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Abstract

We determined the impact diet induced obesity (DIO) and types 1 and 2 diabetes has on peripheral
neuropathy with emphasis on corneal nerve structural changes in C57BI/6J mice. Endpoints
examined included nerve conduction velocity, response to thermal and mechanical stimuli and
innervation of the skin and cornea. DIO mice and to a greater extent type 2 diabetic mice were
insulin resistant. DIO and both types 1 and 2 diabetic mice developed motor and sensory nerve
conduction deficits. In the cornea of DIO and type 2 diabetic mice there was a decrease in sub-
epithelial corneal nerves, innervation of the corneal epithelium and corneal sensitivity. Type 1
diabetic mice did not present with any significant changes in corneal nerve structure until after 20
weeks of hyperglycemia. DIO and type 2 diabetic mice developed corneal structural damage more
rapidly than type 1 diabetic mice even though hemoglobin A;C values were significantly higher in
type 1 diabetic mice. This suggests that DIO with or without hyperglycemia contributes to
development and progression of peripheral neuropathy and nerve structural damage in the cornea.
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Introduction

Animal models of obesity and diabetes can play an important role in the discovery of new
treatments for diabetic neuropathy (Islam, 2013; Stables, et al., 2013; Hoke, 2012).
Streptozotocin is widely used to create rodent models for type 1 diabetes (Islam, 2013;

Lenzen, 2008; Rees and Alcolado, 2005). For type 2 diabetes the most common model is the
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db/db mouse (Fellmann, et al., 2013; Tesch and Lim, 2011). However, concern regarding the
translation of results from these mice to humans because of the recessive homozygous
mutation in the leptin receptor (fa/fa) (Davis, et al., 2013; Reinwald, et al., 2009) led us to
study the development of diabetic neuropathy in the high fat fed/low dose streptozotocin
treated mouse.

Unlike rats, feeding C57BI/6J mice a high fat diet causes an elevated level of fasting blood
glucose (Davidson, et al., 2011; Coppey, et al., 2011). However, hyperglycemia in the high
fat fed mouse is very modest and not associated with an increase in hemoglobin A;C levels.
Using a low dose of streptozotocin with a high fat fed C57BI/6J mouse creates a higher level
of blood glucose. This type 2 diabetic mouse model has been previously used to examine
pharmacological interventions, vascular biology and atherosclerosis, cardiomyocyte
hypertrophy and -cell function (Lin, et al., 2014; Zhu, et al., 2014; Mali, et al., 2014; Wang,
et al., 2014; Ullevig, et al., 2011; Bansal, et al., 2012; Xue, et al., 2010; Lv, et al., 2010).

Materials and Methods

Unless stated otherwise all chemicals used in these studies were obtained from Sigma
Chemical Co. (St. Louis, MO).

C57BI/6J mice were purchased from Jackson Laboratories. Mice were housed in a certified
animal care facility and standard diet (Harlan Teklad, #7001, Madison, WI) and water were
provided ad libitum. Measures were taken to minimize pain or discomfort and all
experiments were conducted in accordance with international standards on animal welfare
and were compliant with all institutional and National Institutes of Health guidelines for use
of animals (ACURF protocol 1212258). C57BI/6J mice at 12 weeks of age were divided into
four groups. After 1 week on a standard diet two of the groups were fed a high fat diet
(D12492; Research Diets, New Brunswick, NJ). One of these groups was maintained on this
diet for the duration of the study and was referred to as the diet induced obesity (DI1O)
group. To create the type 2 diabetic model, the other high fat fed mouse group after 8 weeks
on the high fat diet was treated with 75 mg/kg streptozotocin (EMD Chemicals, San Diego,
CA) followed three days later with a second dose of streptozotocin (50 mg/kg). Mice with
blood glucose =13.8 mM (250 mg/dl) were considered diabetic. This group remained on the
high fat diet for the duration of the study. The third group after 8 weeks on the standard diet
was treated with multiple doses of streptozotocin to create type 1 diabetes model as
previously described (Stavniichuk, et al., 2014). The final group served as the control group
and with the type 1 diabetic mice was fed the standard diet for the duration of the study.

