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Abstract

Aims: Brain derived neurotrophic factor (BDNF) and the related receptors TrkB and p75NTR are
expressed in skeletal muscle, yet their functions remain to be fully understood. Skeletal muscle
denervation, which occurs in spinal injury, peripheral neuropathies, and aging, negatively affects
muscle mass and function. In this study, we wanted to understand the role of BDNF, TrkB, and
p75NTR in denervation-induced adverse effects on skeletal muscle.

Main methods: Mice with unilateral sciatic denervation were used. Protein levels of pro-

and mature BDNF, TrkB, p75NTR, activations of their downstream signaling pathways, and
inflammation in the control and denervated muscle were measured with Western blot and tissue
staining. Treatment with a p75NTR inhibitor and BDNF skeletal muscle specific knockout in mice
were used to examine the role of p75NTR and pro-BDNF.

Key findings: In denervated muscle, pro-BDNF and p75NTR were significantly upregulated,
and JNK and NF-kB, two major downstream signaling pathways of p75NTR, were activated,
along with muscle atrophy and inflammation. Inhibition of p75NTR using LM11A-31
significantly reduced JNK activation and inflammatory cytokines in the denervated muscle.
Moreover, skeletal muscle specific knockout of BDNF reduced pro-BDNF level, INK activation
and inflammation in the denervated muscle.

Significance: These results reveal for the first time that the upregulation of pro-BDNF and
activation of p75NTR pathway are involved in denervation-induced inflammation in skeletal
muscle. The results suggest that inhibition of pro-BDNF-p75NTR pathway can be a new target to
treat skeletal muscle inflammation.
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Introduction

Skeletal muscle is the largest tissue in the body, accounting for approximately 40% of body
mass. Skeletal muscle fibers are highly heterogenic and highly plastic tissue in terms of
contractile dynamics and metabolism[1]. Skeletal muscle mass, function, and metabolism
alter in response to changes in workload, nutrient supply, and nerve control. For example,
muscle atrophy can be caused by disuse and unloading, insufficient nutrient supply,

aging, denervation, and various chronic illnesses[2, 3]. Particularly, innervation is critical
for maintenance of skeletal muscle mass and function. Muscle denervation, which may
occur in spinal injury, nerve damage, peripheral neuropathies, and aging, leads to muscle
inflammation, oxidative stress, and atrophy. Despite extensive research, the mechanisms and
factors involved in denervation-induced muscle atrophy remain to be fully understood.

Inflammation plays a major pathogenic role in skeletal muscle injury and atrophy in various
conditions, including sepsis[4], aging[5], and denervation[6]. Pro-inflammatory cytokines
such as IL-6[7] and TNFa[7] are well documented to cause muscle atrophy. Inflammatory
cytokines increase protein degradation via ubiquitin-proteasomal pathway[8]. In addition,
inflammation also inhibits IGF-Akt pathway and thus reduces protein synthesis[9].
Emerging studies show that various treatments alleviate denervation-induced muscle
atrophy through anti-inflammatory mechanisms[7, 10, 11]. Infiltration of macrophages

and neutrophils into skeletal muscle are considered as the major sources of inflammatory
cytokines in muscle injury[12]. The infiltration of macrophages and neutrophils and their
functional roles in denervated skeletal muscle remain to be fully understood.

Brain derived neurotrophic factor (BDNF), originally discovered in the brain[13], belongs
to the neurotrophic factor family and plays a critical role in neuron growth, neuronal
network development, and synaptic plasticity and function[14-17]. Recently, BDNF has
been identified as a myokine that is expressed and released from skeletal muscle[18].

It is evident that muscle-derived BDNF is involved in regulation of metabolism and
energy homeostasis[18-20], and muscle regeneration[21]. In neurons, BDNF can be
released as mature BDNF as well as pro-BDNF[22]. While mature BDNF binds and
stimulates TrkB receptors, pro-BDNF hinds and stimulates p75SNTR receptors to activate
different downstream signaling pathways and elicit different functional effects in the
nervous system[22, 23]. Currently, the studies on myokine BDNF are primarily focused
on mature BDNF and the TrkB pathway. The expression and function of pro-BDNF and
p75NTR pathway in skeletal muscle remain unknown. In this study, we reported that
denervation upregulated proBDNF and activated p75NTR pathway, which mediates muscle
inflammation.
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Method

