widely from
comparatively minor pupillary and sweating problems to
significant disturbances in cardiovascular, alimentary,
and genitourinary function, which result in increased pa-
tient morbidity and mortality.1–4 Several series of autop-
sied diabetic patients5–7 have established the reproduc-
ible development of markedly enlarged dystrophic axons
and nerve terminals in prevertebral superior mesenteric
(SMG) and celiac sympathetic ganglia (CG), thought to
represent the morphological residua of aberrant intragan-
glionic sprouting.7 Sympathetic neuronal cell bodies, al-
though compressed and distorted by large presynaptic
endings, appear otherwise normal, and their number ap-
pear relatively well, if not completely, maintained in dia-
betes. Aged humans also develop intraganglionic dys-
trophic axons which are comparably distributed and
ultrastructurally and immunohistochemically identical to
those that appear in diabetic patients, a finding which
suggests the possibility of shared pathogenetic mecha-
nisms in aging and diabetes. Dystrophic axons in diabet-
ics appear earlier and in significantly greater numbers
than aged non-diabetic humans.5
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Animal models have been sought to address the de-
velopment of diabetic autonomic neuropathy, particularly
its early phases which would be most amenable to ther-
apy, and to provide insight into its pathogenetic mecha-
nisms. We and others have developed and extensively
characterized several experimental rodent models of di-
abetic autonomic neuropathy 7 including the streptozo-
tocin (STZ)-diabetic8–10 and genetically diabetic BBW
rat11 and Chinese hamster.12 The regular occurrence of
degenerating, regenerating, and pathologically distinc-
tive dystrophic axons and, to a lesser degree, abnormal
dendrites has been demonstrated in prevertebral sympa-
thetic ganglia innervating the small bowel of STZ- and
genetically diabetic rats and Chinese hamsters. Nonbi-
ased quantitative methods demonstrate that dystrophic
axons develop in the absence of neuron loss in STZ-
diabetic rat sympathetic ganglia.13 Thus, there is close
correspondence between the neuropathology of diabetic
autonomic neuropathy in the sympathetic nervous sys-
tem of rodents and man.

Although the rat models developed to date have be-
gun to elucidate the mechanisms resulting in diabetic
autonomic neuropathy,7 they are limited by the long du-
ration of diabetes necessary to produce reproducible
autonomic neuropathology. Furthermore, the existence of
mice with a variety of spontaneous and targeted muta-
tions involving discrete enzymes, pathways, and pro-
cesses have stimulated interest in the development of a
mouse model of diabetic autonomic neuropathy. To bet-
ter address possible pathogenetic mechanisms, we have
extrapolated our previous rodent and human studies to
determine whether sympathetic ganglionic neuropathol-
ogy comparable to rat, hamster, and man develops in
several mouse models.

We have selected three mouse models which have
important differences in the pathogenesis of diabetes, its
severity and application to the wide variety of gene-
targeted mice which have been developed on a variety of
genetic backgrounds. The non-obese diabetic (NOD)
mouse, originally isolated as a spontaneous mutation on
an ICR genetic background14 and maintained for more
than 20 years as an inbred commercially available strain,
spontaneously develops diabetes as the result of a B-
and T-cell-mediated autoimmune attack on its pancreatic
islets, a process which begins at approximately 4 to 8
weeks of age, resulting in diabetes with an incidence of
�80% in female and 20% in male mice by 30 weeks of
age.15 The sibs of NOD mice which do not become
diabetic represent the control population. NOD mice be-
come hypoinsulinemic with hyperglycemia (blood glu-
cose values often exceed 600 mg/dl) and typically have
a shortened lifespan (5 to 8 weeks after the onset of
diabetes). Recent studies show the NOD mouse devel-
ops a variety of diabetic complications, dysfunction of the
alimentary tract prominent among them.16–18 A second
mouse model of type 1 diabetes, the streptozotocin
(STZ)-diabetic mouse, develops diabetes following the
administration of a single intravenous injection of the
pancreatic �-cell toxin streptozotocin (STZ), resulting in
hypoinsulinemia and hyperglycemia typically ranging
from 400 to 500 mg/dl, and are capable of extended

survival (occasionally as long as 12 months). An impor-
tant practical difference between STZ-induced diabetes
and the NOD mouse is the ability of STZ to produce
diabetes in mice with spontaneous or gene-targeted mu-
tations irrespective of genetic background. Finally, we
examined the genetically diabetic db/db mouse, in which
a leptin mutation results in hyperglycemia (comparable in
severity to the STZ-mouse), insulin resistance, and hyper-
insulinemia. This animal has been widely used as a
model for type 2 diabetes in humans. The studies re-
ported here demonstrate the surprisingly rapid and dra-
matic development of neuritic dystrophy in prevertebral
sympathetic ganglia of NOD mice, far exceeding the
severity of involvement of the STZ-diabetic mouse or any
other rodent model.

Materials and Methods

Animals

All animals were housed and cared for in accordance
with the guidelines of the Washington University Commit-
tee for the Humane Care of Laboratory Animals and with
National Institutes of Health guidelines on laboratory an-
imal welfare. All mice were allowed standard rat chow
and water ad libitum and maintained on a 12-hour light/
12-hour dark cycle.

