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Background: The formation of intrafusal muscle (IM) fibers and their contact with afferent proprioceptive axons is
critical for construction, function, and maintenance of the stretch reflex. Many factors affect the formation of IM
fibers. Finding new factors and mechanisms of IM fiber formation is essential for the reconstruction of stretch reflex

Methods: We established a coculture system of organotypic dorsal root ganglion (DRG) explants and dissociated
skeletal muscle (SKM) cells. The formation of IM fibers was observed in this coculture system after neuregulin-13

Results: We found that NRG-13 promoted outgrowth of neurites and migration of neurons from the organotypic
DRG explants and that this correlated with an induction of growth-associated protein 43 (GAP-43) expression.
NRG-1f3 also increased the amount of nuclear bag fibers and nuclear chain fibers by elevating the proportion of
tyrosine kinase receptor C (TrkC) phenotypic DRG neurons. In addition, we found that the effects of NRG-1(3 could
be blocked by inhibiting ERK1/2, PI3K/Akt, and JAK2/STAT3 signaling pathways.

Conclusion: These data imply that NRG-13 promoted neurite outgrowth and neuronal migration from the
organotypic DRG explants and that this correlated with an induction of GAP-43 expression. The modulating
effects of NRG-13 on TrkC DRG neuronal phenotype may link to promote IM fiber formation. The effects
produced by NRG-1( in this neuromuscular coculture system provide new data for the therapeutic potential

Keywords: Neuregulin-1, Intrafusal muscle fiber, Skeletal muscle, Neurite outgrowth, Growth-associated protein 43,

Background

New recognized multi-sources of neuregulin-1 (NRG-1)
from both neurons and skeletal muscle (SKM) attract
scientists to explore its functions on multi-targets or
multi-organs [1]. NRG-1 signaling is critical for the nor-
mal development of the nervous system [2] and
neuro-repair after injury [3, 4]. It has been shown that
NRG-1 signaling has the capability on improving muscle

* Correspondence: zli@sdu.edu.cn

'Department of Anatomy, Shandong University School of Basic Medical
Sciences, 44 Wenhua Xi Road, Jinan 250012, Shandong Province, China
Full list of author information is available at the end of the article

B BMC

contraction during myogenesis in vitro [5] and on mat-
uration of the muscle spindle for maintaining motor co-
ordination in vivo [6]. Interestingly, it has been shown
that NRG-1 through Gabl has regulatory effects on
myelination of the peripheral nerve [7], postnatal devel-
opment of neuromuscular junction (NMJ) [8], and de-
velopment of the extrafusal muscle (EM) fibers and
intrafusal muscle (IM) fibers [9]. Endogenous NRG-1 re-
leased from sensory nerve endings by targeting its ErbB
receptors in post-junctional muscle cells is involved in
the formation of muscle spindles [10] as well as NM]J
[11]. Interestingly, NRG-1 plays an important role on
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NM]J development in fine-tuning pre-, post-, and perisy-
naptic specialization [12]. Furthermore, NRG-1 signaling
is essential for fusimotor innervation homeostasis, IM
fiber differentiation, and spindle morphogenesis and
function [13]. NRG-1 by inducing phosphorylation of
ErbB2 receptors has a specific driving effect on myo-
tubes in serum-free culture to the nuclear bag pheno-
type [14]. However, the effects of exogenous NRG-1 on
the development of IM fibers in the presence of sensory
neurons are still unknown.

The development and maturation of IM fibers prior to
EM fibers are needed for the proprioceptive demands
and early reflex control in developing motor skills [15].
Different from numerous EM fibers, IM fibers within
muscle spindles are specialized muscle fibers which re-
tain features characteristic of immaturity [16] and are in-
cluded nuclear bag fibers and nuclear chain fibers. In
muscle spindles in vivo, the nuclear bag fibers are fusi-
form in shape with gathered nuclei inside in the central
part of the muscle fiber, and the nuclear chain fibers are
thinner than the nuclear bag fibers with linear assembled
nuclei inside the muscle fiber. In culture, the shape of
the nuclear bag and nuclear chain fibers is different. The
shape of bag fibers is fusiform with gathered nuclei in-
side the muscle fiber. Chain fiber is thin cylindrical in
shape with linear assembled nuclei inside the muscle
fiber. The IM fibers in culture are dispersed in distribu-
tion which are different from that they are gathered
within muscle spindles in vivo. The mechanical sensory
receptor muscle spindle, which is sensitive to muscle
length alteration and related to movement and posture
control, is composed of IM fibers and the sensory nerve
endings around them [17, 18]. Muscle spindle inputs
were also involved in regulating isometric muscle con-
traction [19]. The sensory nerve endings along with IM
fibers in the central region are the end part of the periph-
eral processes of the pseudounipolar dorsal root ganglion
(DRG) neurons [20—24]. Activation of tyrosine kinase re-
ceptor C (TrkC) not only mediates health, recovery, and
function of motor neurons [25-27]; TrkC-positive neurons
also represent the subtype of proprioceptors in DRG
[28-32]. TrkC proprioceptive DRG neurons with their
peripheral axons around IM fibers transmit information
from muscle spindles to the spinal cord through central
processes [33, 34]. The development or maturation of
TrkC phenotypic DRG neurons is dependent on the
simultaneously developing target SKM cells [35]. Proprio-
ceptive DRG sensory neurons degenerate with dysregu-
lated TrkC signaling prior to IM fiber atrophy during aging
[36], suggesting the close relationship between IM fibers
and TrkC phenotypic DRG neurons.

The initiation of growth-associated protein 43 (GAP-43)
is closely correlated to the promotion of nerve regener-
ation and repair in injured mature neurons [37-40] and is
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involved in the orientation of cell division in dividing
neural progenitor cells for neurogenesis [41]. The evalu-
ation of GAP-43 expression could be a useful quality indi-
cator for assessment of nerve regeneration [42-46].
GAP-43 also has a pivotal role in regulating axon func-
tional plasticity and recovery as well as structural plasticity
and reconstruction [47-50]. Reduced GAP-43 indicates
neurite degeneration of DRG neurons [51]. GAP-43 ex-
pression in nerve fibers is related to the activation of Akt/
mTOR signaling after spared nerve injury [52]. GAP-43
expression-related neurite elongation of DRG neurons is
through the activation of Etv4 and Etv5 transcription fac-
tors [53]. Interestingly, expression of GAP-43 and TrkC
was upregulated simultaneously in DRG during proprio-
ception recovery [54]. In the present study, GAP-43 ex-
pression would be used as an indicator of DRG neuronal
growth status in the presence of target SKM cells and ex-
ogenous NRG-1p in vitro.

The amount of muscle spindles with their normal neu-
ronal innervation is crucial for efficacy of proprioceptive
regulation [55]. Formation and specific differentiation of
muscle spindles involve mutual interactions of develop-
ing IM fibers and afferent axons that directly innervate
them [22]. Interestingly, the innervation patterns of nu-
clear bag fibers differ from those of nuclear chain fibers
[56]. During development and regeneration, IM fibers
also express unique myosin isoforms as well as EM fi-
bers [57]. Diabetes-induced neuronal loss may induce
muscle spindle atrophy in rats [58]. In RYR1-related my-
opathy mice, IM fiber abnormalities prior to EM fiber
alterations imply that the IM fiber is friable and is a pri-
mary pathological feature in this degenerated myopathy
[59]. Activation of the critical components of NRG-1’s
intracellular pathways is related to muscle spindle forma-
tion. Herndon et al. confirmed that NRG-1 is required for
the activation of ERK1/2 signaling pathway in response to
induce the transcription factors in IM fibers of the muscle
spindles [60]. As a highly plastic tissue, activation of the
Akt intracellular signaling pathway is a crucial step in
regulating the growth of muscle fibers [61]. Lai et al
found that the concentrated JAK2/STAT3 proteins related
to NM]J formation in adult muscle are confirmed by using
the cultured C2C12 myotubes with the JAK2 inhibitor
AG490 to inhibit the phosphorylation of STAT3 [62].
However, how and to what extent NRG-1f influences
the formation of IM fibers in the presence of both DRG
neurons and developing muscle cells should be further
evaluated.

