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Abstract
Diabetic neuropathy (DN) is a debilitating complication of type 1 and type 2 diabetes. Rodent
models of DN do not fully replicate the pathology observed in human patients. We examined DN
in streptozotocin (STZ)-induced [B6] and spontaneous type 1 diabetes [B6Ins2Akita] and
spontaneous type 2 diabetes [B6-db/db, BKS-db/db]. DN was defined using the criteria of the
Animal Models of Diabetic Complications Consortium (http://www.amdcc.org). Despite persistent
hyperglycemia, the STZ-treated B6 and B6Ins2Akita mice were resistant to the development of
DN. In contrast, DN developed in both type 2 diabetes models: the B6-db/db and BKS-db/db
mice. The persistence of hyperglycemia and development of DN in the B6-db/db mice required an
increased fat diet while the BKS-db/db mice developed severe DN and remained hyperglycemic
on standard mouse chow. Our data support the hypothesis that genetic background and diet
influence the development of DN and should be considered when developing new models of DN.
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INTRODUCTION
Over twenty million Americans are diabetic and the incidence is increasing by 5% per year.
The most common complication of diabetes is neuropathy (DN) which occurs in
approximately 60% of diabetic patients (Vincent and Feldman, 2004). In the United States,
DN is the leading cause of diabetes-related hospital admissions and nontraumatic
amputations (Boulton et al., 2005) (http://www.diabetes.org).

There are no accepted treatments for DN beyond glucose control. In part, the lack of
effective therapies stems from the lack of animal models of DN. The Animal Models of
Diabetic Complications Consortium (AMDCC) was formed by the NIH to develop new
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animal models of diabetic complications; its goal is to identify the most appropriate animal
models to study the etiology, prevention and treatment of diabetic complications, including
DN.

The most useful mouse model of DN should exhibit the key features present in human
pathology (Feldman et al., 2003) including; 1) sensory loss, 2) electrophysiological
measures of nerve impairment, and 3) anatomical evidence of nerve fiber loss. The AMDCC
established a standardized set of protocols for phenotyping animal models of DN (http://
www.amdcc.org). Neuropathy phenotyping begins with evaluation of sensory loss by
quantitative assessment of thermal sensitivity. Electrophysiological measures of nerve
impairment are the “gold standard” for determining sensory and motor nerve function and
include assessment of motor and sensory nerve conductions in the tail and sciatic nerve.
Finally, analysis of the number of small fibers in the mouse footpad lends insight into
function. Anatomical evidence of nerve fiber loss is measured by assessment of
intraepidermal nerve fiber (IENF) density in the footpad.

The current study utilized AMDCC criteria to examine DN in 4 inbred strains of mice. Our
goal was to identify mouse models that closely resemble neural changes present in patients
with DN. We hypothesize that development of DN is multifactorial and is influenced by
background strain and diet. We determined that the most robust model for DN was the db/db
mouse on the C57BLKS background. This model remained hyperglycemic without dietary
intervention and developed progressive loss of sensory function, slowed nerve conductions
and loss of intraepidermal nerve fibers. Our finding that the development of DN varies
across mouse models of diabetes agrees with the recent report from the AMDCC
Nephropathy Group (Qi et al., 2005).

RESEARCH DESIGN AND METHODS
Mice

Mice (Table 1) 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 and were genotyped 4 weeks after birth. Mice were housed in a pathogen-free
environment, with continuous access to food (see below) and water on a 12-hour light–dark
schedule and were cared for following the University of Michigan Committee on the Care
and Use of Animals guidelines.

Induction or Onset of Diabetes
In the following text, mice are referred to by their common names (Table 1). Following an
overnight fast, 8 week old male C57BL/6J were injected i.p. with 55 mg/kg of streptozotocin
(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. Diabetes was confirmed in
heterozygous male B6Ins2Akita mice and male and female B6-db/db and BKS-db/db mice at
8 weeks of age. B6-db/db and B6-db+ mice were maintained on either a synthetic diet
(AIN-76A, 11.5% kcal derived from fat, lacking phytoestrogens, Research Diets, New
Brunswick, NJ) or an increased fat diet (5008, 17% kcal derived from fat, LabDiet, Purina
Mills). All other mice were fed standard mouse chow (5001, 12% kcal derived from fat,
LabDiet, PMI Nutrition International, LLC, St. Louis MO). The diets were not irradiated or
autoclaved.

Blood glucose levels were measured every 4 weeks to document the persistence and
duration of diabetes. Following a 6 h fast, one drop of tail blood was analyzed using a
standard glucometer (One Touch Profile, LIFESCAN, Inc. Milpitas, CA). At the end of the
experimental period, glycated hemoglobin (GHb) was measured using the Helena
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Laboratories Test Kit, Glyco-Tek Affinity Column Method. Analyses and procedures were
performed in compliance with protocols established by the AMDCC (http://
www.amdcc.org).

Sensory Testing, Tail Flick and Hind Paw Analgesia
Mice were placed in an acrylic holder atop a tail flick analgesia meter (Model 336TG Life
Sciences, Woodland Hills, CA) so that the tail was in contact with an adjustable red light
emitter (range 60 – 170°C). The time from activation of the beam to animal response was
recorded electronically (Lee et al., 1990). Hind paw analgesia was measured using the same
apparatus. The mice were placed in compartments on a warm (32°C) glass plate and allowed
to habituate for 10 minutes. The light source was maneuvered under the hind paw and the
time of activation of the beam to the time of paw withdrawal was recorded (Lee et al.,
1990). The light source was set at 25°C and the temperature increased to 70°C over the
course of 10 seconds. A threshold of 10 seconds was applied to prevent injury to the mice.

