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Abstract

Hyperglycemia-induced oxidative stress is an inciting event in the development of diabetic
complications including diabetic neuropathy. Our observations of significant oxidative stress and
morphological abnormalities in mitochondria led us to examine manganese superoxide dismutase
(SOD2), the enzyme responsible for mitochondrial detoxification of oxygen radicals. We
demonstrate that over expression of SOD2 decreases superoxide (O,*") in cultured primary dorsal
root ganglion (DRG) neurons and subsequently blocks caspase-3 activation and cellular injury. Under
expression of SOD2 in dissociated DRG cultures from adult SOD2*/~ mice results in increased levels
of O,", activation of caspase-3 cleavage and decreased neurite outgrowth under basal conditions
that are exacerbated by hyperglycemia. These profound changes in sensory neurons led us to explore
the effects of decreased SOD2 on the development of diabetic neuropathy (DN) in mice. DN was
assessed in SOD2*/~ C57BL/6J mice and their SOD2*/* litter mates following streptozotocin (STZ)
treatment. These animals, while hyperglycemic, do not display any signs of DN. DN was observed
in the C57BL/6Jdb/db mouse, and decreased expression of SOD2 in these animals increased DN.
Our data suggest that SOD?2 activity is an important cellular modifier of neuronal oxidative defense
against hyperglycemic injury.
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INTRODUCTION

The idea that oxidative stress contributes to diabetic complications is widely acknowledged
(Cameron et al., 1998; Vincent et al., 2004c; Low et al., 1997; Cameron et al., 1993; Hounsom
etal., 2001;Brownlee, 2001). Our work focuses on understanding how hyperglycemia-induced
oxidative stress contributes to diabetic neuropathy (DN). A unifying mechanism of DN is the
ability of both metabolic and vascular insults to increase cellular oxidative stress and impair
the function of the peripheral nervous system (Brownlee et al., 2004; Leinninger et al., 2006).
An important mediator of oxidative stress is reactive oxygen species (ROS). ROS include
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oxygen radicals such as superoxide (O,"") and the hydroxyl radical (.OH), and non-radical
derivatives of molecular oxygen such as hydrogen peroxide (H20,).

ROS are a normal result of cellular respiration; however, excess glucose may cause over-
production of ROS and subsequently deplete cellular antioxidant capacity (Brownlee, 2005).
Work in clinical diabetes supports this concept. Measures of oxidative stress including TRAP
(Total Radical Antioxidant Potential), thiobarbituric acid reactive substances (TBARS, a
measure of oxidized lipids), and advanced glycation end products (AGES) are all elevated in
diabetic patients (Rosenson, 2004; Matteucci et al., 2004;Siemionow and Demir, 2004) and in
experimental models of diabetes (Toth et al., 2004; Hounsom et al., 2001).

Several lines of evidence point toward glucose-mediated accumulation of ROS as an inciting
event in the development of DN (Jeffcoate, 2005;Wada and Yagihashi, 2005; Obrosova et al.,
1993). In neurons, high glucose impairs the mitochondrial electron transfer chain, leading to
the excess production of O,"~ (Russell et al., 2002;Vincent et al., 2004c; Bolanos et al.,
2004). ROS are produced when electrons escape from complexes | and 111 of the electron
transfer chain and react with molecular oxygen to form O,*". O,"™ attacks the iron sulfur centers
of complexes I and 11, further limiting their function (Vincent et al., 2004c). In addition to
057, .OH, peroxynitrite, alkoxyl, peroxyl, and hydroperoxyl radicals also form, further
damaging proteins, lipids and nucleic acids (Vincent et al., 2004c; Vincent and Feldman,
2004; Cellek, 2004).

Superoxide dismutases are essential, ubiquitous enzymes that detoxify highly reactive

0,"" .by catalysis into H,O,, which in turn is reduced to H,O in the mitochondria by glutathione
(Wallace, D. C. 02). The mitochondrial form of the enzyme, Mn*SOD or SOD2 is essential
for cellular development and survival, since homozygous knockout of this gene is perinatally
lethal (Lebovitz et al., 1996). Heterozygous expression of SOD2 leads to depletion of
mitochondrial glutathione and increased oxidative stress in mice (Williams et al., 1998).
Furthermore, SOD2*/~ mice also display decreased activity of aconitase and NADH
oxidoreductase and increased levels of intra-mitochondrial protein carbonyls and damaged
mitochondrial DNA (Williams et al., 1998). They also display evidence of decreased
acetylcholine-induced arterial relaxation (Ohashi et al., 2006) and increased myocardial
degeneration (Strassburger et al., 2005) that both lead to impaired blood flow.

Current rodent models of DN fail to develop changes that closely resemble the human disease
(Whiteley and Tomlinson, 1985; Brussee et al., 2004). The reasons for this failure are likely
multiple, and include the absence of genetic susceptibility genes and a short life-span (Breyer
etal., 2005). Since SOD mimetics can both decrease rodent nerve conduction deficits (Coppey
et al., 2001) and restore blood flow (Schnackenberg and Wilcox, 2001) in diabetes, we
hypothesized that decreased expression of SOD would accelerate oxidative injury in
hyperglycemia and magnify DN. To address this question, we first altered the level of SOD2
in an in vitro model of DN, primary dorsal root ganglion (DRG) neurons. Next, we examined
dissociated DRG cultures from the adult SOD2*~ mouse and then used the SOD2*/~ mouse
to determine the effects of decreased SOD2 gene in two models of diabetes; streptozotocin
(STZ)-induced type 1 diabetes and genetic type 2, dbdb mice. DN was assessed over 24 weeks
of diabetes. These experiments were aimed at confirming our in vitro observations and
generating a mouse model of DN that experiences enhanced oxidative injury in response to
hyperglycemia.
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MATERIALS AND METHODS

Adenoviral Transfection of Primary DRG Neurons

DRG were harvested from E15 Sprague-Dawley rats, dissociated in 1% trypsin, and cultured
on rat-tail collagen-coated plates in growth media. All culture reagents are from Gibco (Grand
Island, NY) unless stated otherwise. Growth media were prepared using Neurobasal media
supplemented with 1X B-27 additives, 50 ng/ml nerve growth factor (NGF) (Harlan
Bioscience, Indianapolis, IN), 40 uM 5-fluoro-2-deoxyuridine (FUDR) (Sigma, St. Louis,
MO), and 1,000 U/ml penicillin/streptomycin/neomycin (ABX) solution. Initial plating media
contained 2 uM glutamine. DRG neurons were re-fed after 24 h in fresh media containing all
additives except glutamine. On day 2, cells were rinsed then re-fed using treatment media
(Neurobasal media containing 4 ng/ml selenium, 4 ng/ml hydrocortisone, 0.01 mg/mi
transferrin, 3 ng/ml B-estradiol, 50 ng/ml NGF, 40 uM FUDR, and ABX). Experiments were
performed on DRG neurons on day 3 in culture in the absence of B-27 additives.