NOD Mice

NOD mice were obtained from a colony kept in patho-
gen-free conditions at Washington University which were
originally purchased from Taconic Laboratories (Ger-
mantown, NY). Non-fasting morning plasma glucose lev-
els were determined at weekly intervals (in later experi-
ments, animals were bled twice weekly in order to more
precisely determine the onset of diabetes) beginning at
approximately 12 weeks of age. Animals were consid-
ered diabetic when two consecutive blood glucose mea-
surements each exceeded 250 mg/dl. Using these crite-
ria 80% of female mice become diabetic by 30 weeks of
age. Sibs of NOD mice which do not become diabetic
represent the control population.

NOD-SCID Mice

Male NOD-SCID mice were purchased from the Jack-
son Laboratory (Bar Harbor, ME) and were kept in patho-
gen-free conditions at Washington University. NOD-SCID
mice are the result of breeding of the SCID mutation to
the NOD background for many generations, such that the
NOD-SCID mouse is genetically identical to the NOD
mouse save for the absence of DNA-dependent protein
kinase, a DNA repair enzyme.19

STZ-Diabetic Mice

Two-to-three-month-old male and female mice of sev-
eral strains (C57BL6, B6D2F1, DBA, and C57BL6/NCR)
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were purchased from Jackson Laboratories. Mice were
made diabetic by tail vein injection of freshly made strep-
tozotocin (STZ [Sigma, St. Louis, MO], 200 mg/kg in
citrate-saline buffer, pH 4.5) under ketamine/xylazine an-
esthesia. Within 7 days of STZ injection mice were bled
and significantly hyperglycemic animals (plasma glucose
�250 mg/dl) were considered diabetic.

db/db mice

Male db/db (C57BL/KsJ) mice and db/m littermates
were purchased from the Jackson Laboratory at approx-
imately 2 to 3 months of age, their blood glucose values
were confirmed (�250 mg/dl) and animals were allowed
to survive without treatment for 5 additional months be-
fore sacrifice.

Tissue Preparation

Animals were anesthetized with ketamine/xylazine and
perfused with 50 ml of heparinized saline followed by 100
to 200 ml of 3% glutaraldehyde in 0.1 mol/L phosphate
buffer, pH 7.3, containing 0.45 mmol/L Ca�2. The supe-
rior mesenteric-celiac ganglia (SMG-CG) were dissected
as a single block, cleaned of extraneous tissue while
maintaining the superior mesenteric artery with the gan-
glionic block, and fixation continued overnight at 4°C in
the same buffer. Tissue samples were post-fixed in phos-
phate-buffered 2% OsO4 containing 1.5% potassium fer-
ricyanide, dehydrated in graded concentrations of alco-
hol, and embedded in Epon with propylene oxide as an
intermediary solvent. One-�m thick plastic sections were
examined by light microscopy after staining with toluidine
blue. Ultra-thin sections of individual SMG-CG were cut
onto formvar-coated slot grids (EMS, Fort Washington,
PA), which permits visualization of entire ganglionic
cross-sections. Tissues were subsequently stained with
uranyl acetate and lead citrate and examined with a
JEOL 1200 electron microscope (JEOL, Peabody, MA).

Quantitative Histological Methods

Dystrophic elements are typically intimately related to
neuronal perikarya and, therefore, we routinely express
their frequency as the ratio of numbers of lesions to
nucleated neuronal cell bodies. This method, used in
many of our previous studies, substantively reduced the
variance in assessments of intraganglionic lesion fre-
quency. In addition, its simplicity permits the quantitative
ultrastructural examination of relatively large numbers of
ganglia. In our current animal studies an entire cross-
section of the SMG-CG was scanned at �12,000 magni-
fication and the number of dystrophic neurites and syn-
apses was determined. Dystrophic neurites were divided
into several morphological classes based on their con-
tent of: tubulovesicular aggregates; admixed normal and
degenerating subcellular organelles, multivesicular and
dense bodies; neurofilaments; and pure aggregates of
otherwise normal appearing mitochondria, which were
further subdivided into neurites �5 �m and �5 �m in

diameter since in some studies small axonal collections
of mitochondria have been considered to be normal gan-
glionic constituents. The number of nucleated neurons
(range, 50 to 200 neurons examined in each ganglionic
cross-section) was then determined by recounting at
�6000 magnification. The frequency of ganglionic neu-
ritic dystrophy was expressed as the ratio of number of
dystrophic neurites to the number of nucleated neurons
in the same cross-section.

Statistical Analysis

All results are expressed as means � SEM. Analysis of
variance was performed with the SAS general linear mod-
els procedure.20

Results

NOD Mice

NOD mice were monitored weekly by glucometer begin-
ning at approximately 12 weeks of age for development
of diabetes, as defined by blood glucose readings of
�250 mg/dl on two separate occasions. Diabetic animals
were sacrificed and examined 3 to 5 weeks after the
onset of diabetes (ie, at 23 to 25 weeks of age) at which
time they were markedly hyperglycemic (blood glucose
values �600 mg/dl, Table 1). Age-matched non-diabetic
sibs were used as controls.