Nerve Conduction Studies
Measures of nerve conduction velocity (NCV) were performed per our published protocols
(Stevens et al., 1994;Stevens et al., 1996;Russell et al., 1999;Layton et al., 2004) and in
compliance with protocols established by the AMDCC (http://www.amdcc.org).

Mice were anesthetized with 30/2.5 mg/kg ketamine/xylazine and body temperature was
monitored with a dermal temperature probe and maintained at 34° C with a warming lamp.
The needle electrodes 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 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.
Tail motor distal latency (TDML) was determined by stimulating the tail 30 mm distal to a
recording electrode. Latency was measured from initial onset of the compound muscle
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 sciatic-tibial motor NCV 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. The mice were euthanized by
sodium pentobarbital overdose. A blood sample (50 uL) was collected for measurement of
GHb (see above). Following intracardiac perfusion with PLP (2% paraformaldehyde, lysine
and sodium periodate in phosphate buffer, 0.1 M, pH 7.2), dorsal root ganglia (DRG) were
dissected and postfixed in fresh PLP overnight at 4°C.

Intraepidermal Nerve Fiber Density (IENF)
Prior to perfusion, foot pads were collected from the plantar surface of the hind paw,
immersed in Zamboni’s fixative (2% paraformaldehyde, 0.2% picric acid in 0.1 M
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phosphate buffer) overnight at 4°C, rinsed in 5, 10 and 20% sucrose in 0.1 M sodium
phosphate buffer, cryoembedded, sectioned (30 μm) and processed for pan-axonal marker,
PGP9.5, immunofluorescence (1:2000 Chemicon, Temecula, CA) (Polydefkis et al., 2001).
Three images per sample were collected on an Olympus FluoView 500 confocal microscope
using a 60 X 1.2 water immersion objective at a resolution of 800 X 600 pixels. The optical
section thickness was 0.5 μm. Forty images per stack were flattened using MetaMorph
(version 6.14) arithmetic option. The data are presented as the number of fibers per linear
mm of epidermis (Christianson et al., 2003a).

Fragmentation of Nuclear DNA
TdT mediated dUTP-biotin nick end labeling (TUNEL) staining was used to detect damaged
DNA (Russell et al., 2002). DRG were cryoembedded and 10 μm sections collected onto
SuperFrost Plus slides (Fisher Scientific, Pittsburgh, PA). Samples were labeled with
digoxygenin-dUTP and detected with biotin conjugated anti-digoxygenin antibody followed
by avidin-horseradish peroxidase according to the manufacturer’s instructions (Intergen,
Gaithersburg, MD). The chromogen was developed with 3′3-diaminobenzidine in the
presence of H2O2.

Nitrotyrosine (NT) Immunofluorescence
Post-translational modification of proteins via nitration of tyrosine residues (3-nitrotyrosine,
NO2-Tyr) serve as a marker of reactive nitrogen species (RNS). Nitrated proteins are the
result of oxidative and nitrosative stress and were identified using anti-nitrotyrosine (anti-
NT) immunofluorescence (Ilnytska et al., 2006). DRG sections were thawed on a warming
plate, incubated in rabbit anti-NT (1:500, Upstate Biotechnology, Lake Placid, NY)
followed by goat anti-rabbit IgG (AlexaFluor 594, Invitrogen, Carlsbad, CA) (Sullivan et al.,
1995;Cheng et al., 1996). Tissue sections were viewed with a 40X phase objective on a
Nikon Diaphot 200 inverted fluorescent microscope. The fluorescent signal was visualized
with 488 nm excitation and 505–525 nm emission filters. Digital images were captured with
a Hamamatsu ORCA ER camera controlled by Simple PCI (Compix Inc.). Exposure times
were adjusted to minimize pixel saturation and identical settings were used to capture all
images. Individual images were analyzed by pixel intensity values ranging between 0 and
255 (MetaMorph, version 6.1r5, Universal Imaging Corporation, Downington, PA).

RESULTS
Metabolic Parameters

Pancreatic beta cell destruction with STZ is a commonly used model of type 1 diabetes. This
strategy was employed in the C57BL/6J strain of mice. STZ-treated C57BL/6J developed
significantly higher levels of fasting blood glucose than vehicle injected mice. Elevated
blood glucose levels were consistent throughout the experimental period and reflected by
elevated GHb measured at the end of 24 weeks (Table 2). C57BL/6J STZ-treated mice lost
weight compared to the non-treated control mice (Table 2). The B6Ins2Akita mouse is a
model of spontaneous type 1 diabetes on the C57BL/6J background. These animals develop
hyperglycemia at approximately 4 weeks of age. At the end of 24 weeks, fasting blood
glucose and GHb were significantly elevated in diabetic B6Ins2Akita mice compared to
nondiabetic B6Ins2WT mice (Table 2). Weights in these animals, similar to the STZ model
of diabetes, were decreased (Table 2).

