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Abstract
Aims/hypothesis Dysregulation of biochemical pathways in
response to hyperglycaemia in cells intrinsic to the nervous
system (Schwann cells, neurons, vasa nervorum) are thought
to underlie diabetic peripheral neuropathy (DPN). TNF-α is a
known aetiological factor; Tnf-knockout mice are protected
against DPN. We hypothesised that TNF-α produced by a
small but specific bone marrow (BM) subpopulation marked
by proinsulin production (proinsulin-producing BM-derived
cells, PI-BMDCs) is essential for DPN development.
Methods We produced mice deficient in TNF-α, globally in
BM and selectively in PI-BMDCs only, by gene targeting and
BM transplantation, and induced diabetes by streptozotocin.
Motor and sensory nerve conduction velocities were used to
gauge nerve dysfunction. Immunocytochemistry, fluore-
scence in situ hybridisation (FISH) and PCR analysis of dorsal
root ganglia (DRG) were employed to monitor outcome.
Results We found that loss of TNF-α in BM only protected
mice from DPN. We developed a strategy to delete TNF-α
specifically in PI-BMDCs, and found that PI-BMDC-specific

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-014-3440-4) contains peer-reviewed but unedited
supplementary material, which is available to authorised users.

H. Urabe : T. Terashima : F. Lin :H. Kojima : L. Chan (*)
Department of Medicine, Baylor College of Medicine, One Baylor
Plaza (MS: BCM185), Houston, TX 77030, USA
e-mail: lchan@bcm.edu

H. Kojima : L. Chan
Department of Molecular and Cellular Biology, Baylor College of
Medicine, Houston, TX, USA

H. Urabe : T. Terashima :H. Kojima
Department of Stem Cell Biology and Regenerative Medicine,
Shiga University of Medical Science, Ōtsu, Japan

Diabetologia (2015) 58:402–410
DOI 10.1007/s00125-014-3440-4

loss of TNF-α protected against DPN as robustly as loss of
total BM TNF-α. Selective loss of PI-BMDC-derived TNF-α
downregulated TUNEL-positive DRG neurons. FISH re-
vealed PI-BMDC−neuron fusion cells in the DRG in mice
withDPN; fusion cells were undetectable in non-diabetic mice
or diabetic mice that had lost TNF-α expression selectively in
the PI-BMDC subpopulation.
Conclusions/interpretation BMDC-specific TNF-α is essen-
tial for DPN development; its selective removal from a small
PI-BMDC subpopulation protects against DPN. The pathoge-
nicity of PI-BMDC-derived TNF-α may have important ther-
apeutic implications.
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Abbreviations
BM Bone marrow
BMT BM transplantation
DPN Diabetic peripheral neuropathy
DRG Dorsal root ganglia
FISH Fluorescence in situ hybridisation
KO Knockout
MNCV Motor nerve conduction velocity
PI-BMDC Proinsulin-producing BM-derived cell
RIP Rat insulin promoter
RIP-Cre RIP-driven Cre
SNCV Sensory nerve conduction velocity
STZ Streptozotocin
Tnf-f Tnf-floxed
WT Wild-type
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Introduction

Diabetic peripheral neuropathy (DPN) is a common compli-
cation of diabetes that afflicts more than half of all diabetic
individuals [1–5]. The pathogenesis of DPN involves multiple
aetiological factors downstream of hyperglycaemia, including
oxidative stress [6, 7], increased mitochondrial production of
reactive oxygen species [1], hypoxia [8], increased advanced
glycation endproducts and the receptor RAGE [9, 10], activa-
tion of protein kinase C [11] and/or polyol pathways [12, 13],
growth factor deficiency [14] and activation of inflammatory
cytokines such as TNF-α and IL-6 [15]. These dysregulated
pathways are thought to affect Schwann cells, neurons and
vasa nervorum, cells and tissues intrinsic to the nervous sys-
tem. There is, however, emerging evidence that bone marrow
(BM)-derived haematopoietic cells contribute actively to the
pathogenesis of DPN [16].