Unilateral sciatic denervation

All experimental protocols and use of animals in this study were reviewed and approved by
the University of South Dakota Institutional Animal Care and Use Committee (IACUC)

and followed the NIH guideline of animal use in research. Male and female C57/B6

mice between the ages of 3 to 4 months were chosen at random for sciatic denervation
surgery. Under anesthesia with isoflurane gas, the hair covering the right hind limb joint was
removed using Nair and the skin was disinfected. An approximately 1cm lengthwise incision
was made in the skin in the area where the fur was removed. The connective tissue just over
the right hip was snipped to reveal the sciatic nerve trunk. Using forceps, the sciatic nerve
was grasped, and a portion snipped to prevent regrowth or reconnection of the neural tissue.
The incision was closed and sealed with surgical glue (\eterinary tissue adhesive TA5).
Buprenorphine SR (1mg/kg) was given subcutaneously. The left hind limb without surgery
and denervation was used as the control. Mice were allowed to recover from anesthesia in a
warmed cage and then returned to the home cage.

Treatment with LM11A-31

Upon returning to their home cages after sciatic denervation, one group of mice were

given standard drinking water ad /ibitum as a control, while a treatment group was given
water containing LM11A-31 (Cayman Chemical, reconstituted in DMSQ), a small molecule
modulator that inhibits the binding of pro-BDNF to p75NTR, at a rate of 75mg/kg/day for
one week. The dose of LM11A-31 was chosen according to the previous reports[24, 25].

Skeletal muscle specific knockout of BDNF

BDNF flox/flox mice[26] were purchased from Jackson Laboratory (catalog No. 004339).
These mice were crossed with mice expressing cre recombinase driven by the skeletal
muscle-specific myosin light chain promoter (Jackson Laboratory, 024713) to generate
skeletal muscle specific knockout of BDNF. The resulting strain was backcrossed for at least
5 generations. Mice with genotype of homozygous flox/flox/cre (skeletal muscle BDNF
knockout, smKO) or with flox/flox (WT control) were used in this study.

Tissue dissection

At the end of the denervation or treatment periods, mice were anesthetized using isoflurane,
skin of the hind limbs was removed and the soleus, extensor digitorum longus (EDL),
tibialis anterior (TA), and plantaris in both denervation and contralateral sides were dissected
off and snap frozen. For tissue staining, the dissected muscles were coated with optimal
cutting temperature (OCT) compound and snap frozen in 2-methylbutane (isopentane) that
was prechilled with dry ice. For Western blot, dissected tissues were quickly frozen on dry
ice. All tissues were stored at —75°C until use.

Homogenization and western blot sample preparation

The soleus and EDL were homogenized using plastic pestles (Fisher) in RIPA buffer
containing 1:100 protease and phosphatase inhibitor cocktails (Fisher), 0.2% SDS, and
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1uM of MG132. After homogenization, samples were left on ice for 30 minutes before
centrifugation at 10,000 x g for 10 minutes. The supernatant of homogenates was collected.
The protein concentration in the supernatants was determined using a BCA protein assay
(ThermoFisher) and normalized, and equal amount of proteins was mixed with loading
buffer for Western blot, as described previously[27, 28].

Tissue or cell samples were subjected to electrophoresis on 11-16% SDS-PAGE gels at 70V
for 15 minutes, followed by 100V for approximately 2.5 hours. The separated proteins were
transferred onto 0.45um or 0.22um nitrocellulose membrane (Nitrobind pure nitrocellulose
membrane, Santa Cruz) at 350mA for 2 hours. Membranes were fixed with 50% methanol
for 30 minutes at 4°C followed by 30 minutes at 37°C. Membranes were then blocked

using 10mL of 3% milk (Chem Cruz Blotto low-fat dry milk) made with PBST at room
temperature for 1 hour with rocking. Membranes were cut and placed in primary antibodies
diluted in PBST containing 0.5% BSA. Primary antibodies used were p75NTR (1:1000