SMG-CG Neuropathology

Examination of 1-�m thick plastic sections of SMG-CG
in 3 to 5 week diabetic NOD (Figure 1A) and age-
matched non-diabetic sibs (Figure 1B) showed an appar-
ently well preserved complement of principal sympa-
thetic neurons surrounded by neuropil composed of an
admixture of axons and dendritic elements. There was no
evidence of active neuronal degeneration (specifically,
no apoptosis), nodules of Nageotte (tombstones of prior
neuron loss) or chromatolysis. None of the diabetic gan-
glia contained an inflammatory infiltrate or an association

Table 1. Neuritic Dystrophy in the Prevertebral Sympathetic
Ganglia of NOD and NOD-SCID Mice

Mouse n
Blood glucose

(mg%)

SMG-CG dystrophy
(no. dystrophic

neurites/no.
neuron)

Diabetic NOD 9 �600 1.25 � 0.35*
Controls (non-

DM sibs)
5 104 � 14 0.06 � 0.01

NOD-SCID 6 106 � 8 0.22 � 0.03†

Dystrophic neurites (expressed as number per nucleated neuron) in
the SMG-CG of female NOD mice diabetic for 3–5 weeks show a
dramatic increase in frequency in comparison to non-diabetic siblings.
Dystrophic neurites in SMG-CG of 25-week-old female NOD-SCID mice
(ie, age-matched to diabetic NOD mice) show a marked decrease in
frequency compared to diabetic NOD mice. Values represent the
means � SEM. Statistical comparison: *p � 0.01 vs. control; †p�0.01
vs. diabetic NOD.
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of individual lymphocytes or macrophages with neuronal
perikarya.

Large swollen neurites were prominent in light micro-
scopic examination of one-micron thick toluidine-blue-

stained plastic sections (arrows, Figure 1A) in the
SMG-CG of NOD mice diabetic for 3 to 5 weeks, often
with a patchy distribution as though they may involve
selected subpopulations of neurons. Dystrophic neurites

Figure 1. Light microscopic appearance of the SMG-CG of 4 week diabetic
NOD mouse (A) and an age-matched non-diabetic sibling (B). Numerous
dystrophic neurites (arrows, A) are accompanied by normal appearing
neuronal perikarya in the NOD diabetic mouse. The superior cervical gan-
glion (SCG) of a diabetic NOD mouse (C) shows a normal complement of
neurons without dystrophic neurites even though the SMG-CG of the same
animal (Figure 2A) shows marked neuritic dystrophy. Original magnifica-
tions: �300, (A and B); �1950, (C).
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were frequently located immediately adjacent to neuronal
cell bodies, often within their satellite cell sheaths, result-
ing in displacement and distortion of perikaryal contours
of targeted neurons. Dystrophic neurites were not ob-
served by light microscopic examination in non-diabetic
age-matched siblings (Figure 1B).

Ultrastructural examination confirmed the light micro-
scopic appearance, demonstrating that swollen dystro-
phic elements were numerous in SMG-CG of NOD mice
(arrows, Figure 2A) and rare in non-diabetic age-
matched NOD siblings (Figure 2B). Dystrophic elements
exhibited a variety of ultrastructural patterns based on
differences in their content of subcellular organelles (Fig-
ure 2). The most typical appearance (45 � 7% of the total
number of dystrophic neurites, Table 2) consisted of
neuritic swellings containing large numbers of tubulove-
sicular elements (arrow, Figure 2C), which ranged from
delicate (Figure 2D) to coarse with varied degrees of
compaction. Dystrophic neurites were typically com-
pletely enclosed within the cytoplasm of Schwann or
satellite cells (Figure 2D) and also separated from adja-
cent perikarya by interposed satellite cell processes (ar-
rows, Figure 2D). A second subgroup of dystrophic swell-
ings consisted of collections of large numbers of
otherwise normal mitochondria that were tightly aggre-
gated without a significant amount of intervening axo-
plasm (Figure 2, E and F). These mitochondrial collec-
tions were separated into two groups: neurites �5 �m in
diameter (32 � 3%, Table 2) and those �5 �m (17 � 4%,
Table 2) since small axons containing mitochondria have
previously been considered normal “sensory endings” in
sympathetic ganglia. Less frequently, neurites contained
mixed collections of organelles (mitochondria, autopha-
gosomes, neurofilaments, and multivesicular bodies, Fig-
ure 2, G and H). Some dystrophic swellings appeared to
represent dendrites on which synapses were identified
(arrow, Figure 2I) or contained ribosome-like structures or
lipopigment. However, in many cases it was difficult to
confidently identify dystrophic elements as either axons
or dendrites and, thus, we have referred to dystrophic
processes simply as involving neuritic elements and the
process as neuritic dystrophy. Occasionally collections
of minute regenerative axonal sprouts (arrows, Figure
2J), not separated by Schwann cell processes, were
encountered.

Since dystrophic neurites were present in both dia-
betic and control mice, it was necessary to apply an
ultrastructural quantitative method to accurately compare
their relative numbers. The numbers of dystrophic neu-
rites were counted and expressed as a ratio (numbers of
dystrophic elements/numbers of nucleated neurons).
This analysis established that dystrophic neurites were
increased 20-fold in 3 to 5 week diabetic NOD mouse
SMG-CG compared to age-matched non-diabetic sib-
lings (Table 1).

Comparison of the frequency of the subpopulation of
small (� 5 �m) mitochondria-laden neurites (“Mitochon-
dria A”, Table 2) in NOD diabetic (32% � 1.25 � 0.35 �
0.40 � 0.11 lesions/neuron, n � 9 mice) and non-diabetic
sibling controls (44% � 0.06 � 0.01 � 0.030 � 0.004,
n � 5, P � 0.001) provides evidence that, in this setting,

small mitochondria filled neurites are clearly pathological
and associated with the diabetic state.