In vitro phenotypic model is beneficial for illustrating
functional neuromuscular reflex arc development [63].
In this study, it is hypothesized that NRG-1p could in-
duce neurite outgrowth of DRG neurons and the forma-
tion of IM fibers in a coculture system of DRG explants
and dissociated muscle cells. The activation of downstream
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signaling pathways ERK1/2, PI3K/Akt, and JAK2/STAT3
may be related to the effects of NRG-1p. The TrkC neur-
onal phenotype may have specific functions on the forma-
tion of IM fibers. The specific effects of NRG-1p and its
downstream signaling on the formation of IM fibers and
its involvement in TrkC phenotypic DRG neurons will be
studied in this experiment. ERK1/2 inhibitor PD98059,
PI3K inhibitor LY294002, and JAK2 inhibitor AG490 were
used as the effective downstream signaling inhibitors in
NRG-1 experiments, and these inhibitors would be utilized
in our present study [62, 64]. Although the addition of
NRG-1f to induce the formation of IM fiber had been
studied before, the results will provide novel data for the
therapeutic potential on IM fiber formation after muscle
injury with NRG-1p administration.

Methods

Coculture of organotypic DRG explants and dissociated
SKM cells

This coculture means organotypic DRG tissue explants
and dissociated SKM cells would grow in the same well of
the clusters and form neuromuscular junction (NMJ)-like
structure in vitro. The procedure of the coculture was per-
formed similarly as our previous study [65]. The DRG ex-
plants and dissociated SKM cells were prepared separately
at different time points.

SKM cell culture preparations utilize newborn rats
taken from the breeding colony of Wistar rats main-
tained in the Experimental Animal Center at Shandong
University of China. SKM cell cultures were prepared
2 days prior to DRG preparation. In brief, muscles from
the limbs of neonatal rats were collected and cut into
fragments approximately 0.5 mm in diameter. After di-
gestion with 0.25% trypsin (Sigma) in D-Hanks solution
at 37 °C for 40 min, the cell suspension was filtered
through 200 mesh, centrifuged, and triturated in growth
media supplemented with 10% fetal bovine serum (Gibco,
Origin, Australia). Isolated SKM cells were plated at a
density of 2x 10° cells/mL in 24-well clusters (Costar,
Corning, NY) which would contain a coverslip precoated
with poly-L-lysine (0.1 mg/mL) in each well. The 24-well
clusters with isolated SKM cells were then placed in an in-
cubator with proper culture environment at 37 °C and
5% CO,.

The DRG culture preparations utilized rat embryos at
embryonic day 15 (E15). Under aseptic conditions, the
bilateral dorsal root ganglia (DRGs) were removed from
each embryo and placed in culture media in the half of
petri dishes. Each DRG explant was plated at the bottom
of each well of 24-well clusters (Costar, Corning, NY)
which contained single-layered SKM cells.

The neuromuscular coculture was prepared as follows:
Each newly prepared DRG explant was plated into a well
with 2-day-old SKM cell culture after confluent myoblast
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fusion has happened. The neuromuscular cocultures of
organotypic DRG tissue explants and dissociated SKM
cells were allowed to grow for an additional 4 days with
media change every 2 days. The protocols for neuromus-
cular coculture preparations and treatment timeline were
shown in Fig. 1.

Treatment with different agents after coculture
establishment

The established cocultures were randomly divided into
the following groups with the corresponding treatment:
(1) NRG-1p: The coculture was treated with NRG-1f
(20 nmol/L, Peprotech, Rocky Hill, NJ). (2) NRG-1p +
PD98059: ERK1/2 inhibitor PD98059 (10 pmol/L, Cell
Signaling Technology) was applied 30 min prior to
NRG-1f (20 nmol/L) treatment. (3) NRG-1 + LY294002:
PI3K inhibitor LY294002 (10 umol/L, Invitrogen) was ap-
plied 30 min prior to NRG-1p (20 nmol/L) treatment. (4)
NRG-1 + AG490: JAK2 inhibitor AG490 (10 pmol/L, Invi-
trogen) was applied 30 min prior to NRG-1 (20 nmol/L)
treatment. (5) Control group: The cells were cultured con-
tinuously in media. All aforementioned incubation condi-
tions were maintained in 37 °C and 5% CO, environment
with the corresponding agents for 4 days with media
change every 2 days.
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Fig. 1 The schematic diagram of protocols for neuromuscular

coculture preparations and treatment timeline
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Living cell observation

Living cell observation was for counting the number of
neurite bundles sent by organotypic DRG tissue ex-
plants. The length of neurite bundles included in this
counting is longer than 200 um. Only the number of
neurite bundles in the superior lateral quadrant was in-
cluded for each DRG explant.

Microscopy of fluorescence labeling

The microtubule-associated protein 2 (MAP2) was used
to stain the migrating DRG neurons from the explants.
Double fluorescence staining with neurofilament 200
(NF-200) for neuron and a-actin for SKM cell was used
for determining the formation of nuclear bag or nuclear
chain fibers. Triple fluorescence staining experiment was
carried out with NF-200 for neuron, TrkC for specific
TrkC phenotype, and a-actin for SKM cell. The fluores-
cent staining procedures were done as our previous
study [65]. The antibodies used in this experiment were
shown in Table 1. The morphology of the annulospiral
sensory nerve endings after NRG-1p treatment was ob-
served under maximum optical resolution by analyzing
projection from sensory neurons in contact with SKM
cells in the DAPI-labeled nuclei SKM cell area. The nu-
clear bag or nuclear chain fibers were counted separately
in each sample. This coculture system represents the
formation of synaptic specializations, particularly muscle
spindles, but the connective tissue capsule structures
surrounding IM fibers could not be visualized. There-
fore, the number of nuclear bag or nuclear chain fibers
was counted, respectively, for comparison. Moreover, triple
fluorescence labeling of NF-200, TrkC, and a-actin was per-
formed to observe the in situ expression of TrkC-positive
neurons and the proportion of TrkC-positive neurons with
their neurites contacted with muscle fibers.

Quantification of neurons and IM fibers after fluorescence
labeling

Neuronal migration from organotypic DRG tissue ex-
plants was defined as one visual field at the superior lat-
eral quadrant adjacent to the lateral border of the
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explants in each sample. The counting example was
shown in “Additional file 1: Figure S1”.

The morphology of the annulospiral sensory nerve
endings after NRG-1p treatment was observed under
maximum optical resolution by analyzing projection
from sensory neurons in contact with SKM cells in the
DAPI-labeled nuclei SKM cell area. Only nuclear bag fi-
bers and nuclear chain fibers were taken into account in
four visual fields in the upper, lower, left, and right sides
of DRG explant in each sample. This coculture system
of DRG neurons and SKM cells represents the formation
of synaptic specializations, particularly muscle spindles,
but the connective tissue capsule structures surrounding
IM fibers could not be visualized. Therefore, the number
of both nuclear bag fibers and nuclear chain fibers were
counted, respectively, for comparison.

Moreover, triple fluorescence labeling of NF-200,
TrkC, and a-actin was performed to observe the in situ
expression of TrkC-positive neurons. The percentage of
TrkC-positive neurons, which innervate muscle fibers, in
one visual field at the superior lateral quadrant adjacent
to the lateral border of the explants was counted in each
sample.