Intraperitoneal glucose tolerance test in DIO and type 2 diabetic mice were performed after
an overnight fast as previously described (Coppey, et al., 2011). Thermal nociceptive
response in the hindpaw was measured using the Hargreaves method with instrumentation
provided by IITC Life Science (San Diego, CA) as previously described (Coppey, et al.,
2011). Tactile responses were evaluated using von Frey filaments as previously described
(Stavniichuk, et al., 2014).
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Mice were anesthetized with Nembutal (75 mg/kg, i.p., Abbott Laboratories, North Chicago,
IL) and motor and sensory nerve conduction velocities were determined as previously
described (Coppey, et al., 2011). Core temperature was monitored using a rectal probe and
temperature regulated between 36° C and 37° C using a heating pad and radiant heat. To
confirm that a normal temperature near the sciatic nerve was maintained a thermal probe
was inserted through an incision in the skin and muscle in the region of the sciatic nerve. In
all mice tested temperature near the nerve ranged from 35.6° to 36.4° C. Spectral domain
optical coherence tomography (SD-OCT) analysis was performed using a Spectralis SD-
OCT (Heidelberg Engineering, Vista, CA) imaging system coupled with a 25D lens
(Heidelberg Engineering, Vista, CA), as we have previously described (Yorek, et al., 2014).
Sub-epithelial corneal nerves were imaged in vivo using the Rostock cornea module of the
Heidelberg Retina Tomograph (Heidelberg Engineering, Vista, CA) confocal microscope as
previously described (Yorek, et al., 2014; Davidson, et al., 2012). After completion of all in
vivo analyses, corneas were dissected from the eyes and corneal nerves in the sub-epithelial
layer and penetrating the epithelium were visualized as previously described (Yorek, et al.,
2014). Analysis of corneal nerve images was completed with Imaris software version 7.6.4
X64 (Bitplane, Zurich, Switzerland). Skin from the footpads was collected and
intraepidermal nerve fibers immunohistochemical stained and counted as previously
described (Stavniichuk, et al., 2014).

Nitrotyrosine and 4-hydroxynonenal fluorescence intensity of individual dorsal root ganglia
neurons was determined as previously described (Lupachyk, et al., 2013). Protein bound 3-
nitrotyrosine concentration was measured in serum samples by indirect enzyme-linked
immunosorbent assay as previously described (Weber, et al., 2012). Serum was also used for
determining levels of free fatty acid, triglyceride and free cholesterol using commercial kits
as previously described (Yorek, et al., 2014). To examine steatosis liver samples were frozen
in OCT compound (Sakura FineTek USA, Torrance, CA) at —80°C. Liver sections, 5 pm,
were incubated with BODIPY (Molecular Probes, Carlsbad, CA, USA), at a 1:5000 dilution
in 1% BSA for 1h at room temperature. After washing liver sections were mounted using
ProLong® Gold antifade reagent (Molecular Probes, Carlsbad, CA, USA) and covered with
a glass coverslip. Images were collected using Zeiss LSM confocal laser scanning
microscope. Images were analyzed for % area fraction of lipid droplets using Image J
software.

Results are presented as mean + SEM. Comparisons between groups were conducted using a
one-way ANOVA and Dunnett’s pairwise test for multiple comparisons (Prism software;
GraphPad, San Diego, CA). A p value of less 0.05 was considered significant.

At 13 weeks of age the average weight of the mice assigned to the four different groups
were the same. At the end of the 12 week experimental period all mice had gained weight.
The type 1 diabetic mice weighed significantly less than the other three groups. The DIO
mice and type 2 diabetic mice weighed significantly more than the control mice and DIO
mice weighed significantly more than the type 2 diabetic mice. Non-fasting blood glucose
and hemoglobin A1C values were significantly increased in the type 1 and type 2 diabetic
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mice compared to control and DIO mice, which were not significantly different from each
other. Hemoglobin A;C and blood glucose levels in type 1 diabetic mice were significantly
higher compared to type 2 diabetic mice. Serum lipid levels were mostly unchanged by the
experimental conditions the only differences were the significant increase in free fatty acids
in type 1 diabetic mice and cholesterol in the DIO mice when compared to control mice.
DIO and type 2 diabetic mice had fatty livers compared to control and type 1 diabetic mice
(Table 1).