SMG-CG versus Superior Cervical Ganglion (SCG) in
NOD mice

In man5 and rat8 there is a dramatic and as yet unex-
plained difference in the frequency of diabetes- and age-
induced neuritic dystrophy between prevertebral SMG
and CG, which are prominently involved by neuritic dys-
trophy, in comparison to the SCG, the largest of the
paravertebral chain ganglia, which are minimally in-
volved. Therefore, we compared the frequency of neuritic
dystrophy in the SMG-CG of 4 to 5 week diabetic NOD
mice to the SCG of the same animals. Dystrophic neurites
were not identified in the diabetic NOD SCG (Figure 1C).
The frequency of dystrophic change in diabetic SMG-CG
was three orders of magnitude greater than that in the
SCG of the same animals [SMG-CG: 1.38 � 0.51 dystro-
phic neurites/nucleated neuron, mean � SEM, n � 6
mice versus SCG: 0.01 � 0.01, P � 0.0001].

STZ-Diabetic Mice

Adult male and female mice were injected with STZ,
developing diabetes within a few days, and were allowed
to survive for various intervals (Table 3). The severity of
hyperglycemia at the time of sacrifice was significantly
less in STZ-diabetic mice than in NOD mice (compare
Tables 1, 2, and 3).

SMG-CG Neuropathology

Streptozotocin-diabetic mice exhibited identical lesions
to those in the NOD mouse (Figure 3A-C), although they
were significantly less frequent and developed over a much
longer time course than diabetic NOD mice (Table 3).

In previous studies of aged mouse SMG-CG we have
found substantial differences in the development of age-
related ganglionic neuritic dystrophy in various mouse
strains. Determination of neuritic dystrophy in the
SMG-CG of 24-month-old DBA/2 mice (0.32 � 0.06 dys-
trophic neurites/nucleated neuron, mean � SEM, n � 4)
significantly exceeded that of mice of the C57BL6 strain
(0.02 � 0.007, n � 4, P � 0.01). To determine whether
there is a similar mouse strain effect on the frequency of
neuritic dystrophy in STZ-diabetic mice, we induced di-
abetes in adult male C57BL6 and DBA/2 mice and sac-
rificed them after 2 to 3 months of diabetes. We found that
both strains showed a significant and comparable effect
of diabetes, but that neither strain developed neuritic
dystrophy equivalent in severity to 3 to 5 week diabetic
NOD mice (compare Tables 1, 2, and 3). Specifically, the
frequency of dystrophic neurites in these STZ-diabetic
mice was only �10% of that observed in NOD mice.

Most of our previous experiments with STZ-diabetes
have used male mice and rats;8–10,21 however, in NOD-
diabetes, as in many autoimmune diseases, female ani-
mals are most consistently and severely diabetic. To try
to reproduce the conditions (ie, female sex and short
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Figure 2. Continues
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duration of diabetes) in the diabetic NOD mouse as closely
as possible in the STZ-mouse paradigm, we examined fe-
male mice made diabetic with STZ and killed after 4 weeks
of diabetes. Diabetic female mice in this experiment
showed a 10-fold increase in neuritic dystrophy in SMG-CG
(diabetic, 0.036 � 0.004 dystrophic neurites/neuron, n � 7)
compared to age- and gender-matched controls (0.003 �
0.003, n � 3, P � 0.01). However, in NOD mice with a
comparable duration of diabetes dystrophic changes were
35-fold more frequent (compare Table 1 and Table 3).

Therefore, the NOD versus STZ difference in severity of
dystrophic changes in SMG-CG does not simply reflect the
effect of gender or short duration of diabetes.

NOD-SCID Mice

SMG-CG Neuropathology

It has been proposed that human diabetic sympathetic
autonomic neuropathy may be the result of an autoim-

Figure 2. Ultrastructural appearance of the SMG-CG of 3 to 5 week diabetic NOD and non-diabetic control mice. A and B: Numerous dystrophic neurites (arrows,
A) are scattered through the ganglionic neuropil and perineuronal space in the diabetic NOD mouse SMG-CG in comparison to the appearance of the normal
ganglion of non-diabetic NOD mouse sibling (B). Original magnifications: �980 (A); �1950 (B). C and D: The most common ultrastructural appearance of
dystrophic neurites in the diabetic NOD mouse consists of dilatations containing tubulovesicular elements. The contours of the sympathetic perikaryon adjacent
to a large dystrophic element (arrow, C) are distorted but the neuron appears otherwise normal. A dystrophic neurite containing large numbers of tubulovesicular
elements (D) is separated from the adjacent neuronal cell body (N) by satellite cell processes (arrows) along part of its circumference. Original magnifications:
�2600 (C); �13,000 (D). E and F: Markedly enlarged neurites containing nearly pure collections of mitochondria represent a second major category of neuritic
dystrophy Original magnifications: �7800 (E); �19,500 (F). G and H: Dystrophic neurites may also contain a variety of admixed organelles including
mitochondria, tubulovesicular elements, and dense bodies (G) or neurofilaments (arrow, H). Original magnifications: �15,600 (G and H). I: Dystrophic neurites
occasionally exhibit synaptic specializations (arrow). Original magnification: �24,200. J: The ganglionic neuropil may contain large numbers of axonal sprouts,
suggesting a regenerative component. Original magnification: �29,000.
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mune process which targets the nervous system.22 To
determine the role played by the immune system in the
development of ganglionic neuropathology observed in
the NOD mouse, we examined NOD-SCID mice before
and following STZ-induced diabetes. The NOD-SCID
mouse, which lacks T and B cells, fails to develop auto-
immune diabetes (Table 1).