The models of type 2 diabetes used in the current study include the B6-db/db, B6-db+ mice
and BKS-db/db, BKS-db+ mice [db+ = nondiabetic, db/db = diabetic for both genetic strains
of mice]. Both B6-db/db and BKS-db/db mice develop hyperglycemia between 3–4 weeks
of age (http://jaxmice.jax.org/). We previously established that B6-db/db mice revert to
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euglycemia if fed standard 5001 chow (12% kcal derived from fat, data not shown, but
reported on the AMDCC website, http://www.amdcc.org). To maintain hyperglycemia in the
current study, the B6-db/db mice were fed one of two diets: the AIN-76A synthetic diet
(11.5% kcal derived from fat) or the 5008 diet (17% kcal derived from fat). At 24 weeks,
diabetic (db/db) mice on both diets developed significantly elevated fasting glucose, GHb
and body weights compared to their nondiabetic (db+) littermates (Table 2). However, the
degree of hyperglycemia in mice fed the AIN-76A diet was more modest compared to
animals fed the high fat 5008 diet (GHb of 7.3 ± 0.27% versus 12.8 ± 0.63%, respectively).

Increased kcal derived from fat increases mortality in the BKS-db/db mice (Leiter et al.,
1981); therefore, these animals were maintained on the standard chow diet (5001, 12% kcal
derived from fat). Hyperglycemia was confirmed at 8 weeks in these mice and was
maintained for 24 weeks. Both fasting blood glucose and GHb were significantly elevated in
the BKS-db/db mice compared to BKS-db+ mice. The BKS-db/db mice were also obese and
their weights were significantly greater than the BKS-db+ mice (Table 2).

Sensory Measures, Tail Flick and Hind Paw Analgesia
Increased tail flick thresholds were not detected in either model of type 1 diabetes. STZ-
treated C57BL/6J mice did not develop sensory deficits despite significant hyperglycemia
(Fig. 1A). In the diabetic B6Ins2Akita mice, sensory changes (tail flick and hind paw
measurements) were modest but a statistically significant difference in hind paw sensory
latency was detected at 24 weeks of hyperglycemia (nondiabetic 2.9 ± 0.06, diabetic 3.3 ±
0.03, #p< 0.02) (Fig. 1C).

Both the B6-db/db and BKS-db/db mice demonstrated elevated tail flick latencies indicating
sensory loss. In the B6-db/db mice fed a high fat diet, tail flick latency was significantly
elevated in the diabetic mice compared to the nondiabetic mice (nondiabetic 5.9 ± 0.07 sec
and diabetic 9.7 ± 0.09 sec, *p < 0.001) (Fig. 1B) as was hind paw latency (nondiabetic 4.5
± 0.17, diabetic 3.5 ± 0.19, , φp < 0.002, Fig. 1C). BKS-db/db mice also demonstrated
significantly elevated latencies for tail flick (nondiabetic 4.8 ± 0.14 and diabetic 9.7 ± 0.07,
*p<0.001) (Fig. 1B). Hind paw latencies were not performed on these animals due to the
severity of their neuropathy.

Nerve Conduction Studies and Intraepidermal Nerve Fiber Density (IENF)
Nerve conduction velocities (NCV) were measured in the tail (tail sensory nerve conduction
velocity, TSNCV, tail distal motor latency, TDML) and in the sciatic nerve (sciatic motor
nerve conduction velocity, SMNCV). Despite an average fasting glucose of 466 ± 7.4 mg/
dL and a GHb 12.4 ± 0.29%, the STZ-treated C57BL/6J did not develop significant changes
in any measures of NCV (Fig. 2 thru 4). The B6Ins2Akita mice also retained significant
hyperglycemia (average fasting glucose 584.6 ± 3.2 mg/dL of and GHb of 15.0 ± 0.37%,)
but also demonstrated no significant changes in any measures of NCV (Figs. 2–4).

Both type 2 models demonstrate significant changes in NCV that were dependent on the
degree of glycemia. The B6-db/db mice fed a synthetic diet developed modest
hyperglycemia (average fasting glucose 170.3 ± 13.4 mg/dL and GHb of 7.3 ± 0.27%,) with
parallel modest changes in NCV. In addition, nerve conduction in the tail was slowed
(TSNCV nondiabetic 25.4 ± 0.2, diabetic 22.1 ± 0.4, γp<0.01; TDML nondiabetic 2.7 ±
0.07, diabetic 3.3 ± 0.09, λp<0.05) (Figs. 2 and 3); however, SMNCV was unaffected (Fig.
4). In the tail of B6-db/db mice on a high fat diet, TSNCV was significantly reduced
(nondiabetic 24.4 ± 0.7, diabetic 15.6 ± 0.9, *p < 0. 001, Fig. 2) and TDML was increased
(nondiabetic 2.4 ± 0.09, diabetic 3.8 ± 0.2, φp < 0.002, Fig. 3). SMNCV was slowed by
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diabetes in these animals but did not reach statistical significance (nondiabetic 33.1 ± 2.2,
diabetic 26.7 ± 3.9; Fig. 4).