Real-time PCR for mRNA expression of GAP-43 and TrkC

After treatment with different agents for 4 days, the
mRNA levels of GAP-43 and TrkC in the cocultures
were measured by using real-time PCR with GAPDH
mRNA as an internal control. TRIzol was used for
extracting total RNA from DRG cells. Before reverse
transcription, DNAse treatment was carried out to avoid
DNA contamination in RT-PCR. ¢cDNA synthesis kit
(Fermentas) was used for synthesizing cDNA with the
instructions from the manufacturer. The primer se-
quences of synthetic oligonucleotide for each detecting
gene were shown in Table 2. SYBR Green dye (Ferman-
tas) was used for real-time PCR with the instructions
from the manufacturer. PCR was carried out at 50 °C for
2 min, 94 °C for 15 min, followed by 40 cycles at 94 °C
for 15 s, 58 °C for 30 s, and 72 °C for 30 s. By using the
2744Ct method, target gene relative transcript amount

Table 1 The primary and secondary antibodies for fluorescence labeling

Category Antibodies Concentration Source

Primary Chicken polyclonal anti-MAP2 1:1000 Abcam, Cambridge, MA
Primary Chicken polyclonal anti-NF-200 1:1000 Abcam, Cambridge, MA
Primary Mouse polyclonal anti-a-actin 1:50 Abcam, Cambridge, MA
Primary Rabbit anti-TrkC polyclonal IgG 1:500 Abcam, Cambridge, MA
Secondary Goat anti-mouse IgG conjugated to DyLight 350 1:400 ImmunoReagents, Chicago, IL
Secondary Goat anti-chicken 1gG conjugated to DyLight 488 1:400 ImmunoReagents, Chicago, IL
Secondary Goat anti-rabbit conjugated to Cy3 1:400 Abbkine, Redlands, CA
Secondary Goat anti-mouse IgG conjugated to TRITC 1:200 ZSGB-BIO, Beijing, China
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Table 2 The sequences of oligonucleotide primers
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Genes Primer sequences

Length after ampilification

GAP-43

5"-AAG AAG GAG GGA GAT GGC TCT-3' (forward) 197

5-GAG GAC GGC GAG TTA TCA GTG-3' (reverse)
TrkC 5-CCC ACT ACA ACA ATG GCA ACT A-3' (forward) 187
5-CCA AAA GTG TCT TCC TCT GGT T-3' (reverse)

GAPDH

5-GGC ACA GTC AAG GCT GAG AAT G-3' (forward) 143

5-ATG GTG GTG AAG ACG CCA GTA-3' (reverse)

was normalized to GAPDH gene from a comparative
cycle of threshold fluorescence (Ct) method.

Western blot assay for protein levels of GAP-43 and TrkC
After treatment with different agents for 4 days,
GAP-43 and TrkC expression in the cocultures were
measured by using Western blot. RIPA Lysis Buffer
with protease inhibitors (Amersco) was used for hom-
ogenizing cells. The supernatant was collected after
centrifuge (10,000xg, 20 min) for concentration meas-
urement (BCA method, standard: BSA), followed by
10% SDS gel loading, separating with electrophoresis,
and PVDF membrane transferring. The following mem-
brane blocking and incubation with first and second
antibodies were done as our previous study [65]. The
antibodies used in this experiment were shown in
Table 3.

Statistical analysis

Each condition was repeated three times for one sample.
Five samples (n = 5) were used for statistical analysis for
all the experiments. The mean+SD was used for
reporting the data. Statistical analysis was carried out
with SPSS software (19.0). One-way ANOVA was se-
lected for analyzing the data from this study. Sub-statis-
tical method S-N-K test was performed with data for
homogeneity of variance. Dunnett’s T3 test was per-
formed with data for heterogeneity of variance. Signifi-
cant evaluation was defined as P < 0.05.

Results

The neurite outgrowth from DRG explants

It is known that the interdependent relation exists be-
tween neurons and target SKM cells. Target SKM cell-de-
rived trophic molecules are particularly important for

maintaining normal neuronal function. The neurons
themselves have their own survival, development, and me-
tabolism, but the effect of the target SKM on neuronal
survival is beyond doubt. In this work, we established a
neuromuscular coculture system of organotypic DRG
tissue with dissociated SKM cells. This coculture was
used to test the neurite outgrowth after exposure of
NRG-1p and/or its downstream signaling inhibitors.
The neurites were projected radically from the organo-
typic DRG tissue. Several neurites would be combined
together to form a larger neurite bundle. The amount
of neurite bundles represents the overall healthy state
of the growing DRG explants. After stimulation with
NRG-1p and/or its downstream signaling inhibitors, we
showed that NRG-1f (20 nmol/L) induced a larger
amount of neurite bundles extended from organotypic
DRG explants (P <0.001). We also observed that inhi-
biting each of the three downstream signaling pathways
by the distinct inhibitors PD98059, LY294002, or
AG490 would block the effects of NRG-1p on neurite
bundle growth (P <0.05 or P<0.01). These results also
imply that those inhibitors could effectively block the
distinct downstream signaling pathways of NRG-1p on
neurite outgrowth (Fig. 2-1). The large projections of
neurite bundles that sprouted directly from organotypic
DRG@G explants in vitro is an important event and growth
pattern of organotypically cultured DRG explants. The
promotive effects of NRG-1p on neurite sprouting in this
neuromuscular coculture system have significance of
NRG-1p on neurite outgrowth in this specific condition.

Quantification of the migrating neurons from DRG
explants

Another indicator, which reflects the overall healthy
state of the growing DRG explants, is the amount of

Table 3 The primary and secondary antibodies for Western blot assay

Category Antibodies Concentration Source

Primary Rabbit anti-GAP-43 monoclonal IgG 1:100,000 Abcam, Hong Kong

Primary Rabbit anti-TrkC polyclonal IgG 1:1500 Abcam, Cambridge, MA

Primary Mouse anti-B-actin monoclonal IgG 1:4000 Santa Cruz Biotechnology, Santa Cruz, CA
Secondary Goat anti-rabbit IgG-HRP 1:4000 Santa Cruz Biotechnology, Santa Cruz, CA
Secondary Goat anti-mouse IgG-HRP 1:3000 Santa Cruz Biotechnology, Santa Cruz, CA
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number of migrating neurons.

Mean +£SD, n=5. *P < 0.05, ***P <0.001

Fig. 2 Neurite bundles and migrating neurons from organotypic DRG explants. 2-1 a—e The neurite bundles (> 200 um in length) in the superior
lateral quadrant were counted in each sample. 2-1 a NRG-13. 2-1 b NRG-1{ + PD98059. 2-1 ¢ NRG-18 + LY294002. 2-1 d NRG-1f + AG490.
2-1 e control. Scale bar =50 um. 2-1 f Quantification of the number of nerve fiber bundles. Mean + SD, n =5. *P < 0.05, **P < 0.01, ***P < 0.001.
2-2 a—e The migrating neurons from organotypic DRG explants in different conditions. 2-2 a NRG-13. 2-2 b NRG-1{3 + PD98059. 2-2 ¢ NRG-113
+ LY294002. 2-2 d NRG-1(3 + AG490. 2-2 e control. Scale bar =50 ym. 2-2 f Quantification of the migrating neurons from DRG explants.

migrating neurons from organotypic DRG tissue ex-
plants. Hence, we then examined the effects of NRG-1f
on neuronal migration from organotypic DRG tissue ex-
plants in the established neuromuscular coculture sys-
tem. We showed that NRG-1B (20 nmol/L) incubation
increased the amount of migrating neurons from orga-
notypic DRG tissue explants (P < 0.001). We additionally
showed that inhibiting each of the three downstream
signaling pathways blocked the effects of NRG-1p on
neuronal migration (P<0.05 or P<0.001). Therefore,
three inhibitors PD98059, LY294002, and AG490 had
effective actions on blocking the distinct downstream
signaling pathways of NRG-1B on neuronal migration
(Fig. 2-2). These results suggested that NRG-1p pro-
moted neuronal migration from organotypic DRG tissue
explants in the neuromuscular coculture system, which is
different from the in vivo situation of the ontogenesis dur-
ing nerve-muscle contact. This in vivo process only in-
volved neurites navigating to find their target muscle
fibers, rather than neuron cell body migration.

GAP-43 mRNA and protein expression after NRG-1f3
incubation

GAP-43, as a kind of neuron-specific calcium-binding
protein and actin-binding protein, is highly expressed in
the presynaptic membrane. GAP-43 is often used as
markers of neuron development, regeneration, and syn-
aptic growth after nerve injury [49, 66]. In this study, we
examined the effects of NRG-1p on GAP-43 expression
in the neuromuscular coculture system of organotypic
DRG tissue with dissociated SKM cells. We showed that
NRG-1B (20 nmol/L) incubation elevated both mRNA
and protein levels of GAP-43 suggesting the promotive
effects of NRG-1 on GAP-43 expression in organotypic
DRG tissue explants in this neuromuscular coculture
system (P <0.001). We also showed that inhibiting each
of the three downstream signaling pathways blocked the
effects of NRG-1f on GAP-43 mRNA and protein ex-
pression (P <0.05, P<0.01, or P<0.001). The inhibitors
PD98059, LY294002, and AG490 could effectively block
the distinct downstream signaling pathways of NRG-1p
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Fig. 3 GAP-43 and TrkC mRNA and protein levels. 3-1 a Quantification of GAP-43 mRNA levels. 3-1 b Immunoreactive bands of GAP-43 in
different experimental conditions. 3-1 ¢ Quantification of GAP-43 protein levels in different experimental conditions. 3-2 a Quantification of TrkC
mRNA levels. 3-2 b Immunoreactive bands of TrkC in different experimental conditions. 3-2 ¢ Quantification of TrkC protein levels in different
experimental conditions. Mean +SD, n = 5. *P < 0.05, **P < 0.01, ***P < 0.001
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on GAP-43 expression (Fig. 3-1). The elevation of GAP-43
mRNA and protein levels may be the intrinsic mechanism
of neurite outgrowth and neuronal migration after
NRG-1p administration in the neuromuscular coculture
system. Furthermore, the effects of NRG-1p on GAP-43
expression might be through the activation of ERK1/2,
PI3K/Akt, and JAK2/STAT3 signaling pathways. To con-
firm whether these downstream signaling inhibitors hin-
der neuronal growth state, we investigated the expression
of GAP-43 after application of each of the three down-
stream signaling inhibitors in the absence of NRG-1f. In
these cultured conditions, the GAP-43 protein levels were
not affected (Additional file 2: Figure S2).