We examined female NOD-SCID mice at the age of 25
weeks, ie, closely approximating the age of 3 to 5 week
diabetic NOD mice (23 to 25 weeks). NOD-SCID mice
exhibited 82% fewer dystrophic neurites than 3 to 5 week
diabetic NOD mice (Table 1) of the same age. Although
they developed dramatically fewer lesions in comparison
to diabetic NOD mice, the frequency of neuritic dystrophy
in NOD-SCID mice was significantly increased compared
with non-diabetic NOD sibs (Table 1) and age-matched
control mice in STZ-treatment series (Table 3). In NOD-
SCID mice dystrophic mitochondria-filled neurites ac-
counted for 89% of dystrophic neurites (including both
mitochondria A and B groups, Table 2) in comparison to
diabetic NOD mice (Table 2) in which they represented
only 49% of the total (P � 0.001).

NOD-SCID Mice Made Diabetic with STZ

To selectively address the role of diabetes in NOD-SCID
animals distinct from the possible pathogenetic effect of
immune deficiency, NOD-SCID animals were treated with

STZ at the age of 8 weeks, which resulted in a severely
diabetic state (Table 4) comparable to diabetic NOD
mouse and more hyperglycemic than STZ-treated mice
of other strains examined (Table 3). STZ-treated NOD-
SCID mice demonstrated severe dystrophic changes
(otherwise identical in ultrastructure to those developing
in NOD- or STZ-treated mice) in the SMG-CG after only 2
and 4 weeks (Figures 4 and 5, Table 4), which represents
a dramatic amplification of the severity of neuritic dystro-
phy and acceleration in the time course expected in
mouse STZ-diabetes. These results may reflect an exag-
gerated response of the NOD-SCID mouse strain, result-
ing in an increased baseline of neuritic dystrophy in
untreated controls (compared to non-diabetic NOD, Ta-
ble 1) and producing a dramatic increase with STZ-
induction of diabetes. The diabetes-induced amplifica-
tion of neuritic dystrophy in non-diabetic NOD-SCID mice
may be a reflection of the genetic defect, which impairs
the ability to repair double-stranded DNA breaks.

db/db Mouse

Recent studies in STZ- and Zucker diabetic fatty (ZDF)-
diabetic rat models21 have suggested that loss of the
neurotrophic effects of insulin and/or IGF-I on sympa-
thetic neurons and not hyperglycemia per se, may under-

Table 2. Subpopulations of Dystrophic Neurites in SMG-CG of NOD, Non-Diabetic Controls and NOD-SCID Mice

Mouse
Mixed organelles Neurofilaments Tubulovesicles Mitochondria A Mitochondria B

(%) (%) (%) (%) (%)

Diabetic NOD 4 � 1 1 � 1 45 � 7* 32 � 3 17 � 4
Controls (non-DM sibs) 21 � 9 0 12 � 7 44 � 14 23 � 10
NOD-SCID 8 � 3 0 3 � 3† 38 � 8 51 � 4†

Dystrophic neurites of NOD mice diabetic for 3 to 5 weeks, their sibs and age-matched NOD-SCID mice were separated into subpopulations for
each animal based on ultrastructural content of dystrophic neurites and expressed as a percentage of total numbers of dystrophic neurites calculated
for each animal. Mitochondria-engorged neurites are presented as two groups on the basis of size of the dystrophic neurite: A � 5� and B � 5�.
Values represent the means � SEM. Statistical comparison: * p � 0.01 vs. control; † p � 0.01 vs. diabetic NOD.

Table 3. Effect of Streptozotocin-Induced Diabetes on Neuritic Dystrophy as a Function of Mouse Strain, Sex, and Duration of
Diabetes

Strain Mice (n) Sex
Duration of
diabetes

Blood glucose
(mg%)

SMG-CG dystrophy (no. dystrophic
neurites/no. neuron)

B6D2F1
Control 8 M 5 months 122 � 18 0.01 � 0.003
Diabetic 7 480 � 48 0.30 � 0.07*
Control 3 M 12 months 147 � 8 0.08 � 0.02
Diabetic 1 558 0.83

C57BL6
Control 5 M 2–3 months 129 � 13 0.039 � 0.017
Diabetic 5 426 � 23 0.112 � 0.017†

Control 4 M 5 months 224 � 10 0.02 � 0.01
Diabetic 3 397 � 85 0.18 � 0.03†

DBA/2J
Control 5 M 2–3 months 136 � 6 0.006 � 0.004
Diabetic 8 525 � 34 0.128 � 0.03*

BL6/
NCR
Control 3 F 3 weeks 142 � 12 0.003 � 0.003
Diabetic 7 508 � 29 0.036 � 0.005‡

Values represent the means � SEM of n mice. Statistical comparison. *p, � 0.01; †p, � 0.05, ‡ p, � 0.001 vs. matched control group.
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lie the development of sympathetic neuritic dystrophy. To
further test this idea with a mouse model, we have exam-
ined adult db/db mice diabetic for 5 months. db/db mice
are hyperglycemic, obese and hyperinsulinemic. Although

the degree of hyperglycemia in db/db mice was compara-
ble to that of STZ-diabetic mice (Table 5), db/db mice failed
to develop dystrophic neurites in excess of those in non-
diabetic, age-matched db/m controls (Table 5).