Our laboratory first described the presence of proinsulin-
producing BM-derived cells (PI-BMDCs) in different tissues
in rodent models of diabetes [17]. PI-BMDCs were shown to
co-express TNF-α [18], an inflammatory cytokine that has
been implicated in diabetic complications, including DPN [4,
19, 20]. Global inactivation of TNF-α either in knockout
(KO) mice or by treatment with an anti-TNF-α monoclonal
antibody was shown to ameliorate DPN [21]. Moreover, treat-
ment with a recombinant human TNF-α receptor–antibody
fusion protein partially ameliorates DPN in diabetic rats [22].

In diabetes, TNF-α is produced by many different cell
types and tissues in the peripheral nervous system [4, 19,
20]. Here, we hypothesise that TNF-α produced by
PI-BMDCs plays a determining role in the pathogenesis of
DPN and that selective inhibition of TNF-α in PI-BMDCs
only protects against DPN in diabetic mice. If proven correct,
this is an important hypothesis because it identifies a specific
cell target for therapeutic intervention.

Methods

Animals We purchased B6.129S-Tnf tm1Gkl/J mice from
Jackson Laboratories (Bar Harbor, ME, USA) and obtained
Tnf tm1.1Sned mice from the US National Institutes of Health
(Bethesda, MD, USA). B6.129S-Tnf tm1Gkl/J mice were
backcrossed to C57BL/6 mice for over 12 generations. Tnf
floxed/RIP-Cre mice were produced by breeding transgenic
Tnf floxed (Tnf-f) mice with rat insulin promoter (RIP)-driven
Cre (RIP-Cre) mice [23–25]. For BM transplantation (BMT),
we irradiated (10 Gy) 8-week-old C57BL/6J female mice and
then injected 4×106 BM cells from male wild-type (WT)
global Tnf KO mice or Tnf-f/RIP-Cre mice. At 4 weeks after
BMT, we induced diabetes by intraperitoneal injection of
streptozotocin (STZ; 150 mg/kg). The chimaerism of donor
cells was >90% after 4 weeks and graft-vs-host-disease score

[26, 27] was very low. We used mice with blood glucose of
>13.8 mmol/l on day 7 for study. All experiments were
performed according to the guidelines of the Institutional
Animal Care and Use Committee at Baylor College of
Medicine.

Analysis of tissue mRNA and quantitative RT-PCR Total RNA
was extracted by RNeasy Kit (Qiagen, Valencia, CA, USA)
and treated with DNase I (Life Technologies, Carlsbad, CA,
USA) digestion. After reverse transcription using oligo-dT
primer (Life Technologies), the mRNA expression level of
Ins1, Ins2 and Tnf was quantified by real-time PCR using
PerfeCta SYBR Green SuperMix, Low ROX and PerfeCta
qPCR SuperMix (Quanta Biosciences, Gaithersburg, MD,
USA). The primer sequences are listed in electronic
supplementary material (ESM) Table 1. We used Mx3005P
QPCR system (Stratagene, La Jolla, CA, USA), and results
were analysed byMxProQPCR software, version 4.10 (Strata-
gene), using β-actin as control.

Immunohistochemical and immunocytochemical analysis We
fixed the mice, after exsanguination, in 4% paraformaldehyde
by perfusion and isolated dorsal root ganglia (DRG) at L3–L5.
Isolated thigh bones were decalcified in 10% EDTA for one
week. DRG and thigh bones were cut into 10 μm-thick
sections and incubated with anti-proinsulin (mouse monoclo-
nal; Fitzgerald Industries International, Acton, MA, USA),
anti-TNF-α antibody (goat polyclonal; Santa Cruz Biotech-
nology, Dallas, TX, USA) and anti-microtubule-associated
protein 2 (MAP2) antibody (rabbit polyclonal; Cell Signaling
Technology, Danvers, MA, USA). Next we incubated the
sections with species-matched fluorescence-labelled second
antibodies, and observed the sections under a fluorescence
or light microscope (Zeiss, Thornwood, NY, USA; Nikon,
Tokyo, Japan). We counted 350–500 DRG neurons per mouse
in at least three sections separated by 50 μm intervals. The
number of immunopositive cells was normalised to the total
number of neurons counted.