Adenovirus (Ad) constructs containing cDNA for SOD1, SOD2, oxomaleate carrier protein
(OMC) or green fluorescent protein (GFP) were prepared as previously described (Hong et al.,
2001; Duetal., 2000; Vincent et al., 2004a; Vincent et al., 2004b) and purified at the University
of lowa Gene Transfer Vector Core. At 24 h, 95-100% of DRG neurons were infected using
1,000 plaque forming units (pfu) per cell, determined by counting GFP positive neurons. DRG
neurons were cultured as described above, infected on day 2 with Ad, and experiments
performed on day 3. To produce a hyperglycemic insult, 20 mM additional glucose (total 45
mM glucose) was added to the media for the period specified in individual experiments. This
model of hyperglycemic insult has been described previously (Russell et al., 1999; Russell et
al., 2002; Vincent et al., 2005a). Media glucose concentrations did not significantly decrease
during the treatment periods as determined by standard gas chromatography-mass
spectrometry (data not shown).

Primary Dissociated DRG Cultures of SOD2*/~ DRG from Adult Mice

C57BL/6J SOD2*~ and littermate control animals were purchased from Jackson Laboratories
(Bar Harbor, Maine). DRG were collected from C57BL/6J control and C57BL/6J SOD2*/~
mice when they were 6-8 weeks of age. Coverslips were coated with 0.01% poly-L-ornithine
(0.1mg/ml) (Sigma) overnight, washed, dried and then further coated with rat tail collagen as
previously described (Vincent et al., 2004b). Mouse DRG were extracted from adult mice and
placed in L-15 media during dissection, dissociated in papain (2 mg/ml) and 2.5% collagenase
for 30 min, and then quenched in calf serum. DRG were then extracted by centrifugation, placed
in warm plating medium, and triturated 20-30 times with a calf serum-coated glass pipet. Adult
mouse DRG neurons were cultured in Neurobasal medium (Sigma) containing 25 mM glucose
(optimal basal glucose for neurons) (Vincent et al., 2004b; Russell et al., 1999; Russell and
Feldman, 1999), with 1X B27 (Sigma), 0.14 mM L-glutamine, and 40 uM FUDR to remove
contaminating Schwann cells. Hyperglycemia was induced as described above for rat primary
DRG cultures.

Neurite Outgrowth

DRG neurons were cultured as described above and fixed in 4% paraformaldehyde (PFA, in
phosphate buffered saline, 0.1 M, pH 7.4) 12 h following plating. Neurites were assessed by
measuring the longest neurite on each of 20 randomly selected neurons per condition using a
graduated microscope reticule per our published protocol (Russell et al., 1999).
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In Vitro Measures of Oxidative Stress and Cell Death

We previously published the time-course of oxidative stress and markers of DRG neuron injury
in our hyperglycemia model (Vincent et al., 2004b; Russell et al., 2002; Vincent et al.,
2005a). The time-points used in the present studies are based on the previous experiments. We
previously demonstrated that DCFDA oxidation peaked at 3-5 h, caspase-3 activation at 5-6
h, and differences in neurite growth peaked at 12 h. After 3 d in culture, H,O, generation was
assessed by loading DRG neurons with the H,O5 probe CM-H,-DCFDA (Russell et al.,
2002; Vincent etal., 2005a). Reduced CM-H,-DCFDA is nonfluorescent. Following oxidation
by H,0,, green fluorescent 2°,7’-dichlorofluorescein (DCF) is generated. Stock CM-H,-
DCFDA is dissolved in DMSO at 5 mg/ml and diluted in HBSS (10 mM HEPES, pH 7.4, 150
mM NaCl, 5 mM KClI, 1 mM MgCly, 1.8 mM CaCly,) to 17 pg/ml. The diluted CM-H,-DCFDA
was applied to the culture medium at a 1:50 dilution 15 min prior to the end of the 5 h glucose
treatment period. The cells were rinsed in HBSS and examined in a fluorescence plate reader.
DCF fluorescence was assessed at 485 nm excitement and 520 emission with 1 sec integration
(Vincent et al., 2005a;Vincent et al., 2005b). In experiments involving Ad.GFP infected DRG
neurons, the GFP signal was assessed prior to glucose exposure and this value was subtracted
from the final green fluorescence. Increases in green fluorescence in DRG neurons not loaded
with CM-H,-DCFDA were not significant over 5 h. Thus, the increase in green fluorescence
from initial to final readings was a measure of CM-H,-DCFDA oxidation.

After 5 h exposure to 20 mM excess glucose, 1 coverslip from each dose was treated with
fluorescent CaspaTag reagent per the manufacturer’s protocol (Chemicon, San Francisco, CA)
and our previous report (Vincent et al., 2005b). This kit contains a cell-permeable,
fluorescence-tagged caspase-3 substrate that binds irreversibly to the active site of caspase-3.
After incubation with the substrate for 1 h and fixation in 4% PFA, cells were prepared
according to the manufacturer’s instructions. Neurons were counterstained with bisbenzimide
to identify the nuclei. DRG neurons with active caspase-3 were identified using fluorescence
microscopy; the green fluorescent signal is a direct measure of the amount of active caspase-3
present and must be clearly localized to the neuronal cytosol to score positive. Random fields
were counted containing at least 10 neurons; 10 fields were counted per coverslip and 3
coverslips per condition.

