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Abstract
Dorsal root ganglia (DRG) sensory neurons can transmit information about noxious stimulus to cerebral cortex via spinal cord,
and play an important role in the pain pathway. Alterations of the pain pathway lead to CIPA (congenital insensitivity to pain with
anhidrosis) or chronic pain. Accumulating evidence demonstrates that nerve damage leads to the regeneration of neurons in
DRG, which may contribute to pain modulation in feedback. Therefore, exploring the regeneration process of DRG neurons
would provide a new understanding to the persistent pathological stimulation and contribute to reshape the somatosensory
function. It has been reported that a subpopulation of satellite glial cells (SGCs) express Nestin and p75, and could differentiate
into glial cells and neurons, suggesting that SGCs may have differentiation plasticity. Our results in the present study show that
DRG-derived SGCs (DRG-SGCs) highly express neural crest cell markers Nestin, Sox2, Sox10, and p75, and differentiate into
nociceptive sensory neurons in the presence of histone deacetylase inhibitor VPA, Wnt pathway activator CHIR99021, Notch
pathway inhibitor RO4929097, and FGF pathway inhibitor SU5402. The nociceptive sensory neurons express multiple
functionally-related genes (SCN9A, SCN10A, SP, Trpv1, and TrpA1) and are able to generate action potentials and voltage-
gated Na+ currents. Moreover, we found that these cells exhibited rapid calcium transients in response to capsaicin through
binding to the Trpv1 vanilloid receptor, confirming that the DRG-SGC-derived cells are nociceptive sensory neurons. Further,
we show that Wnt signaling promotes the differentiation of DRG-SGCs into nociceptive sensory neurons by regulating the
expression of specific transcription factor Runx1, while Notch and FGF signaling pathways are involved in the expression of
SCN9A. These results demonstrate that DRG-SGCs have stem cell characteristics and can efficiently differentiate into functional
nociceptive sensory neurons, shedding light on the clinical treatment of sensory neuron-related diseases.
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Introduction

The ability to detect noxious stimuli is critical to wellbeing
and survival of organisms, which is illustrated by examination

of individuals who suffer from congenital insensitivity to pain
with anhidrosis (CIPA). These people cannot engage appro-
priate protective behaviors against noxious stimuli, such as
retraction from open flames or sharp objects, due to incapa-
bility of detecting painful stimuli [1, 2]. Scientists defined the
neural apparatus responsible for detecting noxious stimulus as
nociceptors [3]. The nociceptors’ cell bodies are located in the
dorsal root ganglia (DRG) or trigeminal ganglion (TG), and
have a central and peripheral axonal branch, which respective-
ly innervate the spinal cord and its target organs. Thus, in the
pain pathway, DRG or TG sensory neurons can transmit the
information about the location, type, and intensity of noxious
stimulus to the cerebral cortex via spinal cord [1, 2].

Alterations of the pain pathway can lead to CIPA or chron-
ic pain. If CIPA is considered to be a loss of pain sensation,
then at some level, chronic pain can be thought to be the
hyperactivity of tissue or nerve damage to promote guarding
of the injured area [1]. Evidence shows that in low- and
middle-income countries, the prevalence of chronic pain was
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33% of the general adult population [4]. However, no matter
in the development of CIPA or chronic pain, there is no de-
nying that DRG or TG sensory neurons play an important role,
which is confirmed by numerous studies about DRG or TG
neurons [5–8]. Accumulating evidence demonstrates that
nerve damage leads to the regeneration of neurons in DRG,
which may contribute to pain modulation in feedback [9–12].
Therefore, exploring the regeneration process of DRG neu-
rons would provide a new understanding to the persistent
pathological stimulation, and contribute to reshape the so-
matosensory function.

Satellite glial cells (SGCs) are a kind of cells around sen-
sory neurons in DRG and originate from neural crest cells
(NCCs) [13, 14]. Studies have found that SGCs can regulate
chronic pain by communicating with sensory neurons through
gap junction or releasing neural modulating factors, such as
NO, ATP, TNF-α [15–18]. After nerve injury, SGCs express
high levels of BDNF, p75 and fibroblast growth factor 2
(FGF2), indicating that SGCs have the functions of
supporting, nourishing and protecting neurons [19, 20]. In
addition, there is evidence showing that SGCs have differen-
tiation potential. In the DRG explants culture, a subpopulation
of SGCs expressing Nestin and p75 migrated from explants,
and could differentiate into glial cells and neurons in the pres-
ence of serum [21]. After peripheral nerve injury, SGCs
around sensory neurons in vivo express Nestin and Sox2
[11, 22, 23], suggesting that DRG may contain a group of
incompletely differentiated cells.

In this study, we cultured the neonatal rat DRG and found
that the migrated DRG-SGCs highly express the NCC
markers Nestin, p75, Sox10, Sox2. Furthermore, by activating
the Wnt signaling pathway and inhibiting the FGF and Notch
signaling pathways, DRG-SGCs can be differentiated into
functional nociceptive sensory neurons. Our results demon-
strate that DRG-SGCs have the characteristics of stem cells
and can differentiate into sensory neurons. This provides us
with a new understanding of sensory neuron-related diseases
and is of great significance for the effective use of DRG-SGCs
in the treatment of CIPA or chronic pain.