Fluorescence in situ hybridisation for Y chromosome For
fluorescence in situ hybridisation (FISH) for Y chromosome,
we obtained IDYE 495- or 556-labelled mouse chromosome
Y paint probe from ID Labs (London, ON, Canada). We cut
DRG into 10 μm sections, mounted them on gelatin-coated
glass slides and incubated DRG sections or cultured DRG
neurons with 0.01% pepsin solution for 20 min at 37°C. Then
sections were washed with 0.1 mol/l PBS, dehydrated with
ethanol and air-dried. Probes were applied to sections covered
with a coverslip. Next, we co-denatured the probes and sec-
tions for 10 min at 80°C and incubated them overnight at
37°C. The coverslips were removed and slides were incubated
with 50% formamide in 2×SSC (300mmol/l NaCl, 30mmol/l
sodium citrate, pH 7.0) solution for 20 min at 37°C and
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washed with 1×SSC (150 mmol/l NaCl, 15 mmol/l sodium
citrate, pH 7.0) for 15 min at room temperature. We stained
sections with DAPI and observed them under a laser-scanning
microscope. For quantitative evaluation of nuclear ploidy, we
measured DAPI intensity in whole nuclei with three-
dimensional images and compared the values in cells positive
and negative for Y chromosome.

Y chromosome PCR and quantification We isolated DNA
from DRG using DNeasy (Qiagen). Y chromosome se-
quences were detected by PCR with 6y or Sry sequence and
standardised by Gapdh (sequence of primers listed in ESM
Table 1) [28, 29]. For quantification of the Y chromosome, we
generated standard curves of mixtures of male and female
DNA from DRG tissues (male:female, by percentage: 100:0,
90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90,
0:100). DNA levels of 6y, Sry and autosomal Gapdh were
quantified by real-time PCR using PerfeCta SYBR Green
SuperMix, Low ROX (Quanta Biosciences) in all samples
and mixtures. The levels of 6y and Sry were normalised
by dividing by the autosomal Gapdh. Y chromosome
percentages in samples were calculated from the standard
curves.

TUNEL staining We fixed DRG and sciatic nerves in 4%
paraformaldehyde at L3–L5, cut them into 10μm-thick frozen
sections and labelled apoptotic nuclei using a TUNEL
labelling kit (Roche, Mannheim, Germany). Positive and
negative controls were generated according to the kit protocol.
Sections of DRG and sciatic nerves were obtained every 10
serial sections at 100 μm intervals. We evaluated 400–600
neurons/mouse and calculated the prevalence of TUNEL-
positive cells in data generated from ~5 individual mice.

FACS analysis We isolated total BM cells from the femur,
humerus and tibia of mice under anaesthesia. Mononuclear
cells were isolated from total BM or peripheral blood cells
using Ficoll-Paque (GE Healthcare Bio-Sciences, Uppsala,
Sweden) and then incubated with anti-proinsulin (Fitzgerald
Industries International) and anti-TNF-α antibody (Santa
Cruz Biotechnology). Next we incubated the sections with
species-matched fluorescence-labelled second antibodies.
Data were collected using a FACS Calibur (BD Biosciences,
San Jose, CA, USA).

Motor and sensory nerve conduction measurements We mea-
sured motor nerve conduction velocity (MNCV) and sensory
nerve conduction velocity (SNCV) using a Sierra 6200A
instrument (Cadwell, Kennewick, WA, USA) in anaesthetised
mice at 30–32°C. We used sciatic nerve for motor nerve
conduction measurement [30]. For sensory nerve function,
we stimulated sural nerves in the distal site at ankle joint level
and made recordings in the proximal site.