Mitochondrial Membrane Potential

Tetramethylrhodamine ester (TMRM, Molecular Probes, Eugene, OR) was used to examine
mitochondrial polarization. TMRM (50 nM) was applied for 30 min at 37°C followed by
fluorimetry (Fluoroskan Ascent 11 plate reader, Helsinki, Finland) with 485 nm excitation and
590 nm emission. The results were corrected for DRG protein concentration. This assay has
been validated using 10 pM valinomycin (a depolarizing agent) and 10 uM oligomycin (a
hyperpolarizing agent) (Russell et al., 2002).

SOD Activity Assay

DRG neurons were scraped off the plate in sterile water, then immediately assayed using a kit
(Bioxytech SOD-525, Catalog No. 21010 from Oxis Health Products, Foster City, CA). Lysates
were divided in two and one set was extracted with ethanol-chloroform EtOH/CHCl3
(62.5/37.5 v/v) to remove SOD?2 activity per manufacturer’s instructions.

Amplex Red Determination of O,*~ Generation

Adult DRG neurons cannot be cultured in sufficient numbers or cell density for direct
fluorescence probes to be used. Therefore, the generation of O, was detected in DRG neuron
cultures from adult mice using an Amplex Red-linked assay according to the manufacturer’s
information and kit (Molecular Probes, Eugene, OR). In brief, DRG neurons following

Exp Neurol. Author manuscript; available in PMC 2008 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vincent et al.

Page 5

experimental treatments were scraped from the coverslip in Reaction Buffer (0.25 M sodium
phosphate, pH 7.4) and passed through a 26-gauge needle 2-3 times. Samples were prepared
in the presence or absence of SOD (Sigma, St. Louis, MO) in a 96-well plate. Standards were
prepared using a range of 0-20 uM H,O, + SOD. The reaction was initiated by application of
a solution of Amplex Red and horse-radish peroxidase as outlined by the manufacturer.
Fluorescence was measured using 544 excitation and 590 emission filters immediately and
after 30 min. The amount of O, in the samples was calculated from the difference between
the concentration of HyoO, detected in the presence or absence of SOD.

Transgenic SOD2+/- Mice

Mice [B6.Cg-m+/+Leprd®/Ja.k.a. db/db, C57BL/6J, C57BL/6J SOD2*/~] were purchased from
Jackson Laboratories (Bar Harbor, Maine). Breeding colonies were established at the
University of Michigan to provide the animals used in this study. All animals were genotyped
4 weeks after birth. Animals were cared for following the University of Michigan Committee
on the Care and Use of Animals guidelines.

Induction of Diabetes

Following an overnight fast, male C57BL/6J SOD2*/* and C57BL/6J SOD2* mice were
injected i.p. with 55 mg/kg of STZ (Sigma Aldrich, St. Louis, MO) dissolved in citrate buffer
(pH 5.5) for 5 days. Diabetes was defined as blood glucose over 200 mg/dl. B6.Cg-m+/
+Leprd®/J (db/db) mice but not db* mice become diabetic at approximately 4 weeks of age.
Onset of diabetes was confirmed at 8 weeks and both male and female db* and db/db mice
were included. These animals were crossed with C57BL/6J SOD2*/~ mice to form the
following groups: C57BL/6db*SOD2*/*, C57BL/6db/dbSOD2*/*, C57BL/6db*SOD2*/~,
C57BL/6db/dbSOD2*".

Monthly blood glucose levels were measured in all animals following a 6 h fast. One drop of
tail blood was analyzed using a standard glucometer (One Touch Profile, LIFESCAN, Inc.
Milpitas, CA, number 6 strips). Glycated hemoglobin (GHb) was measured using the Helena
Laboratories Test Kit, Glyco-Tek Affinity Column Method (Catalog #5351). This test
measures any stable form of glycosylated hemoglobin. Interassay variations are 8.8% at 6.0%
GHb, 3.8% at 19.5 % GHb. All analyses and procedures described were performed in
compliance with protocols established by the Animal Models of Diabetic Complications
Consortium (AMDCC), see http://www.amdcc.org. Each group contained 10 animals, unless
otherwise indicated.

Tail Flick Analgesia

Mice were placed in an acrylic holder atop a tail flick analgesia meter (Model 336TG Life
Sciences, Woodland Hills, CA). The time from activation of the beam to animal response was
detected and recorded electronically. This method does not result in sensitization (Lee et al.,
1990).

Nerve Conduction Studies (NCS)

Measures of nerve conduction velocity (NCV) were performed per our published protocols
(Stevens et al., 2004) and in compliance with protocols established by the AMDCC (http://
www.amdcc.org). Mice were anesthetized with 30/0.75 mg/kg ketamine/acepromazine by
peritoneal injection. Tail and limb temperatures were maintained at 32—34°C using a heating
pad. Hind limb injections were avoided to prevent nerve or muscle injury. The platinum needle
electrodes designed for mice were cleaned with 70% alcohol between animals to maintain
pathogen-free status. The recording/stimulating electrodes in the tail were placed 30 mm apart.
For the sciatic nerve the recording electrodes were placed in the dorsum of the foot and the
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stimulating electrodes at the knee and sciatic notch. For stimulation, the cathode was distal,
the anode was placed along the length of the nerve, 5 mm from the cathode. The frequency
band was inclusive of two, 10 Hz for muscle potential recordings and ten, 2 Hz for sensory
potential recordings. Tail sensory NCV (TSNCV) was an orthodromic measurement
determined by stimulating the tail 30 mm proximal to recording electrodes on the tail. NCV
was calculated by dividing the distance (30 mm) by the take-off latency (msec) of the sensory
nerve action potential. Sciatic-tibial motor NCV (SMNCV) was determined by recording in
the dorsum of the foot and stimulating with supramaximal stimulation first at the knee, then at
the sciatic notch. Latencies were measured in each case from the initial onset of the compound
muscle action potential. The SMNCV was calculated by dividing the distance between the
cathode placements by the difference calculated by subtracting the motor distal latency at the
knee from the sciatic notch.