Materials and Methods

DRG-SGCs Culture

DRGs were isolated from Sprague Dawley (SD) rats (post-
natal 1–2 d). All animal experimental protocols were ap-
proved by the guidelines of the Institutional Medical
Experimental Animal Use Committee of Soochow
University. The nerve roots and epineurium were carefully
removed. For explants method, DRG were plated at a density
of approximately 30 explants per 60-mm dish and fresh DRG-
SGCs medium was then added. For trypsinization approach,

the DRGs were digested with collagenase (Sigma C5138-
100 mg) at 37oC for 30 min, and then transferred to 0.25%
trypsin (Gibco) for 20 min. At the end of the incubation peri-
od, the solution was spun at 1,000 rpm for 5 min. The cells
were resuspended in 3 ml of DRG-SGCs medium and inocu-
lated into a 60 mm dish. The DRG-SGCs medium comprised
DMEM/F12 (Corning, 10-092-CVR), 2% B27 (Invitrogen,
17504-044), L-Glutamine (Gibco), penicillin/streptomycin
(Gibco), 20 ng/ml NRG1 (neuregulin1, 11,609-H01H2, Sino
Biological Inc., China), 10 ng/ml T3 (Sigma, T2877),
10 ng/ml T4 (MCE, HY-18,341), 0.3 mg/ml BSA (Sigma,
A1933), 10− 6 M Insulin (Sigma, I1882), 38 ng/ml
Dexamethasone (Sigma, D4902).

When a large number of cells had migrated from the DRG
explants, the cells were passaged. After removing the DRG
explants, SGCs were digested with 0.25% trypsin (Gibco) at
37oC for 2 min. Digestion was terminated by the addition of
10% fetal bovine serum (FBS, BI, 04-001-1ACS) in DMEM/
F12 medium. The cell suspension was centrifuged at
1,000 rpm for 5 min, and then cells were seeded into the
poly-L-lysine (PLL)-coated plates (Sigma, P7280-5 mg) at a
density of 100,000 cells per well of a 35 mm dish. The culture
medium was changed every 2 d.

Neural Induction

After cell passage for 24 h, the culture medium was replaced
with neuronal differentiation medium (NDM). 3 d later,
10 µM forskolin (Selleck, S2449) was added to the medium,
and the treatment was continued for 21 d and then replaced
with neuronal maturation medium. The culture medium was
refreshed every 3 d during the induction period.

The NDM comprised neurobasal medium/DMEM/F12
(1:1), 1% N2 (Gibco, 17502-048), 2% B27, 200 µM ascorbic
acid (Sigma, A5960-25G), 10 ng/ml BDNF (PeproTech, 450-
02-50), 10 ng/ml NGF (PeproTech, 450-34-20), 10 ng/ml NT-
3 (PeproTech, 450-02-50), 10 ng/ml GDNF (PeproTech, 450-
10-50), 3 mM VPA(Sigma, P4543-10G), 3 µM CHIR99021
(Selleck, S2924), 2 µM RO4929097 (Selleck, S1575), 10 µM
SU5402 (Selleck, S7667).

Neuronal maturation medium: Neurobasal Medium
(Gibco, 10888-022), 1% N2, 2% B27, 200 µM ascorbic acid,
10 ng/ml BDNF, 10 ng/ml NGF, 10 ng/ml NT-3, 10 ng/ml
GDNF.

Immunofluorescence

Immunostaining of cultures was performed as described pre-
viously [24]. Cells were fixed with 4% paraformaldehyde for
20 min at room temperature, and then washed 3 times with
phosphate-buffered saline (PBS) for 5 min each. Afterward,
the slides were blocked with 0.2% Triton X-100 for 20 min
and 5% BSA for 1 h at room temperature. Primary antibodies
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were incubated with the slides at 4 °C overnight. After wash-
ing 3 times with PBS, the appropriate secondary antibodies
(Cy3/Alexa Fluor 488-labeled Goat Anti-Mouse/Rabbit
IgG(H + L), 1: 500, Beyotime) were incubated with the slides
for 2 h at room temperature. Cell nuclei were counterstained
with Hoechst 33,258 (1:1000, Invitrogen). Fluorescent images
were generated by Leica Microsystems LAS AF (Lecia
AF6000 microscopy). The fraction of positive cells was deter-
mined by counting 4 nonoverlapping microscopic fields for
each coverslip in at least three separate experiments using
Image J software 1.4.3.67 (National Institutes of Health).
The following primary antibodies were used: GS (1:400,
Abcam, ab49873), Map2 (1:300, Cel l Signal ing
Technology, 8707T), NeuN (1:500, Cell Signaling
Technology, 24307T), Synapsin1 (1:200, Cell Signaling
Technology, 5297T), GFAP (1:500, Cell Signaling
Technology, 80788S), TrkA (1:200, Abcam, ab131472),
S100 (1:200, Abcam, ab52642), Sox10 (1:400, Abcam,
ab155279), p75 (1:300, Abcam, ab3125), Nestin (1:100,
Abcam, ab6142), Sox2 (1:100, Abcam, ab79351), Tuj1
(1:500, Covance, MMS435P), Trpv1 (1:100, Santa Cruz, sc-
398,417). Controls treated with nonspecific mouse/rabbit IgM
or secondary antibodies alone showed no staining.