Statistical analysis Results are presented as means ± SD. We
performed statistical analysis using SPSS Statistics 19 soft-
ware (IBM SPSS, Chicago, IL, USA) and used Student’s t test
to compare two independent groups and one-way ANOVA
followed by the multiple comparison test to compare three or
more groups. Statistically significant difference is defined as a
p value of <0.05.

Results

Selective loss of TNF-α expression confined to BM cells
protects against diabetic neuropathy Global Tnf KO mice,
in which TNF-α from multiple cellular sources has been
ablated, were shown to be protected from the development
of DPN [21]. To test the hypothesis that TNF-α-producing
BM-derived cells play a key role in DPN, we performed BMT
of WT vs Tnf KO BM into WT mice (WT→WT mice vs Tnf
KO→WT mice). The experimental design (ESM Fig. 1a, b)
consisted of transplanting BM cells from male Tnf KO or WT
donors into WT female recipients. Four weeks after BMT, we
induced diabetes with STZ (DM group); citrate buffer-injected
mice served as non-diabetic WT controls (WT group). We
evaluated the mice 12 weeks after STZ-induced diabetes
(ESM Fig. 1a, b) and found significant hyperglycaemia and
reduced body weights in both DM groups, whether they
received Tnf KO or WT BMT, as compared with the citrate-

Fig. 1 Effect of Tnf KO BMT or loss of PI-BMDC-specific TNF-α on
peripheral nerve function in STZ-diabetic mouse. MNCV (a, c) and
SNCV (b, d) of mouse lower limbs. (a, b) Female WT mice were
transplanted with BM from male WT (WT→WT) or Tnf KO (Tnf
KO→WT) mice. (c, d) Female WT mice were transplanted with BM
from male Tnf flox/flox (Tnf-f→WT) or Tnf-f/RIP-Cre (Tnf-f/RIP-Cre→
WT) mice. Data are mean ± SD, n=10–13; **p<0.01 for the indicated
comparison
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treated non-DM groups (ESM Fig. 1c, d). Next, we deter-
mined the MNCV (Fig. 1a) and SNCV (Fig. 1b) in DM mice
and found significantly impaired velocities in mice that had
received WT BM cells (DM WT→WT) compared with non-
DM mice transplanted with WT BM cells (non-DM WT→
WT). In contrast, there was no difference between non-DM
and DM mice that had received Tnf KO BMT (comparing
non-DM Tnf KO→WT and DM Tnf KO→WT mice).
TUNEL staining detected TUNEL-positive cells only in the
sections of the DMWT→WT group (1.13±1.13/mm2, n=6),
such cells being absent in the non-DM WT→WT group
(0.0±0.0/mm2, n=6); the difference between the non-DM
WT→WT and DM WT→WT was significant (p<0.05). In
contrast, there was no difference between non-DM and DM
mice that had received TnfKOBMT (non-DM TnfKO→WT,
0.0±0.0/mm2; DM Tnf KO→WT, 0.14±0.38/mm2, n=6).
Thus, selective loss of TNF-α expression only in BM-derived
cells confers essentially complete protection against DPN.

PI-BMDCs are a major source of the TNF-α that underlies
diabetic neuropathy Earlier studies in our laboratory sug-
gested that PI-BMDCs are involved in the pathogenesis of
DPN [30]. We therefore co-stained the sections with anti-
proinsulin antibody, anti-TNF-α antibody and DAPI (nuclear
staining) (Fig. 2a). In the DM WT→WT group, we detected
proinsulin and TNF-α double-positive cells as previously
reported [30]. We counted the immunopositive cells in the
DRG and normalised the value to the total number of DRG
neurons (Fig. 2b). Proinsulin-positive, TNF-α-positive and
double-positive cells were significantly increased in the DM
WT→WT group compared with the non-DM WT→WT
group, with the double-positive cells making up ~10% of the
cells 12 weeks after development of diabetes. In comparison,
the proportion of proinsulin-positive cells in DM total BM
was 3.25%, whereas that in non-DM BM was 0.00%. Fur-
thermore, all proinsulin-positive cells were positive for
TNF-α (data not shown). In contrast, there was no significant
change in the number of proinsulin- or TNF-α-
immunopositive cells in the DRG of DM TnfKO→WT group
when compared with the non-DM Tnf KO→WT group
(Fig. 2b and ESM Fig. 2). We next quantified selected
mRNAs in the DRG isolated from the different groups
(Fig. 2c). In the DM WT→WT group, the level of Ins1, Ins2
and Tnf transcripts was about five- to tenfold higher than in the
non-DM WT→WT group. Importantly, there was no differ-
ence in the level of Ins1, Ins2 and Tnf mRNA between DM
and non-DM groups in the mice transplanted with total Tnf
KO BM.