Tissue Harvest

Tissues were harvested 24 weeks post-induction of diabetes. Fresh tissues were dissected
following an overdose of sodium pentobarbital and flash frozen in liquid nitrogen. A blood
sample (100-300 pl) was collected into K3 EDTA Vacutainer tubes (Becton Dickinson,
Franklin Lakes, NJ), and centrifuged at 100 g for 15 min at 4°C. Plasma was collected and
stored at —80°C.

Total Radical Antioxidant Potential (TRAP)

TRAP is determined by a luminometric method (Alho et al., 1998; Vincent et al., 2005a). DRG
neurons are lysed in ultra-pure water, then sonicated to complete the breakdown of cellular
structures. Lysates are centrifuged at 10,000 g for 5 min, then 5 uL of lysate is loaded on a 96-
well plate; serial doubling dilutions of a further 5 uL aliquot are also loaded in wells of the 96-
well plate. 200 pL of luminol (ECL, Amersham, Arlington Heights, IL) are added, followed
by 50 uL of the oxidizing agent 100 mM 2,2’-azobis(amidinopropane) dihydrochloride
(ABAP). The plate is immediately placed in a luminometric plate reader (Fluoroskan Ascent
I1, Labsystems, Helsinki, Finland) and the mean lag to the ABAP-induced oxidation of luminol
that is attributed to the antioxidant potential of the cell lysate is measured by plotting
luminescence against time (Alho et al., 1998).

Intraepidermal Nerve Fiber Density (IENF)

Foot pads were collected from the plantar surface of the hind paw, postfixed in Zamboni’s (2
% PFA, 1 % picric acid in 0.1 M phosphate buffered saline solution) overnight, rinsed in 5, 10
and 20% sucrose in 50 mM sodium phosphate buffer, cryoembedded, sectioned (35 um) and
processed for PGP 9.5 immunohistochemistry (1:2000 Chemicon, Temecula, CA), a pan-
axonal marker (McCarthy et al., 1995). The entire papillae in three non-adjacent sections were
imaged per sample using an Olympus FluoView 500 confocal microscope with a 60 X 1.2
water immersion objective at a resolution of 800 X 600 pixels. The optical section thickness
was 0.5 um. Forty images per stack were flattened using MetaMorph (version 6.14) arithmetic
option. Integrated morphometry analysis was used to exclude extraneous signals. The data are
presented as the percent area of PGP 9.5 positive fibers per area of epidermis across one entire
papilla (Christianson et al., 2003).

Statistical Analysis

In cell culture studies, all experimental paradigms were performed in triplicate on three separate
occasions with different cell cultures, giving a final n=9 for each data point. In mouse studies,
all experimental groups began with 10 mice per group. In vivo testing of nerve function was
performed on 10 mice giving n=10. Following euthanasia, 3 mice were perfusion fixed for
histological analysis, giving n=3 for IENFD. The remaining 7 mice were prepared fresh, so
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TRAP assays were n=7. Data analyses were performed using Prism, version 3 (GraphPad
Software, Inc.). The Mann Whitney U test was used to compare SOD2*/* db/db and
SOD2*/~ db/db or STZ-treated C57BL/6J SOD2*/* and SOD2*/~ diabetic animals to test our
hypothesis that SOD2 under expression would exacerbate diabetic complications (Snedecor
and Cochran, 1989). The same test was used to compare SOD2*/* and SOD2*/~ control on
both genetic backgrounds to determine the effect of SOD2 under expression in nondiabetic
otherwise healthy mice.

Assumptions about the Gaussian distribution of data and rules for transformation of non-
normative data were made as previously described (Russell et al., 1999; Russell et al., 2002).
Comparison of dependent variables was performed using factorial analysis of variance
(ANOVA) with 95% confidence intervals. All measurements were made by an observer
blinded to the experimental condition. Bar graphs illustrate the mean * standard error of the
mean (SEM).

Adenoviral Transfection of Primary DRG Neurons

To assess the ability of increased SOD2 expression to alter the course of DRG neuron injury
in hyperglycemia, DRG neurons were infected with 1,000 pfu/cell on day 2 in culture with
Ad.GFP or Ad.SOD2 per our published protocol (Vincent et al., 2004a). After 24 h, greater
than 90% of neurons were transfected, as determined by counting GFP co-expression. To
confirm that the Ad.SOD?2 construct performed in a similar manner as the other Ad. constructs,
DRG neurons were infected with either Ad.GFP, Ad.OMC (a mitochondrial protein unrelated
to glucose metabolism), Ad.SOD1 or Ad.SOD?2 then processed for SOD activity assay (Fig.
1A) or Western blot (Fig. 1B). Total SOD activity (Fig 1A) was increased in DRG neurons
infected with Ad.SOD1 or Ad.SOD?2. Extraction of the sample with ethanol: chloroform
removed SOD?2, so the increased SOD activity was lost following extraction in the Ad.SOD2
but not the Ad.SOD1-infected cells. Equal amounts of protein loaded on the Western blotting
(Fig. 1B) indicate that DRG neurons infected with Ad.SOD2 display a marked increase in the
SOD2 band compared with the Ad.GFP and Ad.SOD1 infected cells. The blot suggests that
SOD1 is moderately downregulated in the presence of high levels of SOD2. For comparison,
in DRG neurons probed for SOD1, the band in the Ad.SOD1-infected DRG neurons was
markedly increased compared to Ad.SOD2 or GFP-infected DRG neurons. These data provide
strong evidence that the adenoviral constructs specifically increased expression of the enzymes
they code for and did not produce a non-specific increase in antioxidant potential.