The BKS-db/db mice demonstrated the most profound changes in NCV with decreased
TSNCV (nondiabetic 23.8 ± 0.2, diabetic 17.4 ± 0.3, *p < 0.001, Fig. 2), increased TDML
(nondiabetic 2.97 ± 0.02, diabetic 4.7 ± 0.07, *p < 0.001, Fig. 3), and decreased SMNCV
(nondiabetic 38.8 ± 0.8, diabetic 26.7 ± 1.2, γp < 0.05, Fig. 4). In parallel, BKS-db/db mice
demonstrate significantly reduced IENF at 24 weeks post onset of diabetes (γp < 0.01, Fig.
5A–C).

Fragmentation of Nuclear DNA and Nitrotyrosine IHC
Advanced measures of DN including TUNEL and NT IHC were only performed on the most
robust model of DN, the BKS-db/db and BKS-db+ mice. Fragmented DNA is a marker of
damaged DNA (Russell and Feldman, 1999) and is used in our laboratory to measure the
effects of glucose toxicity in DRG neurons both in vitro (Russell and Feldman, 1999) and in
vivo (Russell et al., 1999). An increase in the number of TUNEL positive sensory neurons
was detected at 24 weeks in the DRG of BKS-db/db mice (Fig. 6). NT immunoreactivity
localizes nitrated proteins and is a marker of oxidative/nitrosative stress (Ilnytska et al.,
2006). An increase in the number and intensity of NT positive sensory neurons was detected
at 24 weeks in the DRG of BKS-db/db mice (γp < 0.01, Fig. 6).

DISCUSSION
A relevant mouse model of DN must demonstrate key features of human disease including
1) loss of sensory function, 2) electrophysiological measures of nerve impairment, and 3)
nerve fiber loss (Ad Hoc Panel on Endpoints for Diabetic Neuropathy Trials, 2001). The
AMDCC established a standardized set of phenotyping protocols for DN in murine models
of diabetes utilizing these criteria. Specifically, thermal sensitivity in the tail and hind paw,
NCV and IENF density are used to determine if diabetic mouse models develop DN. In the
current study, these measures were used to assess 4 mouse models of diabetes for the
presence of DN. Our hypothesis was that the development of DN in mouse models would
primarily depend on the level and duration of hyperglycemia and that commonly used inbred
mouse strains would be equally susceptible to the development of DN.

Models of Type 1 and 2 Diabetes
In the current study, mouse models of both type 1 diabetes (STZ-treated C57BL/6J and
spontaneous type 1 B6Ins2Akita) and type 2 diabetes [(B6-db/db and BKS-db/db] were
examined. Induction of diabetes with STZ is performed by a number of different methods
including single injection or multiple doses over 3 to 5 days (Goss et al., 2002;Kennedy and
Zochodne, 2000;Qi et al., 2005). These methods produce blood glucose levels in the range
of 200 to over 500 mg/dL (Goss et al., 2002;Kennedy and Zochodne, 2000;Qi et al., 2005).
In the current study, a 5 day course of STZ was administered to the C57BL/6J animals in
accordance with current AMDCC protocols (http://www.amdcc.org). In agreement with
previous reports of this model of type 1 diabetes, these mice became hyperglycemic and lost
weight (Goss et al., 2002;Kennedy and Zochodne, 2000;Qi et al., 2005).

Heterozygous B6Ins2Akita mice (C57BL/6J background) express a spontaneous mutation in
the Ins2 locus resulting in deficient insulin secretion and the development of type 1 diabetes
(http://jaxmice.jax.org/). B6Ins2Akita mice develop impaired insulin secretion at 4 weeks of
age with subsequent loss of pancreatic beta cells, hyperglycemia and concomitant weight
loss (Yoshioka et al., 1997); however, they retain the ability to respond to exogenous
insulin, a further indication of their usefulness in modeling type 1 diabetes (http://

Sullivan et al. Page 6

Neurobiol Dis. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.amdcc.org
http://jaxmice.jax.org/
http://jaxmice.jax.org/


jaxmice.jax.org/). This phenotype is more pronounced in male than female mice therefore
only male B6Ins2Akita mice were examined in the current study. Both the STZ-treated
C57BL/6J and the B6Ins2Akit mice were fed a standard chow diet and demonstrated
significant and persistent hyperglycemia for 24 weeks. Both animal models showed no ill
effects from their diabetes.

B6-db/db and BKS-db/db mice express a mutation of the leptin receptor and develop
hyperglycemia and hyperphagia (http://jaxmice.jax.org/). In the B6-db/db mice, diet had a
profound effect on the animals’ metabolism. Previous studies in our laboratory discovered
that B6-db/db mice do not maintain hyperglycemia if fed a standard mouse diet (5001
chow). In the current study, these mice were given AIN-76A (11.5% kcal derived from fat)
or 5008 chow (17% kcal derived from fat, a.k.a. breeder chow). After 24 weeks of diabetes,
mice fed the AIN-76A diet were only modestly hyperglycemic, despite substantial weight
gain; while their GHb levels did reach statistical significance, their final blood glucose
levels were not different than the B6-db+ controls. These modest changes indicate that the
AIN-76A chow was not sufficient to maintain hyperglycemia in these mice. In contrast, the
B6-db/db mice fed the 5008 diet had GHb levels twice that of the B6-db+ mice and their
final blood glucoses were substantially higher than the B6-db+ control mice fed the same
diet. The last model, the BKS-db/db mice developed substantial hyperglycemia and weight
gain when fed the standard 5001 diet.