TNF-α expression in a specific, small and highly selective,
subpopulation of BM-derived cells, PI-BMDCs, mediates di-
abetic neuropathy In the above BMT experiments, in which
we compared the results from mice transplanted with BM

from either WT or Tnf KO donors, we could only infer
indirectly that the pathogenic cytokine TNF-α was derived
from PI-BMDCs because only a small subfraction of
BM-derived cells in diabetic mice expresses proinsulin [17].
To demonstrate a direct role for PI-BMDC-derived TNF-α in
the pathogenesis of DPN, we generated Tnf-f/RIP-Cre mice
by cross-breeding Tnf flox/flox mice with RIP-Cre mice (ESM
Fig. 1e) and generated PI-BMDC-specific Tnf conditional KO
mice (Tnf-f/RIP-Cre→WT) by transplanting BMT from Tnf-f/
RIP-Cre male donor mice to WT female recipient mice (ESM
Fig. 1f). As control, we transplanted BM frommale Tnf flox/flox

(Tnf-f) mice to WT female mice (Tnf-f→WT) (ESM Fig. 1f).
We induced diabetes by STZ administration in Tnf-f/RIP-
Cre→WTand Tnf-f→WTmice and compared the two groups
before (non-DM group) and 12 weeks after STZ treatment
(DM group) (ESM Fig. 1f). Blood glucose was elevated and
body weight reduced after STZ (both DM Tnf-f/RIP-Cre→
WT and DM Tnf-f→WT groups) compared with the values
before STZ (non-DM Tnf-f/RIP-Cre→WT and non-DM
Tnf-f→WT) (ESM Fig. 1g, h).

We found that the MNCV and SNCV in the Tnf-f→WT
group were significantly decreased at 12 weeks after STZ
(DM group) compared with pre-STZ (non-DM) values
(Fig. 1c, d). In contrast, neither MNCV nor SNCV in the
DM Tnf-f/RIP-Cre→WT group was significantly different
12 weeks after STZ compared with the conduction velocities
in the non-DM Tnf-f/RIP-Cre→WT group. We note that,
under this experimental protocol, Tnf deletion occurs when
the proinsulin promoter-driven-Cre is activated (i.e. only in
PI-BMDCs). Importantly, identical results were obtained in
mice transplanted with PI-BMDC-specific Tnf deletion BM to
those obtained in mice that had received BM from global Tnf
KO donors.