In Ad.GFP infected DRG neurons, 5 h of 20 mM added glucose resulted in increased ROS
generation (Fig. 1C), p < 0.001. Overexpression of SOD2 using Ad infection decreased basal
levels of ROS and completely prevented the increase in ROS after 5 h exposure to 20 mM
added glucose (Fig. 1C). Caspase-3 activation was observed in approximately 15% of Ad.GFP
or Ad.SOD?2 infected DRG neurons, similar to control neurons (Vincent et al., 2004b) (Fig.
1D). Following the addition of 20 mM glucose, activated caspase-3 increased almost 3-fold
after 5 h in the Ad.GFP transfected neurons, p < 0.001. Glucose-induced caspase-3 activation
was prevented in Ad.SOD2 infected neurons (Fig. 1D). These data suggest that mitochondrial
O, is a critical mediator of DRG injury and that SOD2 overexpression prevents glucose-
mediated damage in DRG neurons.

Primary Dissociated DRG Cultures from SOD2*~ Adult Mice

Since increased SOD2 prevented DRG neuron oxidative stress and injury in hyperglycemia,
then decreased SOD2 should promote hyperglycemia-induced DRG neuron injury. To test this
hypothesis, DRG neurons were dissociated and cultured from adult C57BL/6J SOD2*/~ mice.
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Dissociated DRG cultures from SOD2*/* littermates were used as controls. In preliminary
experiments, an Amplex Red-linked assay was used to indicate O,"~ generation in the DRG
neuron cultures. SOD2*/~ DRG neurons displayed approximately twice the level of O,*~ as
SOD2*/* cultures under basal conditions, p < 0.01 (Fig. 2A). 20 mM added glucose for 5 h
induced a parallel increase in levels of O,*production in both the SOD2*/* and SOD2*/~
cultures, p < 0.05.

Formation of ROS, especially O,"", cause mitochondrial damage and depolarization. We
previously demonstrated rapid mitochondrial hyperpolarization followed by depolarization in
wild-type DRG neurons (Russell et al., 1999; Vincent et al., 2004b). TMRM was used to
examine the effect of SOD2 under expression on mitochondrial depolarization in response to
excess glucose. SOD2*/~ DRG neurons display significantly increased hyperpolarization and
depolarization compared to SOD2** DRG neurons (Fig. 2B).

Subsequent to ROS formation and mitochondrial depolarization, DRG neurons displayed
increased caspase-3 activation (Fig. 2C) and decreased neurite outgrowth (Fig. 2D).
SOD2*/~ cultures under basal conditions demonstrated nearly 3 times more caspase-3 cleavage
than SOD2*/* cultures. The level of activated caspase-3 was substantially increased in
SOD2** cultures following the addition of 20 mM glucose. The glucose-induced increase in
the SOD2*/~ neurons was less dramatic than SOD2*/* cultures, but the overall caspase-3
activation in glucose-exposed SOD2*/~ neurons was higher than in wild-type or basal glucose
conditions. This indicates that SOD2*/~ neurons are more susceptible to glucose-induced injury
(Fig. 2C).

Neurite outgrowth was used as a measure of neuronal health. Under basal conditions,
SOD2*/~ neurons extended shorter neurites than control cultures. This effect was exacerbated
when cells were cultured for 12 h in the presence of 20 mM added glucose (Fig. 2D), however,
aswith levels of H,O, and caspase-3 activation, the difference between basal and 20 mM added
glucose was more dramatic in the SOD2*/* neurons.

SOD2** and SOD2*~ STZ-Treated Mice

The profound differences in oxidative stress detected in the SOD2*/~ adult DRG neurons led
us to examine DN in the SOD2*/~ mouse. These experiments were conducted within the
framework of the AMDCC murine neuropathy guidelines. The animals used in the initial mouse
experiments were all male C57BL/6] SOD2** or C57BL/6J SOD2*/". Previous studies
revealed that C57BL/6J female mice were resistant to induction of diabetes by STZ injection
(Leiter et al., 1987). The mice were genotyped and assigned to one of 4 groups, SOD2*/* non-
diabetic control (C), SOD2*/* diabetic (D), SOD2*/~ C, SOD2*/~ D. Monthly 6 h fasting tail
blood glucose measurements confirmed the onset and maintenance of diabetes. Diabetes was
induced by STZ injections per the AMDCC protocol when the animals were 4 weeks old.
Diabetic animals remained hyperglycemic throughout the 6 month time period as evidenced
by glycated hemoglobin (GHb) measurements at 24 weeks (Table 1). In addition to elevated
blood glucose, the diabetic animals lost weight compared to healthy controls (Table 1). Weight
loss was significantly different between the control and diabetic animals but was not affected
by SOD2 under expression (Table 1).

Neuropathy in C57BL/6J SOD2 Mice Treated With STZ

To assess the presence of DN, tail flick nerve conduction studies were performed at 12 and 24
weeks. Significant differences in tail flick latencies were not observed with diabetes or with
decreased SOD2 expression (Fig. 3A). Measures of nerve conduction velocities also
demonstrated no statistical difference between diabetic and control, and the SOD2*/~ mice
were not significantly different from SOD2*/* mice. There were no differences in sciatic motor
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nerve conduction velocity (SMNCV) between the experimental groups (Fig. 3B). Overall
antioxidant potential (TRAP) was not significantly different in the DRG between any of the 4
groups of animals (Fig. 3C).

SOD2 db* and db/db Transgenic Mouse Model

Because we did not detect DN in the STZ-treated C57BL/6J mouse (regardless of SOD2
expression), our next approach was to examine the effect of reduced SOD2 expression in a
spontaneously diabetic mouse, the db/db animal. These mice are obese, insulin resistant and
hyperglycemic (Hummel et al., 1966; Sima and Shafrif, 2000) [Jackson Laboratories http://
jaxmice.jax.org (stock #000697)]. The groups included SOD2*/* db*, SOD2*/* db/db,
SOD2*~ db*and SOD2*/~ db/db. The glycemic profiles of these mice are presented in Table
1. When fed a high fat diet, the db/db mice maintain elevated blood glucose and die at
approximately 16 weeks of age. The mice in the current study were fed a standard diet in order
to extend the experimental period to 24 weeks. After 16 weeks, tail blood glucoses in the db/
db mice, regardless of SOD2 genotype, began to normalize and by 24 weeks had attained
essentially normoglycemic levels. The 24 week GHb data parallel the loss of hyperglycemia
(Table 1).