NRG-1B induced neuromuscular interactions and
development of IM fibers

The sensory neurons take distinct paths to their target
organs which are critical to the initiation of their axon
outgrowth. The intrafusal fiber and the connective tissue
capsule surrounding them constitute the muscle spin-
dles, which are specialized sensory receptors and sensi-
tive to muscle length alterations. The IM fibers are of a
small diameter and receive sensory innervations as
annulospiral endings (from type Ia sensory fiber) and
flower-spray endings (from type II sensory fiber), trans-
mitting the movement sense of a moving muscle and
position sense of a still muscle, respectively [18]. Here,
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the differentiation of muscle spindle in the organotypi-
cally cultured DRG explants with dissociated SKM cell
coculture system was investigated by triple fluorescence
staining of NF-200, a-actin, and DAPI. According to the
morphology and size of IM fibers in culture in previous
study [14] and the growth status of IM fibers in our
present coculture system, the two kinds of IM fibers
were distinguished as follows: The intrafusal bag fibers
are fusiform in shape. The intrafusal chain fibers are thin
cylindrical in shape, and the diameter of chain fiber is
about 20-30 pum which distinguished from the larger
diameter extrafusal fibers. The NRG-1p treatment im-
proved the growth status of DRG neurons which estab-
lished their contact to their target IM fibers. The results
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showed that NRG-1p exposure promoted the growth of
nerve endings contacting with muscle cells. This in vitro
growth pattern morphologically mimicked at the contact
area of IM fibers with the sensory nerve terminals in vivo.
In this neuromuscular coculture system, we showed that
NRG-1B (20 nmol/L) incubation significantly increased
the amount of both nuclear bag fibers and nuclear chain
fibers (P <0.001). We also showed that inhibiting each of
the three downstream signaling pathways would block
the effects of NRG-1p on IM fiber formation (P < 0.05,
P <0.01, or P<0.001). PD98059, LY294002, and AG490
are able to proficiently inhibit the distinct downstream
signaling pathways of NRG-1p on IM fiber formation
(Fig. 4). To confirm whether these downstream signaling

Fig. 4 Effects of NRG-1$ on intrafusal nuclear bag and chain fiber formation. a NRG-13: a1 NF-200-IR neurons, a2 SKM cells, a3 DAPI, and a4
overlay of a1, a2, and a3. b NRG-13 + PD98059: b1 NF-200-IR neurons, b2 SKM cells, b3 DAPI, and b4 overlay of b1, b2, and b3. ¢ NRG-13 + LY294002:
c1 NF-200-IR neurons, €2 SKM cells, €3 DAPI, and c4 overlay of 1, €2, and ¢3. d NRG-1 + AG490: d1 NF-200-IR neurons, d2 SKM cells, d3 DAPI, and d4
overlay of d1, d2, and d3. e control: @1 NF-200-IR neurons, @2 SKM cells, @3 DAPI, and e4 overlay of e1, €2, and e3. Scale bar =20 um. 4-1 a-e Intrafusal
nuclear bag fiber (red) with gathered nuclei (blue) inside and sensory nerve terminals wrapping around the bag fiber surface. 4-2 a—e Intrafusal nuclear
chain fiber (red) with linear assembled nuclei (blue) inside and sensory nerve terminals wrapping around the chain fiber surface. 4-1 f Quantification of
number of nuclear bag fibers. 4-2 f Quantification of number of nuclear chain fibers. Mean + SD, n = 5. *P < 0.05, **P < 0.01, **P < 0001
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inhibitors hinder the IM fiber formation, we carried out
the experiment with only the application of each of the
three downstream signaling inhibitors in the absence of
NRG-1f. In these culture conditions, the amount of
both nuclear bag fibers and nuclear chain fibers was
not affected (Additional file 3: Figure S3). Multiple
mechanisms and pathways are involved in the process
of IM fiber formation. The pathways blocked in this ex-
periment are related to the NRG-1f challenge. In the
absence of NRG-1f, inhibition of each of the three
downstream signaling pathways did not hinder IM fiber
formation.

The effects of NRG-1B on TrkC mRNA and protein
expression

It is known that TrkC expression is usually in large
diameter neurons in DRG which is relevant to proprio-
ception. In this study, we examined the effects of NRG-13
on TrkC expression in the neuromuscular coculture sys-
tem of organotypic DRG tissue with dissociated SKM
cells. We showed that NRG-1f (20 nmol/L) incubation in-
creased TrkC mRNA and protein levels (P <0.001). We
also showed that inhibiting each of the three downstream
signaling pathways would block the effects of NRG-1p on
TrkC expression (P<0.01 or P<0.001). The inhibitors
PD98059, LY294002, and AG490 are capable to block the
distinct downstream signaling pathways of NRG-1f on
TrkC mRNA and protein levels (Fig. 3-2). To confirm
whether TrkC expression in muscle culture alone or DRG
culture alone with NRG-1p stimulation, muscle culture
and DRG culture were used separately for these tests. We
showed that SKM cells did not express TrkC and DRG
expressed TrkC which could be promoted by NRG-1f
stimulation (Additional file 4: Figure S4).

NRG-1f increased TrkC phenotype DRG neurons in
neuromuscular cocultures

In newborn rats, TrkC-expressing neurons are involved in
proprioceptive modulation and can be selectively activated
by neurotrophic factors. To test whether TrkC was associ-
ated with the development of IM fibers, we analyzed the
proportion of the TrkC phenotype DRG neurons in
neuromuscular cocultures. At 4 days of coculture age, the
in situ expression of TrkC in the neuromuscular coculture
was detected by fluorescence labeling of NF-200 and
TrkC. We showed that NRG-1p treatment elevated the
percentage of TrkC-positive neurons (P < 0.001). We also
showed that inhibiting each of the three downstream
signaling pathways would block the effects of NRG-1
on TrkC in situ expression of DRG neurons in the
neuromuscular cocultures of organotypic DRG tissue
with dissociated SKM cells (P<0.05 or P<0.001).
PD98059, LY294002, and AG490 as the inhibitors of
the distinct downstream signaling pathways of NRG-13
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could effectively block NRG-1p-induced TrkC expres-
sion in situ in DRG neurons (Fig. 5-1).

NRG-1B increased the number of neurites from TrkC
phenotype neurons on muscle fibers

NRG-1f increased TrkC phenotype DRG neurons in the
coculture. To further determine whether NRG-1f in-
creased the number of neurites from TrkC phenotype
DRG neurons on muscle fibers in neuromuscular cocul-
tures, we analyzed the TrkC-IR (immunoreactive, IR)
neurons with their neurites contacted with muscle fi-
bers by triple immunofluorescence staining of NF-200,
TrkC, and a-actin. We showed that NRG-1f treatment
elevated the percentage of TrkC-positive neurons with
their neurites on muscle fibers (P <0.001). We also
showed that inhibiting each of the three downstream
signaling pathways blocked the effects of NRG-1p on
the elevation of the percentage of TrkC-positive neu-
rons with their neurites on muscle fibers (P < 0.05 or
P <0.001). PD98059, LY294002, and AG490 as the in-
hibitors of the distinct downstream signaling pathways
of NRG-1f could efficiently prevent NRG-1-induced
neurites from TrkC-positive neurons contacted with
muscle fibers (Fig. 5-2). Distinct patterns of expression
of TrkC are readily apparent in developing DRG from
embryonic stage to mediate the biological effects of
survival and neurite outgrowth [32]. TrkC is expressed
predominantly by large DRG neurons which innervate
proprioceptive receptors associated with muscle reflex.
These results suggested that NRG-1p incubation induced
an increase of anatomical contact between neurites from
TrkC-positive neurons and muscle fibers in this coculture
system. These phenomena imply that NRG-1 may have
specific functions on TrkC-dominated nerve-muscle con-
tact during the process of neurite and muscle fiber out-
growth in vitro. The promotion of TrkC phenotype by
NRG-1f might be one of the mechanisms of NRG-1p on
the formation of the target IM fibers observed in this
study.

