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Abstract

Given the lack of treatments for diabetic neuropathy (DN), a common diabetic complication,
accurate disease models are necessary. Characterization of the leptin-deficient BTBR ob/ob
mouse, a type 2 diabetes model, demonstrated that the mice develop robust diabetes coincident
with severe neuropathic features, including nerve conduction deficits and intraepidermal nerve
fiber loss by 9 and 13 weeks of age, respectively, supporting its use as a DN model. To gain
insight into DN mechanisms, we performed microarray analysis on sciatic nerve from BTBR
ob/ob mice, identifying 1,503 and 642 differentially expressed genes associated with diabetes at 5
and 13 weeks, respectively. Further analyses identified overrepresentation of inflammation and
immune-related functions in BTBR ob/ob mice, which interestingly were more highly represented
at 5 weeks, an observation that may suggest a contributory role in DN onset. To complement the
gene expression analysis, we demonstrated that protein levels of select cytokines were
significantly upregulated at 13 weeks in BTBR ob/ob mouse sciatic nerve. Furthermore, we
compared our array data to that from an established DN model, the C57BKS db/db mouse, which
reflected a common dysregulation of inflammatory and immune-related pathways. Together, our
data demonstrate that BTBR ob/ob mice develop rapid and robust DN associated with
dysregulated inflammation and immune-related processes.

Type 2 diabetes (T2D) has reached epidemic proportions worldwide, affecting over 382
million individuals (1). The associated hyperglycemia, insulin resistance, and/or obesity
leads to microvascular complications that impact multiple organs and tissues, including the
eyes, kidney, and peripheral nerves. Peripheral diabetic neuropathy (DN), the most common
microvascular complication (2), is characterized by distal-to-proximal nerve damage that
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promotes pain and loss of sensation. Sensory deficits combined with poor wound healing
can trigger foot ulcer development and non-traumatic lower limb amputations, contributing
to the severe morbidity of DN (3).

Although the exact etiology remains unclear, the consensus is that DN results from
metabolic and physiological imbalances within the peripheral nerve. Persistent
hyperglycemia-induced oxidative stress promotes nerve damage (4,5), and evidence also
suggests dyslipidemia contributes to aberrant nerve function (6,7). Numerous biochemical
processes, including the formation of advanced glycation end products, increased NADPH
oxidase activity, activation of poly ADP ribose polymerase, and inflammation, are
implicated in DN (4,8,9). Thus, elucidating the precise mechanisms underlying nerve injury
is of paramount importance to develop successful therapies.

Various mouse models exist that mimic a diabetes-like phenotype and exhibit key DN
features (10); however, additional models that accurately recapitulate the complex
pathogenesis of T2D are required to gain insight into DN etiology and support translational
studies. The leptin-deficient BTBR ob/ob mouse is a robust model of T2D (11,12); they are
hyperphagic and present with early obesity, insulin resistance, and hyperglycemia at a
severity greater than that observed in C57BL6 ob/ob mice (11,13,14). Additionally, these
mice develop renal complications closely mimicking human diabetic nephropathy,
evidenced by glomerular hypertrophy, capillary basement membrane thickening, and loss of
podocytes (13). The effects on the peripheral nerve in this model, however, have not been
characterized.

In the current study, the primary objective was to characterize the neurological phenotype in
BTBR ob/ob mice. We confirm that BTBR ob/ob mice present with robust features of T2D
and exhibit an early and severe neuropathy. We further identified altered genes and
pathways in sciatic nerve (SCN) using arrays and bioinformatics analyses, demonstrating
that inflammation and immune response factors are overrepresented early in the disease
course. These pathways are also altered in SCN of an established DN model, the C57BKS
db/db mouse, further supporting the BTBR ob/ob data. Together, our findings suggest that
dysregulation of the immune response may play a critical role in DN pathogenesis and
support our contention that BTBR ob/ob mice are a valid DN model for mechanistic and
therapeutic development research.