Neuropathy in SOD2*'~ db/db Mice

In the SOD2*"* and SOD2*/~ db/db mice, tail flick latencies were significantly increased at
both 8 and 12 weeks following the onset of diabetes when compared to the nondiabetic lean
control db* animals (Fig. 4A, p < 0.001). At 24 weeks, SMNCV were lower in the SOD2*/*
db/db than the SOD2*/* db* mice but this difference did not reach statistical difference.
However the difference between the SOD2*/~ db* and SOD2*/~db/db mice was statistically
significant (Fig. 4B, p < 0.05), indicating that diabetes in the presence of decreased SOD2
expression may affect nerve function. There were intriguing differences in DRG TRAP
between the experimental groups at 24 weeks (Fig. 4C). The values in SOD2*/* mice was
around 10-fold higher than the SOD2*/~ mice regardless of diabetic state. There was a non-
significant tendency for TRAP to be lower in SOD2*/* db/db compared with SOD2*/* db*
mice. Diabetes produced a significant decrease in TRAP in the SOD2*/~ mice compared to
non-diabetic litter mates.

Intraepidermal Nerve Fiber Density in SOD2*/~ Mice

Differences in intraepidermal fiber density (IENFD) were not detected in the C57BL/6J
SOD2** or SOD2*/~ mice with or without STZ treatment (data not shown). This finding is
unsurprising considering the lack of any other signs of neuropathy in these mice.

As seen in Fig. 4, diabetes alone resulted in a sensory deficit in both the SOD2*/* db/db and
SOD2*~ db/db mice. Decreased SMNCV was paralleled by a decrease in PGP 9.5
immunoreactive fibers within the epidermis of the hind paw (Fig. 5). In the control SOD2*/*
db* animals, fine, varicose, PGP 9.5 positive fibers branch from large bundles in the dermis
at almost 90° angles to innervate the epidermis (Fig. 5A). In diabetic mice (Fig. 5B) PGP 9.5
positive nerve bundles were observed at the dermis/epidermis junction, but few fibers extended
into the epidermis. The difference in epidermal area occupied by PGP 9.5 positive fibers
between SOD2** db* and SOD2*/* db/db mice was significant (p < 0.01), indicating the
expected loss of nerve fibers in db/db animals with DN (Fig. 5C). SOD2 under expression
further increased this loss of IENFD. The SOD2*/~ db/db mice had asignificantly lower IENFD
when compared to the SOD2*/* db/db animals (p < 0.05).
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DISCUSSION

We previously reported a fundamental link between hyperglycemia-induced ROS and DN
(Vincent et al., 2005b; Russell et al., 2002; Leinninger et al., 2004;Russell et al., 1999). This
link supports the findings of other studies in experimental and clinical diabetes (Cameron et
al., 1993; Low et al., 1997; Cameron et al., 1998; Hounsom et al., 2001). The current study
explores the hypothesis that accelerating the accumulation of ROS in the peripheral nervous
system will in turn accelerate the development of DN. We reasoned that genetically decreasing
the ability to detoxify ROS by altering the expression of a specific mitochondrial enzyme
involved in oxidative defense, Mn*SOD or SOD2, would provide a logical way to accelerate
ROS accumulation. Our data show that 1) over expression of SOD2 in primary DRG cultures
protects against the formation of mitochondrial ROS and subsequent cleavage of caspase-3, 2)
under expression of SOD2 in vitro increases oxidative stress under basal conditions and
exacerbates hyperglycemia-induced oxidative stress, 3) under expression of SOD2 in vivo can
increase morphological and physiological manifestations of DN.

We began our experiments by measuring the levels of ROS and cellular injury in primary DRG
neuron cultures that overexpressed SOD2. Transfection of DRG neurons with Ad.SOD2
reduced the baseline level of ROS below that of control/untreated DRG with concomitant
decrease in the activation of caspase-3. Increased ROS and caspase-3 activation normally
induced by 20 mM excess glucose were not only blocked by overexpression of SOD2 but also
reduced below control levels. This protective ability of SOD2 in DRG in vitro is consistent
with other studies using SOD2 overexpression. SOD2 overexpression eliminates pro-oxidant-
induced mitochondrial ROS in PC-12 cells and decreases cell injury (Pias et al., 2003).
Similarly, in retinal pigment epithelial cells, the gene dosage of SOD2 directly relates to the
degree of mitochondrial injury and apoptosis induced by H,0, (Kasahara et al., 2005). In
hemopoietic cells, SOD2 transgene decreases ionizing radiation-induced mitochondrial
membrane permeability, cytochrome c release and caspase-3 activation (Guo et al., 2003).
Collectively, these data provide strong evidence that increased mitochondrial ROS in the
presence of pro-oxidant stressors, including hyperglycemia, can be prevented by enhancing
mitochondrial SOD2 activity.

We noted that SOD1 activity was downregulated in the presence of increased SOD2 expression.
This underscores the dynamic regulation of antioxidant enzymes in order to maintain a redox
balance. Since ROS can act as second messengers, too much radical scavenging activity could
be deleterious to cells under basal conditions (Tang et al., 2005). Overall in the SOD2
overexpressing cells, the total SOD activity was elevated compared to cells not overexpressing
SOD2, thus they maintained an increased antioxidant potential that was protective in the face
of a hyperglycemic insult.