Discussion

Formation of muscle spindles is a multistep process in-
volved in coordinated forth-and-back communication
between developing sensory nerve endings and target
IM fibers. The development of IM fibers is a key step in
the formation of the muscle spindles and then finally for
the construction of the stretch reflex arc. The develop-
ment and formation of IM fibers must rely on the exact
nerve-muscle contact and sufficient trophic factors.
NRG-1 signaling as an anterograde differentiation and
growth factor is a key regulator on IM fiber development
[9], muscle spindle formation [10], and muscle spindle
maturation [6]. IM fibers associated with their proprio-
ceptive sensory neurons compose the sensory circuit of
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5-1 a-e

percentage of TrkC-IR neuron (%) ¢y

Fig. 5 TrkC expression in situ and the percentage of TrkC-IR neuron innervation of muscle fibers. a NRG-1p3: a1 NF-200-IR neurons, a2 TrkC-IR
neurons, a3 SKM cells by a-actin, and a4 overlay of a1, a2, and a3. b NRG-13 + PD98059: b1 NF-200-IR neurons, b2 TrkC-IR neurons, b3 SKM
cells by a-actin, and b4 overlay of b1, b2, and b3. ¢ NRG-1p + LY294002: €1 NF-200-IR neurons, €2 TrkC-IR neurons, €3 SKM cells by a-actin, and
c4 overlay of €1, €2, and €3. d NRG-1B + AG490: d1 NF-200-IR neurons, d2 TrkC-IR neurons, d3 SKM cells by a-actin, and d4 overlay of d1, d2,
and d3. e control: @1 NF-200-IR neurons, €2 TrkC-IR neurons, @3 SKM cells by a-actin, and e4 overlay of e1, €2, and e3. Scale bar =50 pm. 5-1 a-e TrkC-
IR migrating neurons in different conditions. 5-2 a—e TrkC-IR neurons innervate muscle fibers. 5-1 f Quantification of the percentage of TrkC-IR migrating
neurons. 5-2 f Quantification of the percentage of TrkC-IR neuron innervation of muscle fibers. Mean + SD, n = 5. *P < 0.05, **P < 0.01, ***P < 0.001

the neuromuscular reflex arc [20]. A wide range of dis-
eases causing this sensory circuit portion damage will re-
sult in motor dysfunction [24]. However, reconstruction
of the damaged sensory circuit is not defined now. In
this study, we established a coculture system, using orga-
notypic DRG tissue with dissociated SKM cells in the
same culture well, to imitate development of sensory
neuromuscular contact during the ontogenesis. The re-
sults showed that NRG-1p promoted neurite outgrowth
and neuronal migration from the organotypic DRG ex-
plants and that this correlated with an induction of
GAP-43 expression. The modulating effects of NRG-1f
on TrkC DRG neuronal phenotype may link to promote
IM fiber (nuclear bag fiber and nuclear chain fiber) for-
mation. In addition, the effects of NRG-1p on IM fiber

formation are correlated to the activation of ERK1/2,
PI3K/Akt, and JAK2/STAT3 intracellular signaling path-
ways. These effects were tested by using ERK1/2 inhibitor
PD98059, PI3K inhibitor LY294002, and JAK2 inhibitor
AG490, respectively. These inhibitors could effectively
block the distinct downstream signaling of NRG-1p.
NRG-1 plays a critical role in controlling migration of
neuronal progenitors and neurons during development
[67]. The migration of neurons to their final destinations
is essential for maintenance of the morphogenesis of the
nervous system during development. This navigating
path is complex which depends on the cellular environ-
ment [68]. During embryogenesis, projecting neurites to
their target organs could be interfered by many factors
[69]. In order to maintain the normal function of the
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nerve-target tissue system, modification of neuron mi-
gration and the neurite projecting environment that
helps neurite in projecting or efficient pathfinding to its
target is essential. NRG-1, because of its neurite out-
growth promotive actions, might be one of the candi-
dates for helping neurites from DRG neurons to their
target tissues, as well as promoting distinct Trk neuron
migration to their target positions. Several studies have
shown that NRG-1 has specific and important actions
on formation, maturation, function, and maintenance of
IM fibers or muscle spindles [6, 9, 10, 13, 14, 60], which
provide us relevant references for designing and com-
pleting this experiment of IM fiber formation in the
present of sensory neurons in vitro. The similar actions of
NRG-1p on formation of nuclear bag fibers and nuclear
chain fibers were confirmed in our established neuromus-
cular coculture. The results of our present study provided
basic and crucial experimental evidence for studying clas-
sification on IM fibers, in vitro innervation patterns, and
neuromuscular interactions with selective sensory innerv-
ation. In the present study, neuron migration as well as
neurite projecting under the promotion of NRG-18 is suf-
ficient to guide to innervate its exact target tissue to re-
store neuromuscular contact. Likewise, elevated GAP-43
levels in DRG neurons resulted in the nerve-muscle con-
tact as well as the promotion of neurite projection and
neuron migration. Furthermore, it is tempting to speculate
that these neuronal behaviors and molecular events might
be involved in the formation of IM fibers.

The alterations of a muscle length could be detected
by the specialized proprioceptor intrafusal fibers. They
are innervated by sensory axons from DRG neurons.
The biological condition of the IM fibers is one of the
vital elements of full functional recovery from injury. IM
fiber formation depends on the growth environments.
The existence of sensory innervation and the addition of
neurotrophic factors are dependent on environmental
factors for the formation of IM fibers during develop-
ment. NRG-1p, released from sensory nerve terminals, is
necessary for muscle spindle formation by activating
ErbB receptors in muscle cells [60]. These observations
suggested that neurogenic NRG has multifunctional ac-
tions on maintaining the specific functions of target IM
fibers. To investigate the specific effects of NRG-1f on
the formation of IM fibers in the coculture, triple fluor-
escence staining of NF-200, a-actin, and DAPI was used
to determine the distribution of nucleus and the sensory
nerve terminal. After NRG-1f exposure, the formation
of both two types of IM fiber was observed. The DRG
nerve terminals not only grow longer and sprout more
branches to innervate the muscle cell with NRG-1p
treatment, but also form more annulospiral endings and
flower-spray endings around the muscle fibers. These
nerve endings were observed in mouse soleus muscle
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spindle in animal models in previous study [22]. The
endings of these nerve fibers contact the nucleus region
of the IM fibers, where the muscle fibers only stretch to
generate information of the position of one’s muscle, but
do not contract to generate skeletal movement. These
results show that in addition to the effect of promoting
the neurite outgrowth, NRG-1p promoted the formation
of IM fibers with the sensory DRG neurons in neuro-
muscular cocultures. While the migrating neurons could
target the muscle cells by the pathfinding route, the for-
mation of IM fibers had more significance in these
neuromuscular cocultures with DRG neurons, for the
IM fibers are actually innervated by sensory neurons in
vivo. Our results do not rule out that the nuclear bag
and nuclear chain fibers could only be observed when
the SKM is cocultured with sensory neurons, but they
are consistent with the hypothesis that the formation of
IM fibers critically depends on the growth environments,
at least in part, for the existence of specific propriocep-
tive neurons and the trophic factor NRG-1p.