DN in Models of Type 1 Diabetes
In the current study, the STZ-treated C57BL/6J did not develop DN, despite significant and
prolonged hyperglycemia. There are reports of abnormal sensory function (Obrosova et al.,
2005;Gabra et al., 2005;Tam et al., 2004;Christianson et al., 2003b) and NCV (Obrosova et
al., 2005) in STZ-treated C57BL/6J mice. Unlike these reported studies, we used 5 low dose
STZ injections (versus the more conventional single high dose STZ injection) and DN was
assessed at 24 weeks (versus previously published earlier time points, e.g. 12 weeks) to
more fully reproduce a time course comparable to human DN. These methodological
differences likely underlie the apparent diversity in results between different laboratories.
Another important consideration is diet. Our animals were maintained on standard 5001
chow. Essential fatty acid deficiency differentially affects the ability of low dose STZ to
induce diabetes in CD-1, BALB/cByJ, DBA/2J and C57BL/6J mice (Wright, Jr. et al.,
1995). It may be that maintaining our colony of C57BL/6J mice on the 5001 chow interfered
with the development of DN, despite persistent hyperglycemia; it is possible that these
animals still produced low doses of insulin, sufficient to ameliorate DN. Unfortunately, most
authors do not report the chow used in their studies, making it impossible to fully compare
our data with those previously reported (Obrosova et al., 2005;Gabra et al., 2005;Tam et al.,
2004;Christianson et al., 2003b).

There are reports of DN in mice made diabetic using the 5 day, low dose STZ injection
protocol. Kellogg and Pop-Busui (Kellogg and Pop-Busui, 2005) and Obrosova and
colleagues (Obrosova et al., 2005) employed this STZ protocol and detected a 20–25%
decrease in sensory nerve conduction velocities. There are two important differences
between their studies and our own. First, less inbred, more mixed background strains of
mice were used: 129S7/B6 by Kellogg and Pop-Busui (Kellogg and Pop-Busui, 2005) and
129/SvxC57BL/6J mice by Obrosova and coworkers (Obrosova et al., 2005). Second, in
both of these studies the duration of diabetes was shorter (6 and 7 weeks respectively). A
pivotal study was completed by the Zochodne laboratory (Kennedy and Zochodne, 2005).
They followed mice for 9 months after STZ-induced diabetes and reported the presence of
DN by behavioral testing, NCV and quantitation of nerve fiber densities. However, unlike
the inbred C57BL/6J mice used in our study, these studies used outbred Swiss Wistar mice.
Therefore, while the degree of hyperglycemia is comparable in our mice and those
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previously documented (Goss et al., 2002;Kennedy and Zochodne, 2000;Qi et al., 2005), the
duration of diabetes and more importantly, substantial strain differences, likely contribute to
the observed presence or absence of DN. This idea is further supported by the AMDCC
Nephropathy Consortium who found no evidence of diabetic nephropathy in C57BL/6J mice
after 6 months of low dose STZ induced diabetes compared to the presence of nephropathy
in multiple other strains (Qi et al., 2005). The duration of hyperglycemia should also
profoundly affect the development of DN. Beyond the work of Kennedy and Zochodne,
(Kennedy and Zochodne, 2005) no comprehensive comparison of DN development over
time has been reported. Collectively, our data and that of the AMDCC Nephropathy
Consortium support the idea that there are marked strain differences in susceptibility to
complications, and that C57BL/6J mice are generally more resistant to the microvascular
complications of diabetes, despite long term hyperglycemia (Qi et al., 2005).

Heterozygous B6Ins2Akita mice demonstrated minimal signs of DN. At 24 weeks following
the onset of diabetes, the B6Ins2Akita mice display a modest reduction in sensory function
and NCV; however, only hind paw latency was significantly decreased (p < 0.02).
Decreased sensory conduction velocities are reported in B6Ins2Akita mice at 40 weeks of age
by Choeiri and colleagues (Choeiri et al., 2005). There are two major methodological
differences between our group and Choeiri (Choeiri et al., 2005); duration of diabetes and
the method used to measure sensory NCV. Examination of the B6Ins2Akita mice at 24 rather
than 40 weeks post onset of diabetes could account for differences in DN detection as this
complication may be slow to develop in this model. Symptoms of other diabetic
complications do have an early onset in these mice. Diabetic retinopathy (Barber et al.,
2005) is detected 12 weeks post diabetes onset and polyuria begins shortly after weaning
(http://jaxmice.jax.org). Repeated measures of behavior and nerve physiology are needed to
clarify the time course and validity of DN in this animal model.

Another factor that may contribute to differences in the detection of DN is the way in which
nerve conduction was measured. Choeiri stimulated the nerve every second for 2 min for a
total of 120 stimulations and records the average response (Choeiri et al., 2005). This varies
substantially from the AMDCC methods used in the current study (8 to 10 stimulations are
averaged) and the 16 stimulations averaged by others (Obrosova et al., 2005;Kennedy and
Zochodne, 2005). It is possible that over stimulation of the nerves in the B6Ins2Akita animals
results in nerve failure and was perceived as a decrease in conduction velocity (Choeiri et
al., 2005). Like the STZ-treated C57BL/6J mice, B6Ins2Akita mice are also resistant to the
development of diabetic nephropathy (Qi et al., 2005), but do develop some findings of
diabetic retinopathy (Barber et al., 2005).