Serum and dorsal root ganglion neuron nitrotyrosine levels were significantly increased in
type 1 and type 2 diabetic mice compared to control mice. 4-Hydroxynonenal level was
significantly increased in dorsal root ganglion neurons from type 1 diabetic mice compared
to control mice. Motor nerve conduction velocity was significantly slower in mice fed a high
fat diet compared to control mice. In type 1 and type 2 diabetic mice, motor nerve
conduction velocity was further impaired. Sensory nerve conduction velocity was
significantly reduced in DIO mice and type 1 or type 2 diabetic mice compared to control
mice (Table 2). Glucose clearance was significantly impaired in mice fed a high fat diet for
20 weeks and to a greater extent in type 2 diabetic mice compared to control mice (Fig. 1).

Intraepidermal nerve fiber density was significantly decreased in skin from the hindpaw
from DIO mice and type 1 and type 2 diabetic mice compared to control mice (Fig. 2).
Thermal sensitivity and response to a mechanical stimulus in DIO mice and type 1 and type
2 diabetic mice are also significantly different from control mice (Table 2).

Sub-epithelial corneal nerve density determined by corneal confocal microscopy was
significantly decreased in type 2 diabetic mice compared to control mice. There was a trend
for corneal nerve density to be decreased in DIO mice and to a lesser extent in type 1
diabetic mice but these differences were not statistically different from control mice (Fig. 3).
Fig. 4 provides a representative image of tubulin staining of mouse sub-epithelial corneal
nerves for the entire cornea. Analysis of these images demonstrate a significant loss of
corneal nerves in DIO mice and type 2 diabetic mice. Analysis of sub-epithelial corneal
nerves from type 1 diabetic mice indicated that after 12 weeks of hyperglycemia there was
no change in nerve density compared to control mice. There is a significant loss of corneal
nerves penetrating the corneal epithelium in DIO mice and type 2 diabetic mice compared to
control mice. In type 1 diabetic mice after 12 weeks of hyperglycemia there was no loss of
corneal nerves penetrating the corneal epithelium (Fig. 5). After 20 weeks of hyperglycemia
in type 1 diabetic mice and 12 weeks of hyperglycemia in type 2 diabetic mice the loss of
corneal nerves are similar (Fig. 6) (Yorek, et al., 2014). In type 1 and type 2 diabetic mice
there is a significant thinning of the retinal ganglion complex compared to control mice. The
thickness of the retinal ganglion complex in DIO mice was not significantly different from
control mice (Table 2).

Discussion

Mice were fed a high fat diet for 8 weeks. This ensures mice are in a steady state of insulin
resistance due to diet induced obesity prior to injection of low doses of streptozotocin that
will destroy some but not all of the B-cells. This protocol induces a state of elevated glucose
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levels because of the inability of the remaining p-cells to produce a sufficient amount of
insulin to overcome the insulin resistance. This mouse model has commonly been referred to
as a model for type 2 diabetes. However, most studies have shown that these mice are not
hyperinsulinemic but are glucose intolerant (Wang, et al., 2014; Xue, et al., 2010; Lv, et al.,
2010; Sakai, et al., 2014; Fu, et al., 2014; Mali, et al., 2014).

The severity of hyperglycemia was significantly different between the type 1 and 2 diabetic
mouse models. However, motor and sensory nerve conduction velocity, thermal and
mechanical sensitivity and intraepidermal nerve fiber density in the skin were all impacted
similarly in DIO and types 1 and 2 diabetic mice. Loss of corneal nerves in the sub-epithelial
layer and penetrating the corneal epithelium occurred more rapidly in the DIO mice and type
2 diabetic mice compared to type 1 diabetic mice. This suggests that hyperglycemia is not
the only factor contributing to nerve fiber loss in the cornea and that loss of intraepidermal
and corneal nerve fibers is mediated by different factors and/or occurs at different rates.
Chen, et al. (2013) reported a loss of corneal nerves within 4 weeks of induction of type 1
diabetes, which is much sooner than we reported (Yorek et al., 2014). There are a number of
possible reasons for this difference. First, the studies by Chen, et al. (2013) were done using
female Swiss Webster mice, whereas our studies were done using male C57BI1/6J mice.
Corneal nerve density and loss of corneal nerves due to obesity or diabetes may vary with
gender and strains of mice. In unpublished studies we have observed that Balb ¢ mice have
about 2 times the density of corneal nerves than C57BI/6J mice. Chen, et al. (2013) also
used a quantification system based on occupancy, whereas we based ours on total length.
Different quantification methods could also contribute to the differences in the results
between the two studies. However, what is important is that both studies demonstrate that
diabetes causes a loss of corneal nerves in mice (Chen, et al., 2013; Yorek, et al., 2014).