It has been shown that activation of receptor could in-
duce axon sprouting to re-innervate SKM [70] as well as
promote sensory and motor axonal regeneration after per-
ipheral injury [71]. When particular signaling by neuro-
trophic factors was lost, mice muscle spindles fail to
develop due to lack of sensory neurons [60]. Our results
have shown that the exogenous NRG-1f promoted TrkC
expression and increased the number of TrkC-positive
neurons innervating target muscle cells. While the IM
fiber formation is required for neuronal migration and
neurite projection to the target muscle cells, TrkC might
be a particular receptor that responds to neurotrophic fac-
tors and induces the formation of intrafusal fibers. As our
analysis of TrkC DRG neuronal phenotype participates in
the development and formation of intrafusal fibers, there
might be a role for SKM cells on promoting the expres-
sion of TrkC in DRG neurons. TrkC expression in DRG
neurons promoted by the target SKM cells might also
play a significant role, suggesting a mutual exchange of
nerve-muscle molecular signals during development.

Another interesting phenomenon is that the migrat-
ing neurons directly form DRG explants scattered
around the DRG explants in the peripheral area and are
distributed between the growing muscle fibers. In fact,
neuronal cell bodies do not migrate in vivo for the
neuron to form a synapse. During this process, only the
axons migrate along with a definite path to find their
target to form synapses or other specific junctions.
However, neuronal cell bodies can migrate from the
organotypic DRG explants in vitro in this study. This is
a special coculture system which provides migration
environment that let neuronal cell bodies migrate from
DRG explants to the peripheral area, which is different
from the conditions in vivo. In this neuromuscular
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coculture system, neuronal migration has specific signifi-
cance for the neuromuscular interaction, because neur-
onal cell bodies can directly send axons to the adjacent
muscle fibers, which made the higher innervation effi-
ciency in this specific coculture condition. The amount of
migrating neuronal cell bodies represents the growth state
of the DRG explants in our present study.

Conclusion

In conclusion, NRG-1p promotes outgrowth of neurites
and migration of neurons from the organotypic DRG ex-
plants, and this correlated with an induction of GAP-43
expression. Based on the promotion of neuronal out-
growth, NRG-1f induces IM fiber formation by modu-
lating TrkC DRG neuronal phenotype in neuromuscular
cocultures. The effects produced by NRG-1f in this
neuromuscular coculture system provide new data for
the therapeutic potential on IM fiber formation after
muscle injury.

Additional files

Additional file 1: Figure S1. An example of images from NRG-13
treated sample to show how to count the percentage of TrkC-positive
neurons. a MAP2 fluorescence labeling for all the migrating neurons
(green). b TrkC fluorescence labeling (red). ¢ Overlay of a and b (orange
color shows TrkC-positive neurons). (TIF 520 kb)

Additional file 2: Figure S2. Western blot assay for GAP-43 protein
levels in the absence of NRG-1B. a Immunoreactive bands for GAP-43. b
Quantification of GAP-43 protein levels. Mean + SD, n=5. (TIF 177 kb)

Additional file 3: Figure S3. Quantification of number of nuclear bag
and chain fibers in the absence of NRG-1(3. a Number of nuclear bag fibers
in the absence of NRG-1. b Number of nuclear chain fibers in the absence
of NRG-1f. Mean + SD, n =5. (TIF 224 kb)

Additional file 4: Figure S4. Western blot assay for TrkC protein levels
in SKM culture alone or DRG culture alone in the presence or absence of
NRG-1B. a Immunoreactive bands for TrkC. b Quantification of TrkC
protein levels. Mean + SD, n=5. *P < 0.001. (TIF 164 kb)

Abbreviations

DAPI: 4'6-Diamidino-2-phenylindole; DRG: Dorsal root ganglion; DRGs: Dorsal
root ganglia; E15: Embryonic day 15; ERK1/2: Extracellular signal-regulated
protein kinase 1/2; GAP-43: Growth-associated protein 43;

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; JAK2: Janus kinase 2;
MAP2: Microtubule-associated protein 2; NMJ: Neuromuscular junction; NRG-

1: Neuregulin-1; PBS: Phosphate buffer saline; PI3K: Phosphatidylinositol 3-kinase;
SKM: Skeletal muscle; STAT3: Signal transducer and activator of transcription 3;
TRITC: Tetramethyl rhodamin isothiocyanate; Trk: Tropomyosin-related kinase;
TrkC: Tyrosine kinase receptor C

Acknowledgements

The authors acknowledge Yiting Yin for her excellent technical assistance for
preparing the neuromuscular coculture in vitro model and counting the
migrating neurons. The authors thank Miss Jingyi Huang, who is from the
University of Toronto Human Biology Program, for her careful revision of this
version of the manuscript.

Funding
This work was supported by the National Natural Science Foundation of
China (No. 81371917).

Page 12 of 14

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and the additional files.

Authors’ contributions

YQ and MC performed the experiments and analyzed the data. JL contributed
to the conception of the research. HL revised the manuscript. ZL designed the
research, drafted and edited the manuscript, and approved the final version of
the manuscript. All authors read and approved the final submitted manuscript.

Ethics approval

Animals were treated in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. All animal protocols used in this experiment were
submitted and approved by the Ethical Committee for Animal Experimentation of
the School of Medicine at Shandong University (Document No. LL-201602035).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
'Department of Anatomy, Shandong University School of Basic Medical
Sciences, 44 Wenhua Xi Road, Jinan 250012, Shandong Province, China.
’Department of Orthopaedics, Shandong University Qilu Hospital, Jinan
250012, China.

Received: 13 April 2018 Accepted: 3 September 2018
Published online: 15 September 2018

References

1. Morano M, Ronchi G, Nicolo V, Fornasari BE, Crosio A, Perroteau |, Geuna S,
Gambarotta G, Raimondo S. Modulation of the Neuregulin 1/ErbB system
after skeletal muscle denervation and reinnervation. Sci Rep. 2018,8:5047.

2. Grieco SF, Holmes TC, Xu X. Neuregulin directed molecular mechanisms of
visual cortical plasticity. J Comp Neurol. 2018; [Epub ahead of print]

3. Birchmeier C, Bennett DL. Neuregulin/ErbB signaling in developmental
myelin formation and nerve repair. Curr Top Dev Biol. 2016;116:45-64.

4. Alizadeh A, Santhosh KT, Kataria H, Gounni AS, Karimi-Abdolrezaee S.
Neuregulin-1 elicits a regulatory immune response following traumatic
spinal cord injury. J Neuroinflammation. 2018;15:53.

5. Osaki T, Sivathanu V, Kamm RD. Crosstalk between developing vasculature
and optogenetically engineered skeletal muscle improves muscle
contraction and angiogenesis. Biomaterials. 2018;156:65-76.

6. Cheret C, Willem M, Fricker FR, Wende H, Wulf-Goldenberg A, Tahirovic S,
Nave KA, Saftig P, Haass C, Garratt AN, Bennett DL, Birchmeier C. Bacel and
Neuregulin-1 cooperate to control formation and maintenance of muscle
spindles. EMBO J. 2013;32:2015-28.

7. Shin YK, Jang SY, Park SY, Park JY, Kim JK, Kim JP, Suh DJ, Lee HJ, Park HT.
Grb2-associated binder-1 is required for neuregulin-1-induced peripheral
nerve myelination. J Neurosci. 2014;34:7657-62.

8. Park SY, Jang SY, Shin YK, Jung DK, Yoon BA, Kim JK, Jo YR, Lee HJ, Park HT.
The scaffolding protein, Grb2-associated binder-1, in skeletal muscles and
terminal Schwann cells regulates postnatal neuromuscular synapse
maturation. Exp Neurobiol. 2017,26:141-50.

9. Park SY, Jang SY, Shin YK, Yoon BA, Lee HJ, Park HT. Grb2-associated binder-
1 is required for extrafusal and intrafusal muscle fiber development.
Neuroreport. 2017;28:604-9.

10. Herndon CA, Ankenbruck N, Lester B, Bailey J, Fromm L. Neuregulin1
signaling targets SRF and CREB and activates the muscle spindle-specific
gene Egr3 through a composite SRF-CREB-binding site. Exp Cell Res. 2013;
319:718-30.