DN in Models of Type 2 Diabetes
Previous work in our laboratory established that when fed standard mouse chow (5001, 12%
kcal derived from fat), the B6-db/db mice animals revert to euglycemia and in parallel their
DN resolves. Interestingly, Kennedy and Zochodne report similar findings in the outbred
Swiss Wistar mice i.e. spontaneous recovery of DN with reversion to normal blood glucose
levels (Kennedy and Zochodne, 2005). In the current study, we placed B6-db/db mice on
one of two different chows; our goal was to identify chow(s) that produced persistent and
vigorous hyperglycemia leading to DN. On the AIN-76A chow, the B6-db/db mice were
only mildly hyperglycemic. In parallel, these mice developed modest changes in conduction
velocity in the tail, but not in the hind limb. This may in part be due to the fact that DN
typically affects the longest axons first. More importantly, the absence of DN correlates with
the near normal glycemia. In contrast, the B6-db/db mice on the high fat 5008 chow
remained strongly hyperglycemic and developed robust DN.
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These data bring to light multiple important concepts. First, the relative resistance of the
C57BL/6J mice to the development of DN is overcome by the db/db mutation (but not the
B6Ins2Akita, as discussed above). These same data are reported for diabetic nephropathy by
the AMDCC Nephropathy Consortium (Qi et al., 2005). Second, the level of hyperglycemia
may dictate the development of DN in animals with identical genotypes, in this case the B6-
db/db animals. These data are robustly supported by clinical trials in man, where the degree
and duration of hyperglycemia determines the extent and severity of human DN (reviewed
in (Jeffcoate, 2004). Finally, special attention must be paid to the content of mouse chow,
particularly the fat content. It is well documented that a high fat diet induces hyperglycemia
and insulin resistance regardless of the amount of calories derived from simple sugars
(Tsunoda et al., 1998;Surwit et al., 1995). In a study of 9 murine genetic backgrounds, West
and colleagues report that 6 strains (AKR/J, A/J, C57L/J, C3H/HeJ, DBA/2J, C57BL/6J)
develop hyperglycemia and abdominal adiposity when fed a diet containing very high fat
(45% kcal derived from fat)(West et al., 1992). Analysis of the genetic loci responsible for
these predispositions is ongoing and includes examining differences between cis and trans
acting expression quantitative trait loci (eQTL) and single nucleotide polymorphisms
(SNPs) (Watkins et al., 2002;Davis et al., 2005;Doss et al., 2005;Mao et al., 2006). The
genetic factors responsible for the observed strain variability are under examination and
include differences in glucose transport capability (Rossmeisl et al.,) (Ranheim et al.,), leptin
levels (Mehrabian et al.,) and hepatic lipase activity (Mehrabian et al.,). These reports did
not examine the long term effects of high fat diets nor did they examine diabetic
complications. However, it is clear that metabolic parameters and their genetic substrates
must be considered as models of diabetic complications are defined.

The most robust model of DN in the current study was the BKS-db/db mouse. When fed a
normal 5001 chow diet, these animals had significant weight gain with persistent
hyperglycemia, as previously reported (Norido et al., 1984;Robertson and Sima, 1980). All
behavioral and electrophysiological assessments of DN were impaired, with increased
thermal latencies in both the tail and hind paw and decreased motor and sensory NCVs. Our
data agree with previous reports of DN in this model (Norido et al., 1984;Robertson and
Sima, 1980). Similar decreases in nerve function are also reported in the ob/ob mouse, a
related genetic model of type 2 diabetes (Drel et al., 2006;Vareniuk et al., 2007).

The ob/ob and db/db mutations disrupt hypothalamic leptin signaling and lead to
hyperphagia, obesity and insulin resistance. The consensus is that insulin resistance and
subsequent hyperglycemia result in diabetic complications including DN. Leptin receptors
are localized within the mouse and rat nodose ganglia (Miller et al., 1999) where it is
postulated they modulate leptin effects on gastric innervation. Chen et al, 2004 reported the
expression and localization of leptin receptors within dorsal root ganglia (DRG) of female
Sprague-Dawley rats and its potential regulation by estrogen (Chen et al., 2006). At this
point, no intracellular signaling cascade, neurotrophic effect or neurotransmitter function is
attributed to leptin in the peripheral nervous system. A study by Matsuada et al, 2004,
documented a correlation between TNFα and decreased sensory nerve conduction velocity
in human type 2 diabetic patients. Leptin levels were also examined but did not correlate
with signs of neuropathy (Matsuda et al., 2004).

Decreased conduction velocities are correlated with decreased myelinated fiber density and
changes in axonal caliber in multiple studies of neuropathy including DN (Yagihashi et al.,
2001;Robertson and Sima, 1980;Norido et al., 1984) and more recently, changes in IENF
(Lauria et al., 2005;Pittenger et al., 2004;Bianchi et al., 2006). Clinically, IENF has all but
replaced the use of nerve biopsies for patient diagnosis. For this reason, the third component
of the AMDCC phenotyping guidelines is measurement of IENF. IENF provides a rapid,
reproducible means to assess end organ innervation and is quantified when other signs of
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DN are present. In the BKS-db/db mice, the decrease in IENF paralleled the decreases in
NCVs and thermal latencies and confirmed an earlier report of decreased IENF in BKS-db/
db mice (Gibran et al., 2002).