RESEARCH DESIGN AND METHODS

Animals

Male BTBR ob/+ and ob/ob mice (BTBR.Cg-Lep®?/WiscJ, Jackson Laboratory, Bar Harbor,
ME) were fed a standard diet (5LOD; 13.4% kcal fat; Research Diets, NJ). All procedures
were in compliance with protocols established by the Diabetic Complications Consortium
(DCC) (15) and approved by the University of Michigan (U-M) University Committee on
Use and Care of Animals (UCUCA). Daily monitoring and maintenance of mice was
provided by the U-M Unit for Laboratory Animal Medicine (ULAM).
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Metabolic and Neuropathic Phenotyping

Phenotyping of BTBR ob/+ and ob/ob mice included metabolic and neurological measures
to document diabetes onset, duration, and related neurological changes. Body weights and
fasting blood glucose (FBG; 4 h fast) were measured weekly. Percent glycosylated
hemoglobin (%GHb) was measured by the Chemistry Core at the Michigan Diabetes
Research and Training Center (MDRTC). Plasma insulin measurements and fast protein
liquid chromatography (FPLC) analysis for cholesterol and triglycerides were performed by
the National Mouse Metabolic Phenotyping Center (MMPC; Vanderbilt, TN). Hindpaw
thermal latency and nerve conduction velocities (NCVs) were measured according to
published protocols (7,16). At study termination, intraepidermal nerve fiber (IENF) density
profiles were determined as previously described (16).

Affymetrix Microarray Analyses

Total RNA was isolated from SCN of 5 (n=8) and 13 (n=6) week BTBR ob/+ and ob/ob
mice using the silica gel-based RNeasy Mini Kit (QIAGEN, Valencia, CA). RNA integrity
and concentration was measured prior to hybridizing to the Affymetrix Mouse Genome 430
2.0 microarray (Santa Clara, CA) by the U-M DNA Sequencing Core as previously
described (17). Microarray data files were normalized using the BrainArray Custom Chip
Definition File version 16 (18) and quality was assessed using the affyAnalysisQC.R
package (http://arrayanalysis.org/) with BioConductor (19). Intensity-based moderated T-
test (IBMT) identified differentially expressed genes (DEGS) using a false discovery rate
(FDR) < 0.05 cutoff. DEGs were obtained between different genotypes (ob/+ versus ob/ob)
for each time point or between age groups (5 weeks versus 13 weeks) for each genotype. For
array data validation, DEGs were ranked by fold-change and 8-10 of the top 4% most highly
altered DEGs were selected for analysis by real time RT-PCR (RT-qPCR) as previously
described (17) using the endogenous reference gene YWHAZ. Primers were selected using
PrimerBank (20) and purchased from Integrated DNA Technologies (Supplementary Table
1).

Microarray data were analyzed using our established in-house microarray data analysis
pipeline (17,21). Over-represented biological functions among the DEGs were identified by
Gene Set Enrichment Analysis (GSEA) using Database for Annotation, Visualization and
Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov/)(22,23). Biological functions,
represented by Gene Ontology (GO; http://www.geneontology.org/) terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG,; http://www.genome.jp/kegg/) pathways, with
a Benjamini-Hochberg (BH) corrected P-value < 0.05 were deemed significant. Heat-maps
were generated using the top 10 most over-represented biological functions in each DEG set
and clustered based on significance values (log-transformed BH-corrected P-values) to
visually represent the overall similarity and differences between the DEGs. DEGs from 5-
and 13-week BTBR ob/ob mice were also compared to a previously published data set from
24-week C57BKS db/db mice (17) to identify common DEGs associated with DN
pathogenesis across models.