Figure 3. Neuritic dystrophy in the STZ-diabetic mouse is characterized by
the same neuropathology as the diabetic NOD mouse, although at a signif-
icantly decreased frequency. A dystrophic neurite (arrow, A) at higher
magnification (arrow, B) shows scattered tubulovesicular elements as well
as an intervening satellite cell process (arrowheads, B). A more substantial
accumulation of tubulovesicular elements is seen in other dystrophic neurites
(arrows, C). B and C: N � neuronal cell body. Original magnifications:
�3250 (A); �15,600 (B); �9750 (C).
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Discussion

Comparison of Mouse Models of Diabetic
Autonomic Neuropathy: Advantages and
Disadvantages

NOD Mouse

Our studies demonstrate that the NOD mouse devel-
ops striking neuropathologic findings in the sympathetic

SMG-CG comparable to those described in diabetic Chi-
nese hamster, rat, and human subjects7 and with a time
course of a few weeks rather than the 6 to 9 month
interval usually required for robust and reproducible
numbers of lesions to develop in rats and Chinese ham-
sters. The extent of involvement of sympathetic ganglia
by dystrophic pathology in NOD mice is far in excess of
that seen in either STZ-treated or BB/W rats diabetic for
the same period; nonetheless, the anatomical distribution
and range of ultrastructural pathology are identical. The
rapid development of unambiguous neuropathologic
findings observed in the SMG-GC of diabetic NOD mice
provides a potentially useful model for studies of diabetic
autonomic neuropathy, particularly intensive therapeutic
prevention or intervention studies which can be con-
ducted over the course of a few weeks rather than
months required in rat models. The degree of involve-
ment should also facilitate electrophysiologic studies of
the effect of neuritic dystrophy since in the most severely
involved animals, numerous lesions are associated with
individual neurons.

There are disadvantages, however, with the use of the
NOD model. The NOD mouse develops diabetes spon-
taneously over a time course which may range from 12 to

Figure 4. Light microscopic appearance of marked neuritic dystrophy (arrows) in the SMG-CG of a NOD-SCID mouse made diabetic with STZ 2 weeks earlier.
Original magnification: �660.

Table 4. Effect of STZ-Diabetes on NOD-SCID Mice

Mouse n
Blood glucose

(mg%)

SMG-CG dystrophy
(no. dystrophic

neurites/no.
neuron)

NOD-SCID � STZ
2 weeks 5 �600 2.2 � 0.3*
4 weeks 3 �600 1.5 � 0.2†

NOD-SCID 4 97 � 6 0.3 � 0.1

Male NOD-SCID mice were treated with streptozotocin at the age of
8 weeks and allowed to survive for an additional 2 or 4 weeks before
sacrifice. NOD-SCID controls, sibs which were not treated with
streptozotocin, were sacrificed at the same time as the 2 week STZ-
diabetic group. Values represent the means � SEM of n mice.
Statistical comparison: *p, � 0.01; †,p � 0.05 vs. NOD-SCID controls.
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Figure 5. Ultrastructural appearance of NOD-SCID mice with 2 to 4 weeks of STZ-induced diabetes. A: Numerous dystrophic neurites (arrows) are intimately
admixed with normal appearing neuronal cell bodies (N). Original magnification: �2600. B: Distortion of an otherwise normal neuronal cell body by a dystrophic
neurite (arrow) containing large numbers of mitochondria and tubulovesicular elements. Original magnification: �2600. C: Numerous mitochondria-laden
dystrophic neurites (arrows) in the intraganglionic neuropil. Original magnification: �3900.
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30 weeks of age; therefore, NOD mice with the same
duration of diabetes may actually represent animals
which differ significantly in age which may complicate the
interpretation of some age-sensitive phenomena. Unfor-
tunately, the necessity of using the NOD background
inbred strain complicates the practical application of the
NOD model to the wealth of available mice with trans-
genic or spontaneous mutations and knockouts of se-
lected genes which have been generated on a variety of
other genetic backgrounds.

NOD-SCID Mice

NOD-SCID mice do not develop diabetes spontane-
ously at any time yet determined. The ability to synchro-
nize the development of diabetes by STZ-treatment of
NOD-SCID mice and their development of severe neuritic
dystrophy within a few weeks represent significant ad-
vantages over the NOD model, obviating the need for
weekly measurements of blood sugar values to establish
the time of onset of diabetes and avoiding possible
mouse-to-mouse differences in the time course from ini-
tial onset of diabetes to maximum serum glucose values.
Thus, the STZ-treated NOD-SCID mouse model provides
a more uniform population of animals for analysis.

The increase in the baseline frequency of neuritic dys-
trophy in NOD-SCID mice compared to non-diabetic
NOD sibs (Table 1) and non-diabetic control mice (Table
3) suggests that NOD-SCID mice may be particularly
sensitive to the development of neuritic dystrophy, a result
which may reflect the direct contribution of the SCID muta-
tion to the pathogenesis of dystrophic neurites. It is known
that SCID mice exhibit a mutation in a component of the
enzyme DNA-dependent protein kinase which is required
for the repair of double-stranded DNA breaks.19 As a result
V(D)(J) recombination is defective resulting in defects in the
generation of T and B-cell receptors and, hence, T and B
cells.23 It is possible that the inability to repair damaged
DNA-related processes in sympathetic neurons may partic-
ipate in the genesis of neuritic dystrophy.