There is a growing consensus driven by both clinical and basic studies that oxidative stress
underlies the development of microvascular complications, including DN [reviewed in
(Brownlee, 2005;Vinik and Vinik, 2003)]. The AMDCC guidelines suggest that once
murine model(s) for DN are established (based on behavioral, electrophysiological and
anatomical findings), these potential models should be examined for markers of oxidative
stress, including the presence of nitrated proteins and DNA damage (http://
www.amdcc.org). As a first step in adhering to these guidelines, we examined DRG neurons
from BKS-db/db after 6 months of diabetes for the suggested markers of oxidative stress.
DRG neurons express quantitatively increased levels of nitrated proteins, downstream
markers of oxidative stress and a parallel increase in TUNEL stained DRG nuclei, a measure
of DNA damage. These data agree with our own previously published reports demonstrating
that hyperglycemia induces oxidative stress and activates pathways of DNA damage in
sensory neurons (Russell et al., 2002;Vincent et al., 2005). Our findings are also supported
by a growing number of studies in outbred STZ-treated mice (Ilnytska et al., 2006) or inbred
mouse genetic models of type 2 diabetes (Drel et al., 2006) where there is evidence for
increased neural oxidative stress with the onset of DN. Finally, these data also support the
proposed idea the BKS-db/db mouse may serve as a good murine model of DN to
investigate the therapeutic potential of antioxidant therapy in DN (Ilnytska et al.,
2006;Norido et al., 1984;Robertson and Sima, 1980).

In summary, we began our studies with the hypothesis that the level and extent of
hyperglycemia would determine the development of DN in different mouse models of type 1
and 2 diabetes. Our results suggest, however, that the genetic background of a mouse is a
more important factor than hyperglycemia in the development of DN; the commonly used
C57BL/6J inbred mouse was relatively resistant to the development of STZ-mediated DN,
despite significant hyperglycemia. In parallel, C57BL/6J animals with the B6Ins2Akita

mutation also showed few signs of DN, although they remained markedly hyperglycemic.
When the db/db mutation was bred onto the C57BL/6J background, dietary fat content
determined the level of hyperglycemia; those animals on a lower fat diet were nearly
euglycemic and developed few signs of DN, while those animals on a higher fat diet had
substantial hyperglycemia and met all the AMDCC criteria for an animal model of DN. The
most robust model of DN was identified on a different genetic background, C57BKLS.
When the db/db mutation is placed on the C57BLKS background, these animals develop
significant DN over time, with loss of sensory thresholds, slowed NCV, decreased IENF and
increased markers of oxidative stress. The BKS-db/db mouse is an appropriate working
model of DN in type 2 diabetes and will greatly enhance preclinical testing of potential
therapies. Our findings with DN parallel the recent AMDCC reports that genetic background
determines if mice will develop diabetic nephropathy, despite high serum and urine glucose
levels (Qi et al., 2005;Breyer et al., 2006). Our study indicates that a comprehensive
examination of basic chow components combined with background strain is the next logical
step in defining optimal animal models of diabetic complications, especially DN.
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ABBREVIATIONS