Neurobiol Dis. Author manuscript; available in PMC 2016 January 01.


http://arrayanalysis.org/
http://david.abcc.ncifcrf.gov/
http://www.geneontology.org/
http://www.genome.jp/kegg/

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

O’Brien et al. Page 4

Cytokine Analyses

To investigate the role of inflammation, cytokine levels were analyzed in SCN from an
additional cohort of 5- and 13-week BTBR ob/+ and ob/ob mice. SCN were homogenized
and protein lysates were analyzed using MILLIPLEX xMAP magnetic bead technology
(Millipore, Billerica, MA) with an MMP12 (MMMP3MAG-79K) and a custom Cytokine/
Chemokine panel (MCYTOMAG-70K) to assess protein levels for 16 pre-selected targets
(Supplemental Table 2). Immunoassays used a Bio-Plex200 multiplex array system with
Bio-Plex Manager™ 6.0 software (BioRad, Hercules, CA) according to the
manufacturer’sinstructions.

Statistical Analysis

Statistical analyses utilized GraphPad Prism Software, Version 6 (GraphPad Software). A
two-tailed T-test was performed to compare the BTBR ob/+ mice to ob/ob mice. Values are
reported as the mean £ SEM.

RESULTS

Metabolic phenotyping was first performed to delineate the course of diabetes. BTBR ob/ob
mice exhibit increased body mass compared to ob/+ controls beginning at 5 weeks (Fig. 1A)
and a 1.7-fold and 3.6-fold increase in fasting blood glucose (FBG) at 5 and 13 weeks,
respectively (Fig. 1B). Similarly, percent glycosylated hemoglobin (%GHb) was 1.2-fold
higher in ob/ob mice at 5 weeks and 2.1-fold higher at 13 weeks, reflecting progressive
hyperglycemia (Fig. 1C). Plasma insulin levels were elevated in BTBR ob/ob mice at 5
weeks (10.7-fold) and remained elevated at 13 weeks (13.1-fold)(Fig. 1D), and FPLC lipid
fraction analysis indicated that plasma cholesterol and triglyceride levels were also elevated
at both time points (Figs. 1E, 1F). FPLC further revealed a sinistral shift in the HDL fraction
of 5-week BTBR ob/ob mice, and a similar peak shift was observed along with an increase
in HDL cholesterol in 13-week ob/ob mice, indicating increased uptake of cholesterol at
both time points (Supplementary Fig. 1A, 1B). Significant increases in vLDL triglyceride
levels were also present in BTBR ob/ob mice at 5 and 13 weeks (Supplementary Fig. 1C,
1D). Together, these data confirm that hyperglycemia and dyslipidemia are features of
BTBR ob/ob mice.

To characterize neuropathy in BTBR ob/ob mice, thermal hindpaw latency was measured at
9 weeks and electrophysiological NCVs and IENF densities were measured at 9 and 13
weeks. The latency of hindpaw response to a heat stimulus was significantly increased at 9
weeks (Fig.2A). Both sciatic motor (MNCV) and sural sensory (SNCV) NCVs were
significantly slower in BTBR ob/ob mice compared to age-matched ob/+ controls; MNCV
was reduced by 29% at 9 weeks and by 40% at 13 weeks, and SNCV was decreased by 16%
at 9 weeks and 20% at 13 weeks (Fig. 2B, 2C). Protein gene product 9.5 (PGP9.5) staining
of footpads revealed a 19% reduction in intra epidermal nerve fiber (IENF) density in the
hind paw of BTBR ob/ob mice at 13 weeks compared to controls (Fig. 2D,2E). Overall, the
observed increased hindpaw latency, decreased NCVs, and reduced IENF density confirm
that BTBR ob/ob mice develop early and robust neuropathy, as evidenced by changes which
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are representative of the characteristic nerve fiber damage and distal sensory defects
commonly present in human subjects with diabetic neuropathy by 9 weeks of age.