11. Fukazawa T, Matsumoto M, Imura T, Khalesi E, Kajiume T, Kawahara Y,
Tanimoto K, Yuge L. Electrical stimulation accelerates neuromuscular
junction formation through ADAM19/neuregulin/ErbB signaling in vitro.
Neurosci Lett. 2013;545:29-34.


https://doi.org/10.1186/s13395-018-0175-9
https://doi.org/10.1186/s13395-018-0175-9
https://doi.org/10.1186/s13395-018-0175-9
https://doi.org/10.1186/s13395-018-0175-9

Qiao et al. Skeletal Muscle (2018) 8:29

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Wang J, Song F, Loeb JA. Neuregulin1 fine-tunes pre-, post-, and perisynaptic
neuromuscular junction development. Dev Dyn. 2017;246:368-80.

Oliveira Fernandes M, Tourtellotte WG. Egr3-dependent muscle spindle
stretch receptor intrafusal muscle fiber differentiation and fusimotor
innervation homeostasis. J Neurosci. 2015;35:5566-78.

Rumsey JW, Das M, Kang JF, Wagner R, Molnar P, Hickman JJ. Tissue
engineering intrafusal fibers: dose- and time-dependent differentiation of
nuclear bag fibers in a defined in vitro system using neuregulin 1-beta-1.
Biomaterials. 2008;29:994-1004.

Osterlund C, Liu JX, Thornell LE, Eriksson PO. Muscle spindle composition
and distribution in human young masseter and biceps brachii muscles
reveal early growth and maturation. Anat Rec (Hoboken). 2011;294:683-93.
Kirkpatrick LJ, Yablonka-Reuveni Z, Rosser BW. Retention of Pax3 expression
in satellite cells of muscle spindles. J Histochem Cytochem. 2010;58:317-27.
Rosales RL, Dressler D. On muscle spindles, dystonia and botulinum toxin.
Eur J Neurol. 2010;17:71-80.

Radovanovic D, Peikert K, Lindstrom M, Domelléf FP. Sympathetic
innervation of human muscle spindles. J Anat. 2015;226:542-8.

Tsukiboshi T, Sato H, Tanaka Y, Saito M, Toyoda H, Morimoto T, Turker KS,
Maeda Y, Kang V. lllusion caused by vibration of muscle spindles reveals an
involvement of muscle spindle inputs in regulating isometric contraction of
masseter muscles. J Neurophysiol. 2012;108:2524-33.

Rumsey JW, Das M, Bhalkikar A, Stancescu M, Hickman JJ. Tissue
engineering the mechanosensory circuit of the stretch reflex arc: sensory
neuron innervation of intrafusal muscle fibers. Biomaterials. 2010;31:8218-27.
Guo X, Ayala JE, Gonzalez M, Stancescu M, Lambert S, Hickman JJ. Tissue
engineering the monosynaptic circuit of the stretch reflex arc with co-
culture of embryonic motoneurons and proprioceptive sensory neurons.
Biomaterials. 2012;33:5723-31.

Zhang Y, Wesolowski M, Karakatsani A, Witzemann V, Kroger S. Formation of
cholinergic synapse-like specializations at developing murine muscle
spindles. Dev Biol. 2014;393:227-35.

Zhang Y, Lin S, Karakatsani A, Riegg MA, Kréger S. Differential regulation of
AChR clustering in the polar and equatorial region of murine muscle
spindles. Eur J Neurosci. 2015;41:69-78.

Guo X, Colon A, Akanda N, Spradling S, Stancescu M, Martin C, Hickman JJ.
Tissue engineering the mechanosensory circuit of the stretch reflex arc with
human stem cells: sensory neuron innervation of intrafusal muscle fibers.
Biomaterials. 2017;122:179-87.

Brahimi F, Maira M, Barcelona PF, Galan A, Aboulkassim T, Teske K, Rogers ML,
Bertram L, Wang J, Yousefi M, Rush R, Fabian M, Cashman N, Saragovi HU. The
paradoxical signals of two TrkC receptor isoforms supports a rationale for
novel therapedutic strategies in ALS. PLoS One. 2016;11:¢0162307.

Lai BQ, Che MT, Du BL, Zeng X, Ma YH, Feng B, Qiu XC, Zhang K, Liu S,
Shen HY, Wu JL, Ling EA, Zeng YS. Transplantation of tissue engineering
neural network and formation of neuronal relay into the transected rat
spinal cord. Biomaterials. 2016;109:40-54.

Li R, Wu Y, Jiang D. NT-3 attenuates the growth of human neuron cells
through the ERK pathway. Cytotechnology. 2016,68:659-64.

Blanchard JW, Eade KT, Szlics A, Lo Sardo V, Tsunemoto RK, Williams D,
Sanna PP, Baldwin KK. Selective conversion of fibroblasts into peripheral
sensory neurons. Nat Neurosci. 2015;18:25-35.

Appel E, Weissmann S, Salzberg Y, Orlovsky K, Negreanu V, Tsoory M,
Raanan C, Feldmesser E, Bernstein Y, Wolstein O, Levanon D, Groner Y. An
ensemble of regulatory elements controls Runx3 spatiotemporal expression
in subsets of dorsal root ganglia proprioceptive neurons. Genes Dev. 2016;
30:2607-22.

Li H, Liu Z, Chi H, Bi Y, Song L, Liu H. The effects of IGF-1 on Trk expressing
DRG neurons with HIV-gp120-induced neurotoxicity. Curr HIV Res. 2016;14:
154-64.

Shaqura M, Li X, A-Madol MA, Tafelski S, Beyer-Koczorek A, Mousa SA, Schafer
M. Acute mechanical sensitization of peripheral nociceptors by aldosterone
through non-genomic activation of membrane bound mineralocorticoid
receptors in naive rats. Neuropharmacology. 2016;107:251-61.

Cheng |, Jin L, Rose LC, Deppmann CD. Temporally restricted death and the
role of p75NTR as a survival receptor in the developing sensory nervous
system. Dev Neurobiol. 2018;78(7):701-17.

Liu H, Lu J, He Y, Yuan B, Li Y, Li X. Insulin-like growth factor-1 prevents
dorsal root ganglion neuronal tyrosine kinase receptor expression
alterations induced by dideoxycytidine in vitro. Cell Mol Neurobiol. 2014;
34:183-94.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 13 of 14

QOgihara Y, Masuda T, Ozaki S, Yoshikawa M, Shiga T. Runx3-regulated
expression of two Ntrk3 transcript variants in dorsal root ganglion neurons.
Dev Neurobiol. 2016;76:313-22.

Wang L, Liu Z, Liu H, Wan Y, Wang H, Li Z. Neuronal phenotype and
tyrosine kinase receptor expression in cocultures of dorsal root ganglion
and skeletal muscle cells. Anat Rec. 2009;292:107-12.

Vaughan SK, Stanley OL, Valdez G. Impact of aging on proprioceptive
sensory neurons and intrafusal muscle fibers in mice. J Gerontol A Biol Sci
Med Sci. 2017;72:771-9.

Hao P, Liang Z, Piao H, Ji X, Wang Y, Liu Y, Liu R, Liu J. Conditioned medium
of human adipose-derived mesenchymal stem cells mediates protection in
neurons following glutamate excitotoxicity by regulating energy
metabolism and GAP-43 expression. Metab Brain Dis. 2014;,29:193-205.
Carriel V, Garzon |, Campos A, Cornelissen M, Alaminos M. Differential
expression of GAP-43 and neurofilament during peripheral nerve
regeneration through bio-artificial conduits. J Tissue Eng Regen Med. 2017;
11:553-63.

Zhang X, Gong X, Qiu J, Zhang Y, Gong F. MicroRNA-210 contributes to
peripheral nerve regeneration through promoting the proliferation and
migration of Schwann cells. Exp Ther Med. 2017;14:2809-16.

Ren T, Faust A, van der Merwe Y, Xiao B, Johnson S, Kandakatla A, Gorantla
VS, Badylak SF, Washington KM, Steketee MB. Fetal extracellular matrix nerve
wraps locally improve peripheral nerve remodeling after complete
transection and direct repair in rat. Sci Rep. 2018,8:4474.

Huang R, Zhao J, Ju L, Wen Y, Xu Q. The influence of GAP-43 on orientation
of cell division through G proteins. Int J Dev Neurosci. 2015;47(Pt B):333-9.
Sanna MD, Quattrone A, Ghelardini C, Galeotti N. PKC-mediated HUD-GAP43
pathway activation in a mouse model of antiretroviral painful neuropathy.
Pharmacol Res. 2014;81:44-53.