AMDCC Animal Models of Diabetic Complications Consortium

DRG Dorsal root ganglia

DN Diabetic neuropathy

GHb Glycated hemoglobin

IENF Intraepidermal nerve fiber

IHC Immunohistochemistry

NCV Nerve conduction velocity

NT Nitrotyrosine

PGP9.5 protein gene product 9.5, ubiquitin C-terminal hydrolase

PLP Paraformaldehyde, lysine and sodium periodate

SMNCV Sciatic-tibial motor nerve conduction velocity

STZ Streptozotocin

TDML Tail motor distal latency

TSNCV Tail sensory nerve conduction velocity

TUNEL TdT mediated dUTP-biotin nick end labeling
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Fig. 1.
Response time to a thermal stimulus, measured in seconds, is used to assess sensory function
in the tail and hind paw of nondiabetic and diabetic mice. A) STZ-treated B6 (Control n = 5,
STZ n = 9) and B6Ins2Akita mice (B6Ins2WT n = 5, B6Ins2Akita 9) 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 recorded electronically(Lee et
al., 1990). B) Tail flick was measured in B6-db/db on a high fat diet (5008) (nondiabetic =
12, diabetic = 9) and BKS-db/db (nondiabetic = 13, diabetic n = 12) as in (A) (*p < 0.001).
C) STZ-treated B6 (Control n = 8, STZ n = 7), B6Ins2Akita mice (B6Ins2WT n = 5,
B6Ins2Akita n = 8) and the B6-db/db mice fed the 5008 chow (nondiabetic n = 10, diabetic
n= 10) were placed in compartments on a warm (32°C) glass plate (Model 336TG Life
Sciences, Woodland Hills, CA). Using an attached mirror, the same light source was
maneuvered beneath the hind paw and the time of activation of the beam to the time of paw
withdrawal was recorded (Lee et al., 1990). #p<0.02 and φp<0.002 when comparing
nondiabetic to diabetic sensory thresholds. Open bars represent the nondiabetic
measurements and the black bars represent the diabetic measurements.
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Fig. 2.
Tail sensory nerve conduction velocity (TSNCV) measured in meters per second was
quantified in type 1 and type 2 diabetic mice. A) TSNCV was performed as described in the
Methods on STZ-treated B6 (Control n = 8, STZ n = 8) and B6Ins2Akita mice (B6Ins2WT n
= 8, B6Ins2Akita n = 10). B) TSNCV was performed as in (A) on models of type 2 diabetes,
B6-db/db on both the AIN-76A (nondiabetic n = 5, diabetic n = 7) and 5008 (nondiabetic n
= 10, diabetic n = 5) diets and BKS-db/db (nondiabetic n = 13, diabetic n = 11) γp<0.01
and*p<0.001 when comparing nondiabetic to diabetic sensory thresholds. Open bars
represent the nondiabetic measurements and the black bars represent the diabetic
measurements.
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Fig. 3.
Near nerve distal motor latencies measured in milliseconds were assessed in the tail of both
type 1 and type 2 diabetic mice. A) Tail distal motor latency (TDML) was performed as
described in the Methods in STZ-treated B6 (Control n=8, STZ n= 9) and B6Ins2Akita mice
(B6Ins2WT n = 6, B6Ins2Akita n= 10) compared to nondiabetic mice. B) TDML was
performed as in (A) in B6-db/db mice fed either the AIN-76A diet (nondiabetic n = 5,
diabetic n = 8) or the 5008 diet (nondiabetic n = 10, diabetic n = 6) and BKS-db/db
(nondiabetic n = 13, diabetic n = 13). *p<0.001, φp<0.002, λp<0.05 when comparing
nondiabetic to diabetic distal motor latency. Open bars represent the nondiabetic
measurements and the black bars represent the diabetic measurements.
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Fig. 4.
Motor nerve conduction velocity measured in meters per second was quantified in the left
sciatic nerve of type 1 and type 2 diabetic mice. A) Sciatic motor nerve conduction velocity
(SMNCV) was quantified as described in the Methods in STZ-treated B6 (Control n = 5,
STZ n = 4) and B6Ins2Akita mice (B6Ins2WT n = 6, B6Ins2Akita n = 8). B) SMNCV was
performed as in (A) in the B6-db/db mice fed the AIN-76A diet (nondiabetic n = 4, diabetic
n = 8) or the 5008 diet (nondiabetic n = 10, diabetic n = 5). SMNCV was significantly
decreased in the BKS-db/db mice (nondiabetic n =11, diabetic n = 10). λp<0.05 comparing
nondiabetic to diabetic SMNCV. Open bars represent the nondiabetic measurements and the
black bars represent the diabetic measurements.
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Fig. 5.
IENF measures functional innervation of the skin. A) PGP9.5 immunofluorescence within a
nondiabetic (n = 5) BKS-db+ foot pad demonstrating a normal pattern of innervation (dots).
B) PGP9.5 immunofluorescence within a diabetic (n = 5) BKS-db/db foot pad demonstrating
a decrease in the number of fibers (dots). C) Quantitation of IENF is presented as the
number of fibers/linear mm of epidermis. d = dermis, e = epidermis, dots = intraepidermal
nerve fiber, arrowhead = dermal fiber bundles. γp>0.01. Bar = 100 μm. Open bars represent
the nondiabetic measurements and the black bars represent the diabetic measurements.
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Fig. 6.
Damaged DNA was measured by TUNEL staining. A) TUNEL positive sensory neurons
(arrows) were detected in the lumbar DRG of BKS-db/db. B) Increased number of TUNEL
labeled DRG in BKS-db/db mice at 24 weeks, λp < 0.05. Five animals per group and > 150
neurons per animal were counted. Results are expressed as the percent TUNEL positive cells
of total neurons counted. Localization of nitrated proteins was measured by nitrotyrosine
immunofluorescence (NT- immunofluorescence). C) NT-immunofluorescence reveals an
increase in nitrated proteins within DRG neurons (arrows) from BKS-db/db compared to
BKS-db+ mice [nuclei stained with DAPI]. D) Histograms of the fluorescence signal
indicate a relative increase in the intensity of NT-immunofluorescence in DRG from BKS-
db+ versus BKS-db/db mice (γp<0.01). Bar = 20 μm. Open bars represent the nondiabetic
measurements and the black bars represent the diabetic measurements.
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Table 1

C57BL/6J is the background strain of the B6Ins2Akita and B6Ins2WT (C57BL/6-Ins2Akita/J) mice and the
B6.Cg-m Leprdb/+ +/J mice. C57BLKS/J (Jax Stock Number 000662) is background strain for the BKS.Cg-m
+/+Leprdb/J mice.

Common Name Type of Diabetes Strain Name Jax Stock Number

B6 STZ
B6

Diabetic
Nondiabetic

type 1, induced with low dose STZ C57BL/6J 000664

B6Ins2Akita

B6Ins2WT
Diabetic
Nondiabetic

type 1, spontaneous C57BL/6-Ins2Akita/J 003548

B6-db/db
B6-db+

Diabetic
Nondiabetic

type 2, spontaneous, diet dependent B6.Cg-m Leprdb/+ +/J 000699

BKS-db/db
BKS-db+

Diabetic
Nondiabetic

type 2, spontaneous BKS.Cg-m+/+Leprdb/J 000642
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