Microarray analyses on SCN isolated from 5- and 13-week mice were then performed to
further characterize DN. Using a FDR<0.05, we identified 1,184 and 1,941 DEGs associated
with time in aging BTBR ob/+ and ob/ob mice, respectively (Fig. 3A). Comparisons to
determine changes associated with DN also identified 1,503 (624 up-regulated and 825
down-regulated) and 642 (331 up-regulated and 301 down-regulated) DEGs in the 5- and
13-week BTBR ob/ob mice compared to age-matched ob/+ controls, respectively (Fig. 4A).
The overlap among these DEG sets is summarized in Supplementary Table 3. RT-qPCR of
select DEGs exhibiting the greatest fold-change reflected comparable profiles
(Supplementary Fig. 2), validating the microarray findings.

To identify over-represented biological functions in the DEG sets, we performed GSEA and
generated a heat map of the top biological terms and pathways (Fig. 4B). Comparison of 5 to
13 week data revealed changes related to aging which were relatively similar for both BTBR
ob/ob and ob/+ genotypes; however, BTBR ob/ob mice demonstrated enrichment in
membrane trafficking and endocytosis-related terms. When BTBR ob/+ were compared to
ob/ob at 5 and 13 weeks to determine changes related to DN, the most significantly enriched
hits were related to inflammation and the immune response. Notably, the level of regulation
as well as the number of associated terms and pathways within these categories was
increased at the earlier 5 week time point. We also observed significant enrichment of hits
related to chemotaxis at 5 weeks, and MMP12 was the most significantly upregulated gene
at both time points (Supplementary Fig. 2). Together, these data suggest that inflammatory
mechanisms may play a critical role in early DN development and DN progression.

To complement these analyses and further identify common DEGs and differentially
regulated pathways related to DN across diabetes mouse models, we compared our 5 and 13
week data sets to our previously published data set from 24 week C57BKS db/db mice (17),
an established DN mouse model. Briefly, C57BKS db/db mice display decreased motor and
sensory NCVs between 8-12 weeks and decreased IENF density at 18 weeks (10). Within
these three data sets, we identified 189 common DEGs (Fig.4A) which are listed along with
their respective fold-changes in Supplementary Table 4. Interestingly, a number of cytokines
and inflammatory mediators are represented across models and ages, and MMP12, the most
highly dysregulated gene in BTBR ob/ob mice, is also significantly dysregulated in C57BKS
db/db mice. GSEA analysis (Fig. 4B) demonstrated that all three data sets exhibited
significant upregulation of immune response-related terms and functions; however, the
BTBR ob/ob mice at each age exhibited a larger number of terms and pathways within this
category compared to the C57BKS db/db mice, as well as increased levels of dysregulation.
We also noted that terms and functions related to lipid metabolism were upregulated only in
the C57BKS db/db mice, while those related to neuronal differentiation and outgrowth were
downregulated. Overall, these comparisons again support a potential role for inflammation
and the immune response in DN.

Finally, to further characterize inflammation within the nerve environment, we examined the
levels of select cytokines and chemokines in SCN protein lysates. While no significant
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differences between BTBR ob/+ and ob/ob mice were observed at 5 weeks, at 13 weeks we
saw significant increases in the levels of IL-10, CCL11, CXCL1, and CXCL10, as well as a
trending increase in IL-6 in BTBR ob/ob SCN relative to levels in ob/+ SCN (Fig. 5A-E).
Similar to the gene expression data demonstrating a higher representation of inflammation
and immune response-related terms at the earlier 5 week time point, we also observed
decreases in CCL11 and CXCL1 protein levels at 13 weeks compared to at 5 weeks in
BTBR ob/ab mice. Finally, MMP12 protein levels were consistently increased at each time
point in BTBR ob/ob mice, as seen in the gene expression arrays (Fig. 5F).