Because our data demonstrated that increasing SOD2 expression in DRG blocked glucose-
mediated injury in vitro, we reasoned that decreasing SOD2 expression would enhance
glucose-mediated injury. For these experiments, we compared cultured DRG neurons from
adult mice with full SOD2 expression (SOD2*/*) to DRG from mice heterozygous for SOD2
expression (SOD2*/7). Mice homozygous for SOD2 knockout (SOD2~ ) could not be used
as these mice die shortly after birth with severe mitochondrial abnormalities in skeletal and
cardiac muscle and brain (Lebovitz et al., 1996; Li et al., 1995; Melov et al., 1999). As
anticipated, under basal culture conditions, increased levels of O,™ * and cleaved caspase-3
were present in DRG neurons from SOD2+/— mice when compared to neurons from
SOD2** mice. Upon treatment with 20 mM added glucose, O, * and cleaved caspase-3
increased in both the SOD2*/* and in the SOD2*/"DRG neurons. However, relative to
SOD2** DRG neurons, mitochondrial depolarization was significantly elevated and neurite
outgrowth was significantly decreased in SOD2*/~ DRG neurons. These data support our initial
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contention that decreasing SOD2 expression in DRG neurons may enhance glucose-mediated
injury. Reddy and colleagues performed similar studies in cultured lens epithelium from
SOD2** and SOD2*/~ mice. Epithelium from SOD2*/~ mice are exquisitely more sensitive
to oxidative stress than epithelium from SOD2*/* mice and show profound mitochondrial
damage, cytochrome c release, caspase-3 activation and apoptosis (Reddy et al., 2004). In
further agreement with our findings, astrocytes cultured from SOD2*/~mice survive under
basal conditions, but are exquisitely sensitive to paraquat when compared to astrocyte cultures
from SOD2*/* mice (Liu et al., 2006). Taken together, these findings continue to support the
idea that altered SOD2 expression modulates cellular defense against oxidative stress.

We next turned to animal models of altered SOD2 expression. The first mouse study utilized
the commercially available SOD2*/~ mouse on the C57BL/6J strain. Over the course of 6
months of STZ-induced diabetes, male C57BL/6J SOD2*/* and SOD2*/~mice did not develop
DN. Measures of sensory function and neurophysiology remained normal. The foot pad
innervation study in the male C57BL/6J SOD2*/* and SOD2*/~mice confirmed that there was
no hind paw neuropathy. This anatomical assessment of neuropathy is part of the standard
neuropathy phenotyping recommended by the AMDCC (www.amdcc.org) and is sensitive and
reproducible (Levy etal., 1989; Kennedy etal., 1996; Arezzo, 1999). The TRAP values suggest
that these mice did not develop significant oxidative stress in the DRG, so we may conclude
that loss of one copy of SOD2 was not sufficient to increase oxidative stress in vivo, despite
our observations in vitro. It is possible that the mice adapted to the loss of one copy of the
SOD2 gene by upregulating other antioxidant defense systems, although in non-stressed
control SOD2*/“mice no changes were found in antioxidant enzymes in a survey of several
mouse organs (Van Remmen et al., 1999). While these results were at first unexpected, these
same animals had no evidence of diabetic nephropathy or retinopathy [data available on
www.amdcc.org, and reviewed in (Breyer et al., 2005)].

Since mouse strain or the method of diabetes induction may be the parameters that determine
the development of DN, we next pursued our studies in a genetic model of type 2 diabetes, the
db/db mouse. In contrast to the STZ C57BL/6J animals, in the first 12 weeks of diabetes,
SOD2** db/db and SOD2*/~ db/db mice displayed behavioral evidence of DN, with prolonged
tail flick times of greater than 10 sec, highly statistically significant from nondiabetic
SOD2** db* and SOD2*/~ db* mice. In addition, sciatic motor nerve conduction velocities
declined in the SOD2*/* db/db compared with non-diabetic litter mates and there was a robust
further decline in the SOD2*/~ db/db animals. The SOD2*/* mice displayed 10-fold higher
TRAP in the DRG than the SOD2*/~ mice regardless of the diabetic state. This was a surprising
result suggesting that these mice may be highly dependent upon the regulation of SOD2 activity
to resist obesity-induced oxidative stress. In SOD2*~ mice, db/db animals displayed a
significant decrease in DRG TRAP compared with db* mice, suggesting that the antioxidant
capacity is overwhelmed in diabetes in these mice and may contribute to the development of
DN. Our TRAP data are in agreement with other studies that demonstrate a decrease in TRAP
in diabetes that correlates with complications (Vincent et al., 2004c). The SOD2*/~ db/db mice
had fewer PGP 9.5 positive fibers i.e. a lower IENFD than the SOD2*/* db/db mice (p < 0.05).
The anticipated differences between epidermal nerve fiber densities in diabetic and control
animals (regardless of SOD2 expression) were also in accordance with published reports in
human patients (Yasuda et al., 1985; Levy et al., 1989; Kennedy et al., 1996; Arezzo, 1999)
and experimental models of DN (Christianson et al., 2003).

The fact that SOD2*/~ mice on the db/db genetic background have a more severe DN phenotype
than SOD2*/* on this same background supports our contention that oxidative stress is
important in the pathogenesis of DN. Our results are broadly supported by over a decade of
research in SOD2*/~ and SOD2~/ ~ mice. While the homozygous SOD2~/ ~ mice die shortly
after birth (Lebovitz et al., 1996; Li et al., 1995; Melov et al., 1999), the heterozygous
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SOD2*/~ mice develop normally, but have increased susceptibility to toxic injury and pro-
oxidant stress. For example, while the mitochondrial toxin 3-nitropropionic acid increases
striatal excitotoxicity and oxidative stress in mouse models of Huntington’s disease, these
effects are amplified in Huntington SOD2*/~ transgenic mice (Kim and Chan, 2002). When
compared to SOD2*/* mice, SOD2*/~ mice display greater hepatotoxicity after nimesulide
treatment (Ong et al., 2006), poorer survival following ischemic stroke (Chan, P. H. 05) and
increased susceptibility to toxin induced seizures (Liang and Patel, 2004). Increased cellular
injury in these mouse models is prevented by SOD mimetics, confirming the direct role of
SOD2 in enhancing disease phenotypes (Patel, 2003; Ali et al., 2004). Such evidence has led
to heightened interest in the clinical application of antioxidants for neurological disorders,
including DN (Paolisso et al., 1994; Natarajan et al., 2002; Henriksen, 2006; Coverley and
Baxter, 1997). One caveat is that the SOD2*/~ mice also display evidence of cardiovascular
insufficiency (Ohashi et al., 2006; Strassburger et al., 2005). Reduced nerve blood flow also
may contribute to DN through mechanisms that only partially involve oxidative stress (Ishii
etal., 1998).