Cell Signaling Technologies, 8238S), TrkB (1:1000, ProteinTech, 13129-1-AP), pro-BDNF
(1:500 Santa Cruz, sc-6551), BDNF (1:1000 Abcam, ab108319), Furin (1:1000 ABclonal,
AT7445), p-JNK (1:1000 Cell Signaling Technologies, 9255S), p-1xB (1:1000 Cell Signaling
Technologies, 2859S), p-ERK (1:1000 Cell Signaling Technologies, 57265S), p-AKT T308
(1:1000 Cell Signaling Technologies, 13038S), TNFa (1:500 Santa Cruz, sc-8301), IL-6
(1:500 Santa Cruz, sc-5731), TGF-p (1:1000 Biolegend, 141402), IL-1p (1:1000 Biolegend,
503502).The membranes were incubated at 4°C overnight (approximately 16 hours) on a
rocker. Primary antibodies were then removed, and membranes were washed with PBST

in 3 washes of 5 minutes each. Following washes, membranes were incubated in 3mL

of fluorescence conjugated secondary antibodies (1:10,000 dilution in PBST with 0.02%
sodium azide) on a rocker for 1 hour at room temperature. Membranes were then washed

in two 5-minute washes with PBST and one 5-minute wash with PBS. For loading control,
total proteins in the membrane were stained with a total protein stain reagent (Revert 700,
LI-COR, 926-11011). A clear nonspecific protein band was chosen as loading control for
Western blot quantification. Membranes were imaged using the LI-COR scanner and Image
Studio software.

Immunofluorescent staining

TA muscles were used for tissue staining. Once harvested and snap frozen, the muscle was
covered in OTC. Sections were cut using a cryostat (Leica) set at 10um and mounted

to charged slides. Slides were dried for 30 minutes and OTC was removed. Sections

were circled with a hydrophobic pen. The sections were incubated in blocking solution
(PBS containing 1% BSA and 15% goat serum) in a moisture box for one hour at room
temperature. Blocking solution was then aspirated and sections were incubated in diluted
primary antibodies (1:100 to 1:25 in PBS containing 1% BSA) in the moisture box overnight
at 4°C. The primary antibodies include p75NTR (1:100, Cell Signaling Technologies,
8238S), CD68 (1:100, Biolegend, 137020), or dystrophin (1:100, Abcam, 15277). Slides
were then washed in PBS 3 times for 5 minutes each. Fluorescence conjugated secondary
antibodies were diluted (1:500 in PBS containing 1% BSA) and sections were incubated in
the diluted secondary antibody for 1 hour at room temperature. Following three washes of
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5 minutes each with PBS, slides were dried and then mounted with fluormount solution
(Southern biotech fluoromount-G). Images were taken using a fluorescent microscope
(Olympus).

Data analysis and statistics

Western blot gel images and muscle dystrophin staining images were quantified using Image
J. Statistical analysis was performed using Excel for t-tests and ANOVA analyses, and

SAS studio for Chi squared analysis. Quantified data were presented as mean + standard
deviation. P values less than 0.05 were considered as statistically significant.

Results
1, Upregulation of pro-BDNF and p75NTR in denervated skeletal muscle

Using mice with unilateral sciatic denervation for one week, we first compared the protein
levels of mature BDNF and pro-BDNF in soleus from the denervated and innervated side
of hindlimbs. We found that the pro-BDNF protein level was significantly upregulated in
the denervated muscle. The changes in mature BDNF varied with a trend of reduction in
the denervated muscle (Fig. 1A). Moreover, the protein level of a major BDNF convertase
furin[22, 29] was significantly downregulated in denervated muscle (Fig. 1B), suggesting a
potential cause of the upregulation of pro-BDNF.

We then compared the protein levels of TrkB, the receptor of mature BDNF, and p75NTR,
the receptor of pro-BDNF, and found that full length TrkB was significantly downregulated
whereas p75NTR was significantly upregulated in denervated muscle (Fig. 1C and D). The
upregulations of pro-BDNF and its receptor p75NTR indicate the potential enhanced activity
of this pathway in the denervated muscle.