DISCUSSION

As the T2D pandemic continues to escalate, there is a critical need for novel animal models
that recapitulate the associated diabetic complications in order to develop effective treatment
strategies. This is particularly important for DN, a debilitating and common complication
with no effective treatments. The current studies demonstrate that BTBR ob/ob mice exhibit
numerous features of DN, including thermal hypoalgesia, delayed NCVs, and reduced IENF
density. Furthermore, our gene expression profiling analyses suggest that many
inflammatory mediators within the peripheral nerve are dysregulated in diabetes,
strengthening the emerging idea that inflammation may contribute to DN pathophysiology in
T2D. Thus, we anticipate that BTBR ob/ob mice are a favorable model for disease
pathogenesis and therapeutic development studies due to the rapid and robust disease onset
and progression.

Despite the surge in diabetes-related studies, the repertoire of available mouse models where
DN has been characterized remains limited (10,16). Furthermore, these models are on
varying background strains, model both type 1 (T1D) and T2D, and analyses are reported
with differing diabetes durations, at different ages, and with different genders; factors which
can all impact phenotypes. Data indicate that ob/ob mice are susceptible to more robust
diabetes on the BTBR background compared to the C57BL6 background (14), and we and
others have shown that BTBR ob/ob mice are hyperphagic and exhibit early and robust
diabetes along with evidence of dyslipidemia as early as 5 weeks of age (Fig. 1,
Supplementary Fig. 1; (11,13,14)). BTBR ob/ob mice also exhibit a number of
microvascular complications associated with diabetes, including nephropathy,
cardiomyopathy, and fatty liver disease (13,24), suggesting that they may represent an ideal
model for diabetic complications research; however, the impact of T2D on the peripheral
nervous system in BTBR ob/ob mice was not known prior to the current study.

Our goal was to characterize neuropathy in BTBR ob/ob mice. We demonstrate that BTBR
ob/ob mice exhibit increased thermal latency and decreased MNCV and SNCV by 9 weeks
and reduced IENF density at 13 weeks (Fig. 2). Reports on established leptin-based models,
including the C57BKS db/db and C57BL6 ob/ob mice, exhibit the presence of DN
pathology beginning as early as 8 weeks and 11 weeks, respectively, while C57BL6 db/db
mice only exhibit significant DN outcomes at 24 weeks when fed a high-fat diet (10).
Interestingly, our BTBR ob/ob data demonstrate 29% and 40% decreases in MNCV at 9 and
13 weeks, respectively, whereas C57BL6 ob/ob mice exhibit a 22% decrease at 11 weeks
(14), suggesting that BTBR ob/ob mice develop a more rapid and robust DN phenotype.
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This is not unexpected given the increased diabetes severity in BTBR ob/ob mice relative to
C57BL6 ob/ob mice (11,13,14).

While we acknowledge that leptin-based models have limitations and alternative mouse
background- and leptin-dependent effects may impact phenotypes (11,12,14), our results
support BTBR ob/ob mice as a valid model for DN research. Because these animals develop
other microvascular complications (13,24), they also provide a means to study common
mechanisms that underlie DN and other diabetic complications. In addition, the leptin
deficiency in BTBR ob/ob mice offers an opportunity to examine the reversibility of diabetic
complications using exogenous leptin treatment, an approach not possible in models based
on leptin receptor mutations (25).

To examine potential mechanisms underlying DN pathogenesis, we performed gene
expression profiling on SCN from 5- and 13-week BTBR ob/ob and ob/+ mice (Fig. 3).
Using our in-house bioinformatics pipeline (17), we found that aging BTBR ob/ob mice
demonstrate dysregulation of pathways related to endocytosis and membrane trafficking
between 5 and 13 weeks, and that some of the most highly regulated DEGs are related to the
humoral response, suggesting that immune dysregulation within the nerve environment may
contribute to DN progression. We observed a 5.02- and 6.33-fold increase in Ighgl and
Ighg2, respectively, in BTBR ob/ob mice at 13 weeks, and previous studies demonstrate that
IgGs are elevated in T2D patients and are strongly associated with diabetic nephropathy in
T1D patients (26). Furthermore, increased 1gG deposition is observed in the kidney of NOD
mice, a T1D model, likely due to infiltrating B cells (27). Likewise, we observed significant
overrepresentation of inflammation and immune response pathways in BTBR ob/ob mice at
both 5 and 13 weeks. Interestingly, the level of differential expression and the number of
DEGs within the inflammation and immune response categories were significantly increased
at the earlier time point, which may suggest that these pathways may underlie DN onset. As
we are unable to ascertain at this point whether inflammation plays a causal contribution to
DN or if inflammation is a consequence of diabetes itself with no bearing on DN
progression, further in-depth experimental analyses are necessary to explore the role of
inflammation in the nerve environment.