It has been previously reported that loss of nerve fibers in the skin and cornea occurs in
subjects with impaired glucose tolerance (Divisova, et al., 2012; Smith, et al., 2006; Asghar,
et al., 2014). Rodents that develop early markers of peripheral neuropathy may provide a
useful pre-clinical model for discovery and evaluating treatments for diabetic neuropathy.
However, results from studies using Sprague-Dawley rats and C57BI/6J mice do not
completely agree. In high fat fed rats unlike C57BI/6J mice there was no decrease in motor
nerve conduction velocity (Davidson, et al., 2014). We have shown that changes in motor
nerve conduction velocity is sensitive to hyperglycemia and DIO C57BI/6J mice trend
toward having elevated blood glucose unlike DIO Sprague-Dawley rats (Davidson, et al.,
2014).

Markers of oxidative stress were elevated in serum and dorsal root ganglion neurons of type
1 and type 2 diabetic mice but not DIO mice. Increased oxidative stress is widely thought to
be a contributing factor to the development of peripheral diabetic neuropathy (Yorek, 2003;
Obrosova, 2003). In diabetic mice it is likely that oxidative and nitrosative stress contributed
to peripheral neuropathy but other factors including circulating levels of insulin and perhaps
other neurotrophic support peptides likely have a role. Because of the complex etiology of
diabetic neuropathy treatments aimed at preventing/reversing neural complications will
likely need to target multiple pathways in order to be successful (Chen, et al., 2013; Kim, et
al., 2012; Mahmood, et al., 2009; Calcutt, et al., 2008).
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In summary, these studies demonstrate that the high fat fed low dose streptozotocin treated
mouse could be a good animal model for preclinical studies for discovery and evaluation of
new treatments for diabetic neuropathy especially in relation to changes in nerve structure in
the skin, cornea and retina.
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Figure 1. Glucose utilization curve for control mice, DIO mice and type 2 diabetic mice
Fasting blood glucose at time 0 for control, high fat fed and type 2 diabetic mice was 113 +

8, 163 + 8" and 257 + 18", mg/dI respectively (* p < 0.05, compared to control). Data are the
mean + S.E.M.. The area under the curve (AUC) was significantly different p < 0.01 for
DIO mice and type 2 diabetic mice vs. control and p < 0.05 for DIO mice vs. type 2 diabetic
mice. The number of mice in each group was the same as shown in Table 1.
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Figure 2. Effect of DIO, type 1 or type 2 diabetes on intraepidermal nerve fiber density
The groups examined and the number of mice in each group was the same as described in

Table 1. Data are presented as the mean + S.E.M. ** p < 0.01 compared to control mice;
One-way analysis of variance with Dunnett’s pairwise test for multiple comparisons. Scale
bar = 50 pm.
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Figure 3. Effect of DIO, type 1 or type 2 diabetes on innervation of sub-epithelial layer of the
cornea

The groups examined and the number of mice in each group was the same as described in
Table 1. The photographs show examples of sub-epithelial layer of corneal nerves of a
control mouse (top left), type 1 diabetic mouse (top right), mouse fed a high fat diet (bottom
left) and type 2 diabetic mouse (bottom right). Data are presented as the mean £ S.E.M. ** p
< 0.01 compared to control mice; one-way analysis of variance with Dunnett’s pairwise test
for multiple comparisons. Scale bar = 50 pm.
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Figure 4. Effect of DIO, type 1 or type 2 diabetes on innervation of sub-epithelial layer of the
whole cornea stained with anti-tubulin

The groups examined and the number of mice in each group was the same as described in
Table 1. The images show examples of sub-epithelial layer of corneal nerves of a control
mouse (top left), type 1 diabetic mouse (top right), mouse fed a high fat diet (bottom left)
and type 2 diabetic mouse (bottom right). Data are presented as the mean £ S.E.M. * p <
0.05 compared to control mice; ** p < 0.01 compared to control mice; one-way analysis of
variance with Dunnett’s pairwise test for multiple comparisons. Scale bar = 500 um.
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Figure5. Effect of DIO, type 1 or type 2 diabetes on innervation of the corneal epithelium
The groups examined and the number of mice in each group was the same as described in