Streptozotocin-Diabetic Mouse

Although STZ-diabetic mice develop fewer dystrophic
neurites over a longer time course, the distribution and
ultrastructural appearance of the ganglionic neuropathol-
ogy are identical to lesions developing in NOD and STZ-

treated NOD-SCID models, further demonstrating that the
ganglionic neuritic dystrophy we have described is the
result of the diabetic state. The explanation for the differ-
ences in the severity of neuritic dystrophy in NOD and
STZ-models is unclear. The use of STZ to induce diabe-
tes in mice lacking a genetic predilection for the sponta-
neous development of diabetes represents a significant
advantage of this model over the NOD and STZ-treated
NOD-SCID mouse models. Specifically, STZ-induction of
diabetes can be used in mice with a variety of spontane-
ous mutations as well as in knockout and transgenic mice
that have been developed on a variety of genetic back-
grounds.

db/db Mouse

db/db mice exhibit a mutant form of the leptin receptor
in the hypothalamus which results in early obesity, insulin
resistance, and hyperglycemia.24 Thus, db/db mice are
known to be hyperglycemic and hyperinsulinemic. The
failure of db/db mice to develop neuritic dystrophy in the
presence of significant hyperglycemia suggests that hy-
perglycemia alone is not sufficient to produce neuritic
dystrophy.

Insights into the Pathogenesis of Diabetic
Autonomic Neuropathy

Mitochondrial Neuritic Dystrophy and Oxidative Stress

The demonstration of swollen neurites containing
nearly pure collections of mitochondria is a prominent
finding in diabetic NOD- and STZ-diabetic mice whose
significance is unknown, although the dramatic amplifi-
cation of the number and size of mitochondria-engorged
neurites in diabetic mice suggest a possible pathoge-
netic role. Such collections may reflect or induce alter-
ations in axonal transport. Collections of mitochondria
may themselves produce an abnormal subcellular envi-
ronment, resulting in a local exaggeration of oxidative
stress and the development of self-propagating neuritic
dystrophy. A prominent role for overproduction of super-
oxide by the mitochondrial electron transport chain has
been recently proposed by Brownlee as a pathogenetic
mechanism in the development of many diabetic compli-
cations.25 It is postulated that the four main molecular
mechanisms proposed in the development of diabetic
neuropathy, ie, increased polyol pathway flux, formation
of advanced-glycosylation endproducts (AGE), activa-
tion of protein kinase C, and the hexosamine pathway, all
reflect a single hyperglycemia-induced process of mito-
chondrial overproduction of superoxide and the genera-
tion of a variety of downstream oxidant stressors.25 The
ability to localize sites of production of reactive oxygen
species in vivo may identify dystrophic swellings as hot-
spots of oxidative stress.

Table 5. Neuritic Sympathetic Dystrophy in the SMG-CG of
db/db Type 2 Diabetic Mice

Mouse n
Weight
(gm)

Blood
glucose
(mg%)

SMG-CG dystrophy
(no. dystrophic

neurites/
no. neuron)

Control 3 30.5 � 1.0 100 � 10 0.11 � 0.1
Diabetic 4 42.5 � 1.6 453 � 44 0.14 � 0.03

The frequency of neuritic dystrophy is shown in male db/db mice
diabetic for 5 months before sacrifice and age-matched littermate
controls (db/m). Values represent means � SEM for “n” mice.
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An Autoimmune Pathogenesis for Diabetic Autonomic
Neuropathy?

The presence of lymphocytic infiltrates in the celiac
sympathetic ganglia of five patients with symptomatic
diabetic autonomic neuropathy6 has been repeatedly in-
terpreted as evidence for an autoimmune pathogenesis
of diabetic autonomic neuropathy. However, our autopsy
series of 347 adult patients26 showed that lymphocytic
infiltration was a common alteration in human sympa-
thetic ganglia obtained at autopsy and was neither more
frequent nor of greater intensity in diabetic subjects com-
pared to non-diabetics, although none of the subjects in
this series were as symptomatic for autonomic neuropa-
thy as those in the previous study.6 In addition, autoan-
tibodies directed against adrenal gland, sympathetic
ganglia, and vagus nerve have been proposed in some
studies to be associated with an increased incidence of
autonomic neuropathy in human subjects,22,27 although
other studies have failed to find an association or have
identified an inverse correlation of autoantibodies and
autonomic neuropathy.28–30 Although abnormal regional
myocardial 123I-MIBG uptake (a measure of sympathetic
innervation of the heart) correlated with the presence of
anti-SCG autoantibodies in long-term IDDM patients,31

examination of newly diagnosed diabetics provided little
evidence that autoantibodies produce diabetic sympa-
thetic autonomic neuropathy.31

The NOD mouse develops anti-islet antibodies early in
its life and then develops diabetes as a result of cellular
autoimmune attack on pancreatic �-cells.32,33 Recently,
investigators have determined that autoimmune targeting
of peri-islet Schwann cells, resulting in their degeneration
before pancreatic islet �-cell death, is an early and inte-
gral part of this process.34 We reasoned that a possible
autoimmune process directed against Schwann and/or
neuroendocrine cells composing pancreatic islets might
also cross-react with sympathetic neurons, intragangli-
onic Schwann cells or perineuronal satellite cells to pro-
duce neuritic dystrophy or neuronal degeneration. How-
ever, in NOD mice 3 to 5 weeks after the onset of
diabetes there was no evidence of an inflammatory infil-
trate or active neuronal degeneration in SMG-CG, nor
were immune effector cells localized to perineuronal sites
or adjacent to dystrophic segments. To determine
whether an autoimmune attack directed against sympa-
thetic ganglia had developed and resolved during the
earliest phases of diabetogenesis, we also examined the
sympathetic ganglia of NOD mice at 4 and 8 weeks of
age (data not shown), at which time an autoimmune
attack on islets has begun but has not progressed to
systemic diabetes, and failed to find evidence of an
inflammatory infiltrate, active neuronal degeneration, or
dystrophic changes comparable to those developing
later in the SMG-CG NOD mice. In addition, the sympa-
thetic SCG consistently failed to develop an inflammatory
infiltrate, neuronal degeneration, or development of dys-
trophic changes in the same animals in which the
SMG-CG was strikingly affected, evidence against a sys-
temic autoimmune pathogenesis. The failure of immunode-
ficient NOD-SCID mice (which are incapable of mounting a