To obtain morphological evidence for proinsulin and
TNF-α expression, we examined by immunocytochemistry
the DRG tissue sections from DM vs non-DM Tnf-f/RIP-
Cre→WT mice, and DM vs non-DM Tnf-f→WT mice
(Fig. 3a). In DM Tnf-f→WT mice, we readily detected cells
that were double-positive for proinsulin and TNF-α. In con-
trast, in the DM Tnf-f/RIP-Cre→WT group, the low rate of
occurrence of such double-positive cells did not differ signif-
icantly from the number in the non-DM controls. We counted
the immunopositive cells in the DRG and normalised the
value to the total number of DRG neurons examined
(Fig. 3b and ESM Fig. 2). The numbers of proinsulin-positive,
TNF-α-positive and double-positive cells (~10%) in the DM
Tnf-f→WT group were significantly increased compared with
the numbers of such cells in non-DM Tnf-f→WT group.
There was considerable scatter in proinsulin- or TNF-α-
immunopositive cells, but the numbers did not differ between
DM Tnf-f/RIP-Cre→WT and non-DM Tnf-f/RIP-Cre→WT
groups. We note that the low number of single TNF-α-
immunopositive cells in the DM Tnf-f/RIP-Cre→WT group
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shown in Fig. 3b could have been derived from non-BM-
derived neural cells and tissues, a known source of TNF-α
[4, 19, 20] that is not removed by the RIP-Cre-mediated
ablation strategy. The expression of TNF-α in proinsulin-
positive BM cells was completely eliminated (ESM Fig. 3).
To complement the immunocytochemical analysis, we quan-
tified the mRNA level of Ins1, Ins2 and Tnf in RNA isolated
from the DRG (Fig. 3c) and found that Ins1, Ins2 and Tnf
transcripts were significantly increased in the DRG isolated
from the DM Tnf-f→WT group as compared with the non-
DM Tnf-f→WT group. In contrast, there was no significant
difference in the levels of Ins1, Ins2 or Tnf transcripts in the
DRG isolated from non-DM vs DM Tnf-f/RIP-Cre→WT
groups. Therefore, the data from DM Tnf-f/RIP-Cre→WT
mice recapitulate the pattern obtained from diabetic mouse
recipients of whole Tnf KO BM.

Next, we performed TUNEL staining to gauge the levels of
apoptosis in the DRG neurons (Fig. 4a). We counted the
number of TUNEL-positive cells and normalised the value
to the total number of DRG neurons examined (Fig. 4b).
There were few, if any, TUNEL-positive cells in the non-
DM groups. The frequency of TUNEL-positive cells in the
DM Tnf-f→WT group was much higher than in the non-DM
Tnf-f→WT group; in contrast, there was no difference in the
number of apoptotic cells between the DM and non-DM

Tnf-f/RIP-Cre→WT groups (Fig. 4a, b). Therefore, selective
deletion of Tnf from PI-BMDCs only protects against
diabetes-induced neuronal apoptosis.

TNF-α-expressing PI-BMDC–neuron fusion cells in the DRG
of mice with DPN A pathogenic property of PI-BMDCs is
their propensity to fuse with neurons in diabetic animals,
contributing to premature apoptosis [30, 31]. Therefore, we
had designed the BMTexperiment in a way that enabled us to
identify PI-BMDC–neuron fusion cells by transplanting BM
from male donor to female recipient mice, a standard strategy
for identifying fusion cells formed between BM donor cells
and specific cells in the recipients [32–34]. As observed
previously [24], the presence of Y chromosome genetic ma-
terial within a neuron-like cell in the DRG of the recipient
animal indicates a fusion cell because all DRG cells with the Y
chromosome are also polyploid (ESM Fig. 4). By FISH, we
detected Y chromosome-specific hybridisation signals in the
nuclei of DRG neurons only in the DM Tnf-f→WT group
(Fig. 5a) and not in the non-DM Tnf-f→WT, non-DM Tnf-f→
WT, non-DM Tnf-f/RIP-Cre→WTor DM Tnf-f/RIP-Cre→WT
groups.

Quantification of Y chromosome-specific sequences in
DNA isolated from the DRG by real-time PCR analysis
revealed a markedly higher concentration of Y chromosome