Table 1. The images show examples of corneal nerves penetrating the epithelium of a
control mouse (top left), type 1 diabetic mouse (top right), mouse fed a high fat diet (bottom
left) and type 2 diabetic mouse (bottom right). Data are presented as the mean £ S.E.M. * p
< 0.05 compared to control mice; one-way analysis of variance with Dunnett’s pairwise test
for multiple comparisons. Scale bar = 50 pm.
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Figure 6. Representative images of sub-epithelial corneal nerves and corneal nerves penetrating
the epithelium from control, type 1 diabetic and type 2 diabetic mice

Corneal nerves of the sub-epithelial layer and penetrating the cornea epithelium from control
mice, type 1 diabetic mice (20 weeks duration of hyperglycemia) and type 2 diabetic mice
(12 weeks duration of hyperglycemia) were visualized by immunohistochemical staining.
Images were collected from the region of the whorl for both the sub-epithelial nerves and
nerves penetrating the cornea. Scale bar = 50 um.
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Table 1

Effect of Diet-induced Obesity or Type 1 or Type 2 Diabetes on Change in Body Weight, non-fasting Blood
Glucose, Hemoglobin A;C and Serum Triglycerides, Free Fatty Acids and Cholesterol and Steatosis

Deter mination Control (12) Type 1 Diabetic (15) DIO (11) Type 2 Diabetic (14)
Start weight (g) 24.0+05 23.4+06 229+03 229+0.2
End weight (9) 323208 25.3+0.82 486+1.1ab 37.7+1.43bC
Blood glucose (mg/dl) 196+ 9 462 + 242 233 + 130 350 + 24&.b,C
Hemoglobin A;C (%) 59+0.2 13.1 +0.62 6.2 +0.30 8.3+0.3abc
Serum Triglycerides (mg/dl) 83.7+14.0 89.9+11.3 66.1+4.1 67.4+9.4
Serum Free fatty acids (mmol/l) ~ 0.22 +0.02 0.39 +0.042 0.23 +0.020 0.28 +£0.04
Serum Cholesterol (mg/ml) 1.29 £0.05 1.54 £0.08 227 +0.26&D 1.77 +0.11€
Steatosis (% area) 34+05 57+05 26.9 + 2280 26.4 + 258D

Data are presented as the mean + S.E.M.
ap < 0.05 compared to control;
bp < 0.05 compared to type 1 diabetic;

c . . .
p < 0.05 compared to DIO. Parentheses indicate the number of experimental animals.
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Table 2

Effect of Diet-induced Obesity or Type 1 or Type 2 Diabetes on Motor (MNCV) and Sensory (SNCV) Nerve
Conduction Velocity, Thermal Nociception, Mechanical Allodynia, Serum Nitrotyrosine and Dorsal Root
Ganglion Neurons Nitrotyrosine, 4-Hydroxynonenal (4-HNE) and Inner Retinal Ganglion Cell Complex
(RGC) Thickness

Determination Control (12) Type 1 Diabetic (15) DIO (11) Type 2 Diabetic (14)
MNCV (m/sec) 51.1+28 29.2 +0.92 38.2 + 2.48b 28.7 + 1.73C
SNCV (m/sec) 29.9+1.1 233+0.62 238+0.62 235+0.78
Thermal sensitivity (sec) 56+0.2 8.8 +0.32 8.0+ 032 8.6+0.32
Mechanical response (g) 292+0.21 1.07 + 0.052 1.11 + 0.052 1.19 + 0.082
Serum Nitrotyrosine (pmol/mg protein) 41+04 5.8 +0.42 44+05 57 +0.428
DRG Nitrotyrosine (RFU/cell area (mm?)) 346 +21 468+ 292 414 +£31 452 + 258
DRG 4-HNE (RFU/cell area (mm2)) 359+ 15 505 + 262 458 £33 451+ 23
RGC (um) 77.7+11 71.3 + 0.42 74.6 £0.4 726 +0.78

Data are presented as the mean + S.E.M.
a
p < 0.05 compared to control;

bp < 0.05 compared to type 1 diabetic;
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C - . .
p < 0.05 compared to DIO. Parentheses indicate the number of experimental animals.
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