B- and T-cell mediated autoimmune attack) to develop neu-
ritic dystrophy comparable to immunologically intact NOD
diabetic mice does not discriminate between the loss of a
direct immune pathogenetic process affecting prevertebral
sympathetic ganglia or the simple failure of the NOD-SCID
animals to become diabetic. However, the subsequent
STZ-induction of diabetes in NOD-SCID mice results in the
rapid development of large numbers of dystrophic neurites
identical to those developing in diabetic NOD mice, evi-
dence supporting a role for diabetes-induced pathogenesis
rather than an autoimmune causation. The NOD-SCID mice
which did not receive STZ are normoglycemic but do show
a greater degree of neuritic dystrophy than typical NOD
non-diabetic controls which may reflect a difference be-
tween NOD-SCID and NOD mice in a general susceptibility
to the development of neuritic dystrophy which is second-
ary to the genetic defect in DNA repair present in this mouse
strain.

Role of Hyperglycemia in the Development of Neuritic
Dystrophy

Although hyperglycemia directly results in a variety of
abnormal metabolic reactions in nerve (eg, disordered
polyol and phosphoinositide metabolism, increase in gly-
cated proteins, and exaggerated oxidative stress), which
may contribute to the development of neuropathy, other
processes may also play a role. One such mechanism
may involve the neurotrophic action of insulin or insulin-
like growth factor-I (IGF-I), independent of their glycemic
effects, an idea initially proposed by Ishii and colleagues
in their studies of cultured neurons and somatic neurop-
athy in experimental diabetes.35,36 We have previously
demonstrated37 that 6-month STZ-diabetic rats (ie, a dura-
tion of diabetes resulting in established neuroaxonal dys-
trophy) treated for 2 additional months with systemic recom-
binant human IGF-I resulted in nearly complete
normalization of neuroaxonal dystrophy in the SMG and ileal
mesenteric nerves in the absence of an effect on the met-
abolic severity of diabetes. Our recent studies of type 1
STZ-diabetic and type 2 ZDF-diabetic rat models21 have
shown marked differences in neuroaxonal dystrophy in the
SMG and ileal mesenteric nerves between the hypoinsu-
linemic, IGF-I-deficient STZ-diabetic rat and the chronically
diabetic ZDF rat which is hyperinsulinemic and has normal
levels of IGF-I.21 Future studies will determine whether the
failure of chronically diabetic db/db mice to develop sym-
pathetic neuritic dystrophy could involve a neurotrophic role
for insulin and/or IGF-I or reflect an as yet unidentified
diabetes-induced substance or biochemical pathway as
the critical determinant.

Does Neuritic Dystrophy Produce Autonomic
Dysfunction?

The prevertebral sympathetic SMG-CG represent
complex peripheral integrative centers of gut reflexes in
which nerve terminals ending on principal sympathetic
neurons originate from neurons located in the intermedio-
lateral column of the spinal cord, dorsal root sensory
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ganglia, parasympathetic ganglia, other sympathetic
ganglia and include a prominent retrograde projection
from intrinsic myenteric ganglia.38 Recent studies of the
alimentary tract of NOD mice have identified delayed
gastric emptying (a model of diabetic “gastroparesis”),
impaired electrical pacemaking, and reduced neuro-
transmission.16–18 Dystrophic changes in the presynap-
tic axonal and postsynaptic dendritic elements may ef-
fectively isolate and disconnect sympathetic neurons in
the absence of neuron loss. Although the structural
changes described in NOD prevertebral ganglia could
contribute to abnormal integration of alimentary reflexes
and result in abnormality of gastrointestinal tract function,
the issue is complicated by reported damage to the
interstitial cells of Cajal within the NOD mouse gastric
wall16 and the loss of nitric oxide mediated non-adrener-
gic non-cholinergic (NANC) relaxation in the pylorus of
the NOD mouse stomach,17 a defect shared with the
ileum. Immunohistochemical studies of NOD mouse gut
also show changes in intrinsic enteric neuropeptides that
vary from site to site within the gastric antrum, duodenum,
and colon.18

Summary

The studies we have reported have established several
models of autonomic neuropathy developing in mice with
experimental diabetes. Spontaneously diabetic NOD and
STZ-induced NOD-SCID mice develop severe sympa-
thetic ganglionic neuropathology over a short time course
which may permit the rapid determination of the effect of
therapeutic agents given in preventative and interven-
tional paradigms as well as testing a variety of proposed
pathogenetic mechanisms.39 STZ-induction of diabetes
in a variety of mouse strains results in the development of
neuritic dystrophy similar to that in NOD and STZ-treated
NOD-SCID mice, although to a lesser degree and devel-
oping over a extended time course. Nonetheless, STZ-
induction of diabetes can be accomplished in mice har-
boring a variety of spontaneous and gene-targeted
mutations superimposed on many genetic backgrounds,
and may permit investigators to selectively isolate and
directly address each of these pathogenetic mechanisms
(and others as they evolve) to separate critical pathoge-
netic processes from epiphenomena and permit the de-
velopment of rational forms of therapy.
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