2, Alterations of downstream signaling pathways in denervated muscle

TrkB and p75NTR induce different cellular responses and processes via different
downstream signaling pathways. Upon stimulation, TrkB activates ERK1/2 pathway and Akt
pathway, whereas p75NTR activates JNK and NF-kB pathways[30]. We then measured the
activation of these pathways. As shown in Fig. 2, the phosphorylation of INK and IkB, as
well as NF-kB2 active form p52[31] were significantly increased in the denervated muscle
(Fig. 2A and B). In contrast, the phosphorylation of Akt (T308) and ERK were significantly
reduced in the denervated muscle (Fig. 2C and D). This data confirms the enhanced
activation of p75NTR pathway and reduced activation of TrkB pathway in denervated
muscle.

3, Muscle atrophy and inflammation in denervated muscle

JNK and NF-kB pathways are known for their roles in inflammation and muscle atrophy.
As expected, denervated muscle developed muscle atrophy (Fig. 3A) and increased
proinflammatory cytokines (Fig. 3B to E). Moreover, the macrophage infiltration was
increased in denervated muscle (Fig. 3F). The enhanced p75NTR activation and its
downstream pathways may contribute to the muscle inflammation and atrophy in the
denervated muscle.
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4, Blockage of p75NTR attenuated JNK pathway activation in denervated muscle

To determine whether p75NTR is involved in the activation of JINK and upregulation of
inflammatory cytokines in the denervated muscle, mice were treated with a small molecule
p75NTR modulator LM11A-31 that blocks pro-BDNF from binding to p75NTR. As shown
in Fig. 4, the treatment with LM11A-31 significantly attenuated phosphorylation of INK

in denervated muscle (Fig. 4A and D), suggesting that p7SNTR mediated the activation of
JNK pathway. The treatment with LM11A-31 did not alter the upregulation of p75NTR nor
the downregulation of TrkB (Fig. 4B and C), suggesting that p75NTR stimulation may not
affect the expressions of these receptors.

5, Blockage of p75NTR mitigated inflammation in denervated muscle

The treatment with LM11A-31 significantly attenuated the upregulation of pro-
inflammatory cytokine IL-6 and TGFp in the denervated muscle (Fig. 5A to C), suggesting
p75NTR activation is involved in denervation-induced inflammation. Interestingly, the
upregulation of another pro-inflammatory cytokine IL-1p in the denervated muscle was
unaffected by the treatment (Fig. 5D). Additionally, macrophage infiltration in denervated
muscle also did not attenuated by the treatment (Fig. 5F). These data suggest that

p75NTR regulation of inflammation is target specific. Muscle atrophy was assessed by

the distribution of muscle fiber sizes measured by cross sectional area. There was not a
statistically significant difference between denervated muscle treated with LM11A-31 and
the untreated denervated muscle (Fig. 5E).

6, BDNF muscle knockout reduced muscle inflammation in denervated muscle

To determine whether the skeletal muscle derived pro-BDNF plays a role in stimulation of
p75NTR in muscle, we used mice with skeletal muscle specific knockout (smKO) of BDNF,
which exhibited a reduction of pro-BDNF protein level (Fig. 6A). While the upregulation

of p75NTR and downregulation of TrkB in the denervated muscle were unaffected in WT
and BDNF smKO mice (data were not shown), the phosphorylation of JNK was attenuated
in BDNF smKO muscle (Fig. 6A and B), suggesting that myokine pro-BDNF is involved in
stimulation and activation of p75NTR-JNK pathway. Moreover, BDNF smKO mitigated
increased IL-6 (Fig. 6A and C) and macrophage infiltration (Fig. 6D). There was no
significant change in muscle atrophy of the denervated muscle in BDNF smKO mice as
compared to WT, though (Fig. 6E).

Discussion

BDNF as a skeletal muscle derived myokine has been well documented[9, 10]. Myokine
BDNF regulates muscle metabolism[19, 20, 32], satellite cell differentiation and muscle
regeneration[21, 33], and muscle fiber specificity[34]. These studies were mainly focused
on the mature BDNF-TrkB pathway. In neurons, pro-BDNF can also be released and elicits
distinct functions by binding and stimulating p75NTR[22, 35, 36]. To date, however, the
expression, regulation, and function of the pro-BDNF-p75NTR pathway in skeletal muscle
remain poorly understood. The present study for the first time shows that in denervated
skeletal muscle pro-BDNF and its receptor p75NTR were both upregulated. These
upregulations are accompanied with the increased activation of INK and NF-kB pathways,
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two major p75NTR downstream signaling pathways, and increased inflammatory cytokines,
such as IL-6, in the denervated muscle. Importantly, the treatment with LM11A-31, the
small molecule modulator that blocks pro neurotrophins, including pro-BDNF, from binding
to p75NTR, significantly attenuated JNK activation and IL-6 levels in the denervated
muscle. Together, these results indicate that enhanced pro-BDNF-p75NTR pathway activity
may at least partially contribute to the adverse changes such as inflammation in the
denervated muscle. Targeting pro-BDNF-p75NTR pathway could be a novel strategy for
prevention and mitigation of denervation-induced myopathy.