Fig. 2 Immunohistochemistry
and mRNA expression in the
DRG of global Tnf KO BMT
mice. (a) Immunohistochemistry
of proinsulin (green), TNF-α
(red) and nucleus (DAPI, blue) in
the DRG. Arrows indicate
proinsulin- and TNF-α-positive
cells. Scale bar, 10 μm in the
magnified image and 50 μm in
the other images. (b)
Quantification of immunoreactive
proinsulin and TNF-α normalised
to the total number of DRG nuclei
counted. Data are mean ± SD,
n=5–10. (c) Levels of Ins1, Ins2
and Tnf mRNA in the DRG
quantified by real-time PCR.
Results were normalised to β-
actin and shown as a ratio against
non-DM WT→WT group. Total
RNAwas extracted before and
12 weeks after STZ. Data are
mean ± SD, n=3–8; *p<0.05 and
**p<0.01 for the indicated
comparison
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gene sequences, 6y and Sry, in the DM Tnf-f→WT group than
in the non-DM Tnf-f→WT group (Fig. 5b). In contrast, there
was no difference in the level of Y chromosome-specific

sequences in the DM Tnf-f/RIP-Cre→WT group compared
with the non-DM Tnf-f/RIP-Cre→WT group, it being very
low in both (Fig. 5b). Notably, Y chromosome gene sequences
detected by quantitative PCR in the DNA include low levels
of BM donor DNA in the small number of BMDCs that were
in transit, but not fused with neurons, in the DRG.

Discussion

Amyriad of therapeutic modalities, including some in clinical
trials [5], have been used to treat DPN, with limited efficacy.
Unfortunately, our current understanding of the disease pro-
cess is limited in our ability to rationally design novel thera-
peutic approaches. TNF-α is a known aetiological cytokine in
DPN and is an actionable drug target [4, 19, 20]. In fact, we
showed that inactivation of TNF-α using infliximab, a chi-
maeric monoclonal antibody for TNF-α, ameliorates DPN in
mice [21]. Unfortunately, treatment of patients with autoim-
mune diseases with infliximab was shown to produce serious
side effects (e.g. upper respiratory tract infections, urinary

Fig. 3 Immunohistochemistry
and mRNA expression in the
DRG of mice with PI-BMDC-
specific Tnf KO and controls. (a)
Immunohistochemistry of
proinsulin (green), TNF-α (red)
and nuclei (DAPI, blue) in the
DRG. Arrows indicate proinsulin-
and TNF-α-positive cells. Scale
bar, 10 μm in the magnified
image and 50 μm in the other
images. (b) Quantification of
proinsulin- and TNF-α-positive
cells normalised to the total
number of nuclei counted. Data
are mean ± SD, n=3–6. (c) Levels
of Ins1, Ins2 and Tnf mRNA in
the DRG quantified by real-time
PCR. Results were normalised to
β-actin and shown as a ratio
against non-DM WT→WT
group. Total mRNAwas extracted
before and 12 weeks after STZ.
Data are mean ± SD, n=3–6;
†p=0.05, *p<0.05 and **p<0.01
for the indicated comparison

Fig. 4 TUNEL-positive cells in DRG neurons of Tnf conditional KO
mice. (a) TUNEL (green) and DAPI (blue) staining of DRG before and
12 weeks after STZ. Arrows indicate TUNEL-positive cells. Scale bar,
50μm. (b) Quantification of TUNEL-positive neurons in mice before and
12 weeks after STZ injection, shown as a percentage of the total number
of DRG neurons examined. Data are mean ± SD, n=3–6; **p<0.01 for
the indicated comparison
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tract infections) secondary to infliximab-induced immune
dysfunction, as well as other adverse effects (e.g. rash, back
pain, itching, fever and chills) possibly caused by allergy to
the medication. Clinical trials of infliximab or similar anti-
TNF-α agents in individuals with DPN have not been report-
ed, possibly because of these potentially serious side effects.

Our laboratory has identified PI-BMDCs, which constitute
~3% of total BM cells, as a culprit in the pathogenesis of DPN
[30, 31]. PI-BMDCs are induced by hyperglycaemia and have
been shown to co-express TNF-α [18]. In this study, we
hypothesised that PI-BMDC-derived TNF-α is the dominant
source of this pathogenic cytokine in DPN.