Inflammation is gaining momentum as a potential driving mechanism in the development
and progression of diabetic microvascular complications. Emerging evidence strongly
supports a role for inflammation in the progression of diabetic retinopathy and nephropathy
(28,29), and cross-sectional and prospective studies have demonstrated elevated levels of
circulating inflammatory mediators, including cytokines, chemokines, and acute-phase
proteins, in the blood of T2D patients (30,31). In a rat nerve injury model, infiltration of
inflammatory cells and an increase of cytokines is observed in the SCN (32-34); however,
little is known about the role of inflammation in DN in T1D and T2D models. In BTBR
ob/ob mice, we observed significant elevation of IL-10, CCL11, CDCL1, and CXCL10 at 13
weeks, as well as an increasing trend for IL-6. In streptozotocin (STZ)-injected C57BL6
mice, a model of T1D, the pro-inflammatory molecules IL-6, TNF-a, and IL-1 were
elevated in SCN (35-37). In T2D patients, IL-6 is elevated in sural nerve perineurium (37),
and increased NF-xB activity, a transcription factor responsible for generating a number of
immune-related mediators, is also observed in T2D patient sural nerves (38). Gene
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expression profiling studies on T1D and T2D human subjects with progressive DN also
implicate inflammation (21). Therefore, our recent observation of several inflammation
pathways in BTBR ob/ob mice strengthens the emerging idea that inflammation plays a role
in the pathophysiology of DN.

Of note, the SCN includes a heterogeneous mix of Schwann cells, nerves, fibroblasts,
adipocytes, and vascular endothelial cells (39) as well as resident and infiltrating non-
neuronal cells; therefore, it is possible that the observed alterations may be driven by cell
types other than the nerves. In addition, it is also possible that circulating immune cells may
be recruited into peripheral nerves during DN, similar to observations in diabetic retinopathy
and nephropathy (40,41). Our data demonstrate that CCL2, a chemokine strongly associated
with inflammatory cell recruitment to sites of injury (42), was among the significantly
increased DEGs (fold change of 2.88 at 5 weeks). While we did not detect CCL2 in our SCN
protein profiling analysis, elevated CCL2 levels are observed in peripheral blood of T2D
patients (43), and increased CCL2 is present in C57BL6 ob/ob mouse plasma (44).
Furthermore, our protein profiling data demonstrates that other classical mediators of
chemotaxis, including CCL11, CXCL1, and CXCL10, are upregulated in BTBR ob/ob
mouse SCN at 13 weeks (Fig. 5A-D), and chemotaxis terms and pathways are
overrepresented at 5 weeks (Fig. 3, 4). Finally, MMP12 was the highest upregulated gene at
both 5 and 13 weeks, and increased MMP12 protein was also present in BTBR ob/ob SCN
(Supplementary Fig. 2, Fig. 5E). MMPs are involved in extracellular matrix breakdown
during normal physiological processes and in disease conditions (45) and are expressed in
activated macrophages (46) and Schwann cells (47), further indicating that chemotaxis and
recruitment of immune cells may play a role in DN pathogenesis. Given that blocking
chemotaxis using a CCR2 antagonist in C57BKS db/db mice or knocking out CCL2 in
C57BL6 db/db mice attenuates diabetic nephropathy (40,48), further investigation into
therapies targeting chemokines identified in BTBR ob/ob mice or those targeting MMP12
activity may be warranted for DN. In addition, future studies investigating the source of
altered immune mediators, whether they are associated with infiltrating cells or produced by
resident cells, are also warranted to gain additional insight into potential therapeutic targets
in DN.