In the nervous system, pro-BDNF and mature BDNF exhibit distinct, even opposite
functions. For example, in neurons, mature BDNF promotes long-term potentiation (LTP)
[37] whereas pro-BDNF enhances long-term depression (LTD)[38]. While pro-BDNF
causes neuron apoptosis, mature BDNF is anti-apoptotic. These opposite effects are critical
for appropriate development and function of neuronal network[39, 40]. The unbalanced
enhancement of pro-BDNF-p75NTR activity is involved in neuron injury and therefore is
a potential therapeutic target for various diseases, such as neurodegenerative diseases[40].
The skeletal muscle derived pro-BDNF and mature BDNF may also elicit distinct effects
through p75NTR and TrkB respectively to regulate muscle development, metabolism, and
function, which remain to be fully understood. As revealed by our data, the upregulation
of pro-BDNF and p75NTR with downregulation of TrkB in denervated muscle represent

a case of imbalance between the pro-BDNF-p75NTR pathway and mature BDNF-TrkB
pathway. Our results suggest that this imbalance at least contributes to the inflammation in
the denervated muscle, because blocking p75NTR attenuated upregulation of inflammatory
cytokine IL-6 and TGFp. Interestingly, the upregulation of IL-1p was unaffected by the
treatment, suggesting that p75NTR pathway may regulate inflammation in a cytokine
specific manner.

In addition to p75NTR, the upregulation of pro-BDNF may also be a potential therapeutic
target. Our data show that skeletal muscle specific knockout of BDNF attenuated
upregulation of pro-BDNF and reduced inflammation, further suggesting the detrimental
role of pro-BDNF. Pro-BDNF is cleaved to mature BDNF by certain proteases (convertases).
Furin, for example, is the major BDNF convertase in the trans Golgi network in neurons[41,
42]. Functions of furin in skeletal muscle have not been studied. Our data show that

furin was downregulated in denervated muscle, along with the upregulation of pro-BDNF.
This suggests that furin also plays a major role in BDNF cleavage in skeletal muscle and
downregulation of furin leads to the upregulation of pro-BDNF in denervated muscle. The
cause of the downregulation of furin in denervated muscle needs to be further investigated.

Secreted pro-BDNF can be cleaved to mature BDNF extracellularly by tissue plasmin
activator (tPA) and other proteases[37]. The interesting and important questions that have
not been examined in this study are whether the extracellular cleavage of pro-BDNF is

also reduced in denervated muscle, and whether enhancement of the pro-BDNF cleavage

by treatment with proteases such as tPA can mitigate denervation-induced adverse changes
in muscles. In addition, TrkB mediates anti-apoptotic and anti-inflammatory effects[43],
therefore, downregulation of TrkB may also contribute to the inflammation in the denervated
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muscle. The cause of TrkB downregulation and whether stimulation of TrkB can mitigate
the denervation-induced adverse changes in muscle would be important for the future study.

Disappointingly, in this study, the treatment with LM11A-31 for one week did not
ameliorate denervation-induced muscle atrophy. It would be necessary to examine the effect
of longer course of denervation and treatment. In addition, denervation-induced muscle
atrophy involves multiple factors and mechanisms, including increased ubiquitination and
proteasome-mediated protein degradation, inhibition of protein synthesis, inflammation, and
impaired mitochondrial function[2, 44]. We did not observe significant changes in Murfl