To address this hypothesis, we initially used BMT experi-
ments using TnfKO BMT donors and demonstrated that BM-
specific loss of TNF-α protects against DPN (Figs 1a, b and
2). In fact, selective loss of TNF-α in the BM only, led to
results (i.e. complete protection) that were similar to those
obtained in global Tnf KO mice, in which there was total loss

of TNF-α produced by all tissues and cells [21]. This finding
is significant because we showed that continued production of
TNF-α by tissues intrinsic to the nervous system (e.g.
Schwann cells and neurons [4, 19, 20]) had no significant
deleterious effect on nerve function in diabetic animals, which
continued to exhibit normal MNCVand SNCV (Fig. 1a, b).

BM encompasses a large heterogeneous population of
cells. Diabetes was reported to compromise the function of
the BM niche and BM cells [35–37]. Previous reports from
our laboratory indicated that BM-derived cells may be in-
volved in the pathogenesis of DPN [30, 31]. However, not
all BM cells are necessarily perpetrators in DPN. To examine
the hypothesis that the small subfraction of PI-BMDCs is the
true culprit, we took advantage of the fact that PI-BMDCs
produce proinsulin in response to hyperglycaemia [17, 18, 30]
(i.e. the insulin gene is activated in these cells) and devised a
novel strategy to inactivate TNF-α selectively in PI-BMDCs
only. Therefore, transgenic mice with insulin promoter-driven
Cre expression would produce Cre in all body cells that
express the insulin gene in the presence of hyperglycaemia.
Cross-breeding of these mice into Tnf-floxed mice would
allow the diabetes-activated specific deletion of Tnf in the
bigenic mice, which occurs in pancreatic beta cells as well
as PI-BMDCs. To avoid the complication of Tnf deletion in
beta cells, we used the bigenic mice as BM donors to create
mice that respond to hyperglycaemia by deleting Tnf specifi-
cally in PI-BMDCs, leaving the TNF-α expression pattern
intact in about 97% of the total BM-derived cells and in 100%
of non-BMDCs (including 100% neural cells) in the diabetic
recipients. Using this strategy, we found that PI-BMDC-
specific TNF-α production was required for the development
of DPN in STZ-diabetic mice. Of note, protection against
DPN in these mice occurred (Fig. 1c, d) despite persistent
hyperglycaemia.

PI-BMDCs target neural tissues for damage by their capac-
ity to fuse with neurons and Schwann cells [30]. Indeed, by
using male-to-female BMT, we demonstrated the presence of
the Y chromosome as well as polyploidy in the neurons of the
female diabetic BM recipients, supporting the cell fusion
basis of the pathogenicity of TNF-α-expressing PI-BMDCs
[30].

From a treatment standpoint, the ability to selectively in-
activate the TNF-α that is expressed only by PI-BMDCs
would allow us to zero in on a highly restricted therapeutic
target. Instead of using anti-TNF-α reagents that annul global
production of TNF-α by all body cells (which likely causes
some of the side effects of the therapy), we could target the
source of TNF-α that is confined to PI-BMDCs. The design of
a PI-BMDC-targeted therapy in diabetes patients would
require additional knowledge of the basic biology of
PI-BMDCs, a research goal of our laboratory in the future.
Importantly, the capacity to access PI-BMDCs could enable
therapies that selectively ablate this small subfraction of

Fig. 5 Y chromosome FISH staining in the DRG of Tnf conditional KO
BM-transplanted mice. (a) Y chromosome FISH (red) and DAPI (blue)
staining in the DRG of DM Tnf-f→WT mice. Bottom and right micro-
graphs show cross section at the white dotted circle. Y chromosome was
not detected in non-DM mice or in DM Tnf-f/RIP-Cre→WT mice after
analysis of >20 sections per group. Scale bar, 50 μm. (b) Quantification
of 6y and Sry, Y chromosome-specific sequences in the DRG of mice
before and 12 weeks after STZ injection. Results were normalised to the
autosomal Gapdh gene and calculated as relative percentage. Data are
mean ± SD, n=3–4; **p<0.01 for the indicated comparison
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pathogenic BM cells, a novel strategy to treat/prevent DPN
and possibly other chronic complications of diabetes [16].
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