Also of interest are the results and implications stemming from our protein multiplex
analyses. Though our protein array data do not exhibit significant differences at 5 weeks of
age, this could be explained by the potential variability in the diabetic status of the BTBR
ob/ob mice as this time point coincides with hyperglycemia onset. Thus, not all mice may
exhibit a robust diabetic phenotype at 5 weeks. In support of this contention, we performed a
Pearson correlation on our 5 week MMP12 protein data and found that MMP12 levels
correlate with increased levels of %GHb (0.86; P = 0.0003). Additional longitudinal
measurements of the selected cytokines between 4-13 weeks with increased sample sizes
may provide less variable outcomes and a clearer picture of any associated alterations in the
levels of these mediators throughout the DN disease course.

We also observed a decrease in inflammatory mediators between 5 and 13 weeks for both
the diabetic and control mice, a finding that could be attributed to the ongoing nerve
developmental processes at the early time point. Chemokines, including CCL5 (49) and
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CXCL12 (50), are essential for the development and organization of the hematopoietic/
lymphopoietic system and are expressed by different types of cells in the nervous system.
Thus, the cytokines that were significantly increased in our 5 week array data may reflect
these early processes. While the levels decrease once the nervous system is fully developed
in the BTBR ob/+ mice, these levels do not drop to same extent in the diabetic BTBR ob/ob
mice. We speculate that hyperglycemia and the associated oxidative stress in the diabetic
nerve environment could account for the observed persistence of these inflammatory
mediators in BTBR ob/ob mice.

Though the gene expression data demonstrate increased dysregulation of immune related
categories at the earlier 5 week time point, our protein data do not exhibit significant
differences until 13 weeks. One explanation is that steady-state transcript levels can only
partially predict protein levels due to the intricate, heavily regulated processes that span
mMRNA processing to the post-processed proteome (51). Of the cytokines measured using the
multiplex assay CXCL1 (at 13 weeks) and MMP12 (at 5 and 13 weeks) are differentially
expressed in our microarray data set. Measuring the protein products of other dysregulated
immune-related genes identified in our GSEA (Supplementary Table 4) could likely provide
a more complete reflection of the inflammation and immune response pathways that occur in
the BTBR ob/ob mice at 5 weeks. The protein levels of some of these targets will be
assessed in subsequent studies.

Comparison of 5- and 13-week BTBR ob/ob DEGs with 24-week C57BKS db/db mouse
data identified 189 shared DEGs and a number of common bioclogical functions (Fig. 4A,;
Supplementary Table 4). Again, MMP12 was significantly upregulated in C57BKS db/db
mice, reflecting levels 6.6-fold higher than controls. In addition, changes consistent with
demyelination were observed across the 3 datasets. Genes encoding the myelin structural
proteins PMP22, MPZ, and ELOVL6 were down-regulated at 5 and 13 weeks and may
represent early Schwann cell abnormalities that precede the structural changes of
demyelination. Segmental demyelination has been observed in human DN (52), but evidence
of structural abnormalities is lacking in mouse models, potentially because of the shorter
disease course relative to humans. Interestingly, no chemokines were included among the
189 common DEGs, suggesting that these changes may be strain- and age-dependent;
however, a number of other inflammation-related DEGs were common, including I1rn, 117r,
and TIr13. These are reflected in the overrepresented terms related to inflammation, the
immune response, and chemotaxis which are shared among models following the functional
enrichment analyses.