or atrogin 1, the major E3 ligases involved in muscle atrophy, or in major mitochondrial
markers (data not shown). It would be interesting and necessary to further examine the roles
of altered pro-BDNF-p75NTR and mature BDNF-TrkB activities in various mechanisms of
muscle atrophy in the future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Upregulation of pro-BDNF and p75NTR in denervated skeletal muscle. A: representative
images and quantifications of pro-BDNF and mature BDNF in the control and denervated
muscle (n=6). B: representative images and quantifications of furin in the control and
denervated muscle (n=5). C: representative images and quantifications of TrkB and p75NTR
in the control and denervated muscle (n=6). D: Immunofluorescent staining for p75NTR

in the control and denervated muscle (scale bar = 20 um, 20x objective). The label
“C”=control, “D”=denervated. Data is represented as means + S.D. analyzed by student’s

t-tests.
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Figure 2,

Alterations of signaling pathways in the control and denervated muscle. A: representative
images and quantifications of phosphorylation of JINK (54 kDa band, as indicated by

an arrow) in the control and denervated muscle (n=5). B: representative images and
quantifications of IkB phosphorylation and p52 in the control and denervated muscle (n=5).
C: representative images and quantifications of phosphorylation of ERK (44 kDa band as
indicated by an arrow) in the control and denervated muscle (n=5). D: representative images
of quantifications of phosphorylation of Akt (60 kDa as indicated by an arrow) in the control
and denervated muscle (n=6). Data is represented as means + S.D. analyzed by student’s
t-tests.
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Figure 3,
Inflammation in the denervated muscle. A: representative images of dystrophin

immunofluorescent staining (scale bar = 20 um, 20x objective) and quantification (the bar
graph) of muscle fiber cross sectional areas in the control and denervated muscle. B - E:
representative images (B) and quantifications of IL-6 (C), IL-1p (D), and TGFp (E) in the
control and denervated muscle (n=3-4). F: representative images of immunofluorescent
staining (scale bar = 50 um, 10x objective) and quantification (bottom bar graph) of
macrophage marker CD68 in the control and denervated muscle. Data is represented as
means + S.D. analyzed by student’s t-tests.
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Figure 4,

Inhibition of p75NTR attenuates activation of JINK. A-D: representative of Western blot

images (A) and quantifications of TrkB (B), p75NTR (C), and phosphorylation of INK (54

kDa band) (D) in the control or denervated muscle with or without LM11A-31 treatment

(n=4). Data is represented as means = S.D. analyzed by ANOVA analysis.
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Figure 5,
Inhibition of p75NTR reduced inflammation in denervated muscle. A — D: Representative

images (A) and quantifications of IL-6 (B), TGFp (C), and IL-1p (D) in the control or
denervated muscle with or without LM11A-31 treatment (n=3-4). E: Immunofluorescent
staining of dystrophin (scale bar = 50 um, 10x objective) and quantification of muscle
fiber cross sectional areas (right bar graph) of the control or denervated muscle with or
without LM11A-31 treatment. F: representative images (scale bar = 50 um, 10x objective)
and quantification (right bar graph) of macrophage marker CD68 staining in the control or
denervated muscle with or without LM11A-31 treatment. Data is represented as means +
S.D. analyzed by ANOVA analysis (B, C, and D). For (E) quantification, the counts were
analyzed in SAS studio using a Chi Square analysis followed by comparisons between
groups within each size category with a Bonferroni correction.
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Figure 6,
Skeletal muscle specific knockout (smKO) of BDNF attenuated inflammation in denervated

muscle. A: representative images of Western blot for pro-BDNF, phosphorylation of
JNK, and IL-6 in control or denervated muscle from WT or BDNF smKO mice. B-C:
Quantification of phosphorylation of INK (B) or IL-6 (C) level in control or denervated
muscle from WT or BDNF smKO mice. D: representative images (scale bar = 50 ym,
10x objective) and quantification (bottom bar graph) of immunofluorescent staining of
macrophage marker CD68 in control or denervated muscle from WT or BDNF smKO
mice. E: Immunofluorescent staining of dystrophin (scale bar = 20 um, 20x objective)
and quantification of muscle fiber cross sectional areas (right bar graph) of the control or
denervated muscle from WT or BDNF smKO mice. Data is represented as means + S.D.
analyzed by ANOVA analysis (B and C). For (E) quantification, the counts were analyzed
in SAS studio using a Chi Square analysis followed by comparisons between groups within
each size category with a Bonferroni correction.
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