Bai X, Chen T, Gao Y, Li H, Li Z, Liu Z The protective effects of insulin-like
growth factor-1 on neurochemical phenotypes of dorsal root ganglion
neurons with BDE-209-induced neurotoxicity in vitro. Toxicol Ind Health.
2017,33:250-64.

Jiang B, Zhang Y, Zhao J, She C, Zhou X, Dong Q, Wang P. Effects of
localized X-ray irradiation on peripheral nerve regeneration in transected
sciatic nerve in rats. Radiat Res. 2017;188:455-62.

Wen SY, Li AM, Mi KQ, Wang RZ, Li H, Liu HX, Xing Y. In vitro neuroprotective
effects of ciliary neurotrophic factor on dorsal root ganglion neurons with
glutamate-induced neurotoxicity. Neural Regen Res. 2017;12:1716-23.

Zhang L, Yue Y, Ouyang M, Liu H, Li Z. The effects of IGF-1 on TNF-a-
treated DRG neurons by modulating ATF3 and GAP-43 expression via PI3K/
Akt/S6K signaling pathway. Neurochem Res. 2017;42:1403-21.

Ceber M, Sener U, Mihmanli A, Kilic U, Topcu B, Karakas M. The relationship
between changes in the expression of growth associated protein-43 and
functional recovery of the injured inferior alveolar nerve following transection
without repair in adult rats. J Craniomaxillofac Surg. 2015/43:1906-13.

Wang H, Li X, Shan L, Zhu J, Chen R, Li Y, Yuan W, Yang L, Huang J.
Recombinant hNeuritin promotes structural and functional recovery of
sciatic nerve injury in rats. Front Neurosci. 2016;10:589.

Holahan MR. A shift from a pivotal to supporting role for the growth-
associated protein (GAP-43) in the coordination of axonal structural and
functional plasticity. Front Cell Neurosci. 2017;11:266.

Li R, Wu J, Lin Z, Nangle MR, Li Y, Cai P, Liu D, Ye L, Xiao Z, He C, Ye J,
Zhang H, Zhao Y, Wang J, Li X, He Y, Ye Q, Xiao J. Single injection of a novel
nerve growth factor coacervate improves structural and functional
regeneration after sciatic nerve injury in adult rats. Exp Neurol. 2017,288:1-10.
Anand U, Sinisi M, Fox M, MacQuillan A, Quick T, Korchev Y, Bountra C,
McCarthy T, Anand P. Mycolactone-mediated neurite degeneration and
functional effects in cultured human and rat DRG neurons: mechanisms
underlying hypoalgesia in Buruli ulcer. Mol Pain. 2016;12:1-11.

Ko MH, Yang ML, Youn SC, Lan CT, Tseng TJ. Intact subepidermal nerve
fibers mediate mechanical hypersensitivity via the activation of protein
kinase C gamma in spared nerve injury. Mol Pain. 2016;12:1-15.

Liu D, Liu Z, Liu H, Li H, Pan X, Li Z Brain-derived neurotrophic factor
promotes vesicular glutamate transporter 3 expression and neurite
outgrowth of dorsal root ganglion neurons through the activation of the
transcription factors Etv4 and Etv5. Brain Res Bull. 2016;121:215-26.

Zhang L, Zeng Y, Qi J, Guan T, Zhou X, He Y, Wang G, Fu S. Mechanism of
activating the proprioceptive NT-3/TrkC signalling pathway by reverse
intervention for the anterior cruciate ligament-hamstring reflex arc with
electroacupuncture. Biomed Res Int. 2018;,2018:6348764.



Qiao et al. Skeletal Muscle (2018) 8:29

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Peikert K, May CA. Muscle spindles in the human bulbospongiosus and
ischiocavernosus muscles. Muscle Nerve. 2015;52:55-62.

Desaki J, Ezaki T, Nishida N. Fine structural study of the innervation of
muscle spindles in the internal oblique muscle of the abdominal wall in the
adult mouse. J Electron Microsc. 2010;59:243-50.

Schiaffino S, Rossi AC, Smerdu V, Leinwand LA, Reggiani C. Developmental
myosins: expression patterns and functional significance. Skelet Muscle.
2015;5:22.

Muramatsu K, Niwa M, Tamaki T, kutomo M, Masu Y, Hasegawa T, Shimo S,
Sasaki S. Effect of streptozotocin-induced diabetes on motoneurons and
muscle spindles in rats. Neurosci Res. 2017;115:21-8.

Zvaritch E, MacLennan DH. Muscle spindles exhibit core lesions and
extensive degeneration of intrafusal fibers in the Ryr1(14895T/wt) mouse
model of core myopathy. Biochem Biophys Res Commun. 2015;460:34-9.
Herndon CA, Ankenbruck N, Fromm L. The Erk MAP kinase pathway is
activated at muscle spindles and is required for induction of the muscle
spindle-specific gene Egr3 by neuregulin1. J Neurosci Res. 2014,92:174-84.
Norrby M, Tagerud S. Mitogen-activated protein kinase-activated protein
kinase 2 (MK2) in skeletal muscle atrophy and hypertrophy. J Cell Physiol.
2010;223:194-201.

Lai KO, Chen Y, Po HM, Lok KC, Gong K, Ip NY. Identification of the Jak/Stat
proteins as novel downstream targets of EphA4 signaling in muscle:
implications in the regulation of acetylcholinesterase expression. J Biol
Chem. 2004;279:13383-92.

Colén A, Guo X, Akanda N, Cai Y, Hickman JJ. Functional analysis of human
intrafusal fiber innervation by human y-motoneurons. Sci Rep. 2017,7:17202.
Li'Y, Liu G, Li H, Bi Y. Neuregulin-1( regulates the migration of different
neurochemical phenotypic neurons from organotypically cultured dorsal
root ganglion explants. Cell Mol Neurobiol. 2016;36:69-81.

Zhang W, Li Z. The effects of target skeletal muscle cells on dorsal root
ganglion neuronal outgrowth and migration in vitro. PLoS One. 2013;8:252849.
Wang CY, Lin HC, Song YP, Hsu YT, Lin SY, Hsu PC, Lin CH, Hung CC, Hsu
MC, Kuo YM, Lee YJ, Hsu CY, Lee YH. Protein kinase C-dependent growth-
associated protein 43 phosphorylation regulates gephyrin aggregation at
developing GABAergic synapses. Mol Cell Biol. 2015;35:1712-26.

Fornasari BE, EI Soury M, De Marchis S, Perroteau |, Geuna S, Gambarotta G.
Neuregulini alpha activates migration of neuronal progenitors expressing
ErbB4. Mol Cell Neurosci. 2016;77:87-94.

Solecki DJ. Sticky situations: recent advances in control of cell adhesion
during neuronal migration. Curr Opin Neurobiol. 2012;22:791-8.

Kirkland RA, Franklin JL. Rate of neurite outgrowth in sympathetic neurons
is highly resistant to suppression of protein synthesis: role of protein
degradation/synthesis coupling. Neurosci Lett. 2007;411:52-5.

Sartini S, Bartolini F, Ambrogini P, Betti M, Ciuffoli S, Lattanzi D, Di Palma M,
Cuppini R. Motor activity affects adult skeletal muscle re-innervation acting
via tyrosine kinase receptors. Eur J Neurosci. 2013;37:1394-403.

English AW, Liu K, Nicolini JM, Mulligan AM, Ye K. Small-molecule trkB
agonists promote axon regeneration in cut peripheral nerves. Proc Natl
Acad Sci U S A 2013;110:16217-22.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Coculture of organotypic DRG explants and dissociated SKM cells
	Treatment with different agents after coculture establishment
	Living cell observation
	Microscopy of fluorescence labeling
	Quantification of neurons and IM fibers after fluorescence labeling
	Real-time PCR for mRNA expression of GAP-43 and TrkC
	Western blot assay for protein levels of GAP-43 and TrkC
	Statistical analysis

	Results
	The neurite outgrowth from DRG explants
	Quantification of the migrating neurons from DRG explants
	GAP-43 mRNA and protein expression after NRG-1β incubation
	NRG-1β induced neuromuscular interactions and development of IM fibers
	The effects of NRG-1β on TrkC mRNA and protein expression
	NRG-1β increased TrkC phenotype DRG neurons in neuromuscular cocultures
	NRG-1β increased the number of neurites from TrkC phenotype neurons on muscle fibers

	Discussion
	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