In summary, over production of SOD2 is protective in an in vitro model of DN while under
production of SOD2 renders the peripheral nervous system more susceptible to hyperglycemia-
induced oxidative stress. In the C57BL/6J mouse, diabetes alone via low dose STZ injection
produces the anticipated hyperglycemia, but no parallel increases in DN. Superimposing
enhanced oxidative stress with the SOD2*/~ genotype did not make these animals more prone
to DN, perhaps because of some antioxidant compensation since TRAP was unchanged. In
contrast, in vivo reduction of SOD2 gene expression (SOD2*/~) did contribute to the
development of neuropathy in the db/db mouse. These mice had markedly lower TRAP values
in the DRG. By comparing the two groups of animals, we can conclude that mouse strain is
an important determinant of the development of neuropathy. One notable difference between
the two groups in the current study, though, is that the db/db mice were hyperlipidemic (data
not shown, but compare body weights and also see www.amdcc.org). The contribution of
plasma free fatty acids to neuronal or nerve injury may be an important additional area that
requires investigation. We conclude that on a susceptible genetic background, additional
oxidative stress through decreasing the intrinsic mitochondrial antioxidant enzyme SOD2 can
promote the development of DN. Thus: (1) therapies aimed at decreasing nervous system
oxidative stress have therapeutic potential in DN; (2) we can probe the mechanisms of DN in
rodent models of the disease by genetically modifying their ability to resist oxidative stress.
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Figure 1. SOD2 Protects Sensory Neurons from O2"~ Mediated Damage

A) Adenoviral infection specifically increases SOD1 or SOD2 in DRG neurons. The graph
shows SOD activity in lysates from Ad.OMC (a comparison mitochondrial protein), Ad.SOD1,
or Ad.SOD2-infected DRG neurons. Ad.SOD2 specifically upregulated the activity of SOD2
but not SOD1. *p<0.01 compared to Ad.OMC-infected DRG neurons. B) Western blots of
lysates of (1) Ad.SOD1-infected, (2) Ad.SOD2-infected, or (G) Ad.GFP-infected DRG
neurons that are probed for SOD1 or SOD2. C) Oxidation of non-fluorescent CM-H,DCFDA
to green fluorescent DCF indicates an increase in oxidative stress, particularly H,O, generation
following treatment with 20 mM added glucose that is blocked in SOD2 transfected cells.
*p<0.01 compared with untreated control; **p<0.01 compared with Ad.GFP/glucose. D)
SOD2, but not GFP overexpression, prevents 20 mM glucose-induced caspase-3 activation.
***p < 0.001 compared to untreated control.
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Figure 2. Decreased Expression of SOD2 Increases Glucose-Mediated O,*~ and Apoptosis

DRG neurons from adult SOD2*/* and SOD2*/~ mice were exposed to 20 mM added glucose.
A) O,"" generation was measured using an in vitro Amplex Red oxidation reaction at 5 h
(Vincentetal., 2005a). **p < 0.001 compared to SOD2*/* in basal glucose; +p < 0.01 compared
to SOD2*/* in basal glucose; *p < 0.05 compared to SOD*/~ in basal glucose. B) DRG neurons
were loaded with TMRM (50 nM), then mitochondrial membrane potential assessed through
the increase in red fluorescence. In the presence of 20 mM glucose, hyperpolarization was
greater and depolarization occurred earlier in SOD2*/~ compared to SOD2*/* neurons. C)
Caspase-3 activation was determined by counting the percent of DRG neurons labeled with a
fluorescent caspase-3 substrate (CaspaTag). Glucose-induced caspase-3 activation was
increased in both the SOD2*/~and SOD*/* cultures, compared to basal glucose, ***p < 0.001.
D) Neurites were measured in DRG neurons 12 h after plating in control or hyperglycemia (20
mM added glucose) media. Mean neurite length was shorter in 20 mM added glucose than
basal glucose, ***p < 0.001 for SOD2*/* and ###p < 0.05 for SOD2*/~.
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Figure 3. Measures of Nerve Function and Antioxidant Potential in SOD2*/* and SOD2*/~ Mice
on a C57BL/6 Background

A) Tail flick (TF) latencies are measured at 12 and 24 weeks post induction of diabetes. B)
Sciatic Motor Nerve Conduction Velocity (SMNCV) was assessed at 12 and 24 weeks. C)
Total Radical Antioxidant Potential (TRAP) was measured in DRG after 24 weeks. No
differences were found between the four experimental groups. n=10 for each experimental

group.
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Figure 4. Measures of Nerve Function and Antioxidant Potential in SOD2*/* and SOD2*/~ Mice

on a db+ or db/db Background

Nerve function and antioxidant potential was assessed using tail flick latency (TF) at 8 and 12
weeks (A), Sciatic Motor Nerve Conduction Velocity (SMNCV) at 12 and 24 weeks (B), and
DRG TRAP at 24 weeks (C). In A, TF latencies are significantly longer in db/db, *p < 0.001.
In B, a significant difference in SMNCYV is only detected at 24 weeks between the db* and db/
db SOD2*"mice (*p < 0.001). In C, TRAP was significantly lower in db/db mice compared

with db* (*p<0.05). n=10 for each experimental group.
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Figure 5. Measures of IENFD in SOD2*/* and SOD2*/~ Mice on a C57BL/6 db+ or db/db
Background

Representative SOD2*/* db+ (A) and SOD2*/~db/db (B) images are shown to illustrate the
flattened confocal mouse footpad sections processed for PGP 9.5 immunofluorescence. The
white line in A identifies the division between dermis and epidermis and the arrows indicate
IENFD that cross this division. Fewer fibers are evident in the diabetic footpad (B) compared
with the non-diabetic control (A). Bar = 50 um. In C, IENFD expressed as percent of total
epidermal area. *p < 0.01 between SOD2*/* db+ and SOD2*/* db/db, and between
SOD2*'~db* compared to SOD2*/~ db/db. +p < 0.05 between SOD2*/* db/db compared to
SOD2*~ db/db. n=3 for each experimental group.
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