In summary, a single model that manifests every aspect of human DN does not exist;
however, BTBR ob/ob mice exhibit robust DN and provides a great opportunity to elucidate
the molecular mechanisms and investigate novel therapies for DN. Our data further suggest
that inflammation may underlie DN development and progression, and future studies
examining the role of inflammation and the immune response in DN are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. Metabolic and lipid profile of BTBR ob/ob mice
A-B. BTBR ob/+ (solid black circles) and ob/ob (open circles) mice were analyzed for body

weight (A) and fasting blood glucose (B) at 5 weeks or weekly from 6 until 13 weeks of age.
ANOVA confirms significance of the whole curves as well as between each data point. C—
F. BTBR ob/+ (solid bars) and ob/ob (open bars) mice underwent terminal glycosylated
hemoglobin (%GHb; C), fasting plasma insulin (D), total plasma cholesterol (E), and total
triglycerides (F) measurements at 5 and 13 weeks of age Means = SEM, n = 7-11 per group.
*** P < (0.0001 vs. non-diabetic ob/+ mice. # P < 0.05, ## P < 0.001; ### P < 0.0001 vs. 5

week mice.
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FIG. 2. BTBR ob/ob mice display robust neuropathy characterized by electrophysiological and
morphological deficits

A. Response time of hindpaw withdrawal latency to thermal stimulus at 9 weeks of age. B—
C. Analysis of sural (B; Motor NCV) and sciatic (C; Sensory NCV) nerve conduction
velocity in BTBR ob/+ (black bars) and ob/ob mice (open bars) at 9 and 13 weeks of age. D.
Representative images of PGP 9.5-stained nerve fibers in BTBR ob/+ (top) and ob/ob
(bottom) mice density at 13 weeks of age. White circles indicate nerve fibers. Bar = 200 pM.
E. Quantification of IENF density in 13 week BTBR ob/+ (black bar) and ob/ob (open bar)
mice. Means + SEM, n = 7-11 per group. * P < 0.05; *** P < 0.0001 vs. non-diabetic ob/+
mice. ## P < 0.001; ### P < 0.0001 vs. 9 week mice.
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FIG. 3. Gene expression analyses in the SCN of BTBR ob/ob mice
RNA samples obtained from the SCN of BTBR ob/+ and ob/ob mice at 5 and 13 weeks of

age were hybridized to Affymetrix GeneChip microarrays. Data were analyzed to identify
DEGs and functional enrichment analyses were performed to identify overrepresented
biological categories and pathways. A. Data sets were compared using an IBMT FDR < 0.05
to identify DEGs. The number of DEGs from each comparison are indicated along each
arrow; numbers in parentheses indicate the number of up- (red) and down- (blue) regulated
DEGs in each dataset. B. Functional enrichment analysis using DAVID on the four DEG
sets, including 5wk ob/+, 5wk ob/ob, 13wk ob/+ and 13wk ob/ob. Benjamini-Horchberg
(BH)-corrected P-values of the top 10 most significant functional terms are represented by
heat-map with a log10-based color and number index.
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FIG. 4. Comparison of DEGs identified in BTBR ob/ob mice to those identified in another T2D
DN model, the C57BKS db/db mouse

DEGs from 5 and 13 week BTBR ob/ob mice were compared to previously published DEGs
from 24 week C57BKS db/db mice. A. Venn diagram demonstrating the number of common
DEGs among the 3 datasets. B. Heat map demonstrating the top most significant up- and
down-regulated functional categories in each dataset, represented using a log10-BH-
corrected P value-based color and number index.
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FIG 5. Cytokine and MMP protein levels in SCN of BTBR ob/ob mice
Protein levels of IL-6 (A), IL-10 (B), CCL11 (C), CXCL1 (D), CXCL10 (E) and MMP12

(F) in SCN of BTBR ob/+ (black circles) and ob/ob (open circles) mice, measured using
MILLIPLEX xMAP magnetic bead technology. * P < 0.05, **P < 0.01; ***P < 0.001 vs.
non-diabetic ob/+ mice. #P < 0.05, ##P < 0.01; ###P< 0.001 vs. 5 week mice.
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