RT-PCR

RT-PCR was performed in CFX96 Real-Time PCRDetection
System (Bio-Rad) and the quality and quantity of RNA was
evaluated using NanoDrop 2000 (Thermo Fisher Scientific).
Total RNA samples were collected using TRIzol reagents
(Takara) according to the manufacturer’s instructions. Total
RNA (1 µg) from each sample was reverse-transcribed into
cDNA using a reverse transcription kit (Takara). Real-time
RT-PCR reactions was performed in a 50-µl mixture contain-
ing cDNA, primers, and 1 × SYBR GREEN PCR Supermix
(Bio-Rad). Reactions were carried out at 95 °C for 10 min,
followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, and
72 °C for 30 s. The primers used are listed in Table S1, in-
cluding three house-keeping genes (GAPDH, HPRT1, beta-
actin). Each sample was run in duplicates, data were calculat-
ed using the 2ΔΔCT method. All gene expression changes
were expressed as fold changes compared with Control, and
were normalized to the expression of GAPDH, which was
found to be stably expressed under our experimental condi-
tions, a reliable reference gene with an M-value below 1 and
coefficient of variation (CV) below 50% as suggested by
Vandesompele et al. for a heterogeneous sample [25].

Electrophysiology

In order to detect the electrophysiological characteristics, the
differentiated cells were processed as described previously
[26, 27]. Briefly, cells were seeded onto PLL-coated

coverslips as described for cell culture and were visualized
in Nikon Ts2R-FL microscope. Whole cell patch clamp re-
cordings were performed using aMulti-clamp 700 B amplifier
(Molecular Devices) at room temperature (20–22 °C). Signals
were sampled at 20 kHz. Patch pipettes (World Precision
Instruments) were pulled from standard wall glass of 1.5-
mm optical density OD using a flaming micropipette puller
(P97, Sutter Instruments) and had ∼3 MΩ resistance when
filled with internal solution. Voltage commands and digitiza-
tion of membrane voltages were controlled using a Digidata
1440A interfaced with Clampex 10.2 of the pClamp software
package (Molecular Devices). Series resistance (Rs) and ca-
pacitance (Cm) values were taken directly from readings of
the amplifier after electronic subtraction of the capacitive tran-
sients. Series resistance was compensated to the maximum
extent possible (at least 75%). For current-clamp and Na+

current recordings, the extracellular solution contained
128 mM NaCl, 2 mM KCl, 2 mM CaCl2, 2 mM MgCl2,
30 mM glucose, and 25 mM HEPES, pH adjusted to 7.4 with
NaOH (all from sigma). The intracellular solution contained
110 mM KCl, 10 mM NaCl, 2 mM EGTA, 25 mM HEPES,
4 mMMgATP, and 0.3 mMNa-GTP; the pH was adjusted to
7.4 with KOH (all from sigma). The voltage clamping poten-
tial was held at -60mV. The injection current was − 20 pA, the
step current was 50 pA, and the stimulation time was 1 s.

Calcium Imaging

The differentiated cells were subjected to calcium imaging as
described previously [28, 29]. Briefly, differentiated cells
were loaded with 2 µM Fluo-4 AM (Beyotime, S1060) for
30 min at 37 °C/5% CO2. Fluo-4 AM were added at in
Tyrode’s solution (128 mM NaCl, 2 mM KCl, 2 mM CaCl2,
2 mM MgCl2, 30 mM glucose, and 25 mM HEPES).
Fluorescent images were generated by Leica Microsystems
LASAF (Lecia AF6000microscopy). Calcium flux was mon-
itored for 90 s, with 200 ms exposure time and 2 s delay
between exposures. During the monitoring process, 10 × cap-
saicin (100 µM,MCE, HY-10,448) was added to the Tyrode’s
solution. 25 mM KCl was added as a stimulation to confirm
the neural identity of responsive cells. For experiments using
the selective and competitive vanilloid receptor 1 (Trpv1) an-
tagonist AMG9810 (5 µM, MCE, HY-101,736), compound
was added to wells 10 minutes prior to calcium imaging, and
then the protocol was followed as above.

Following data collection, image analysis was carried out
to quantify calcium flux. Using Image J software 1.4.3.67
(National Institutes of Health), calcium responses were deter-
mined by calculating the change in fluorescence over the ini-
tial fluorescence at ~ 488 nm excitation wavelength (F - F0)/
F0, where F = the fluorescence at a given time point and F0 =
the mean basal, unstimulated fluorescence of each cell. At
least 3 unstimulated time points were selected to calculate
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F0, and the fluorescence intensity of cells at each time point
required background subtraction. 0.2 was applied as the
threshold for a positive calcium response.

Statistical Analysis

All quantified data were statistically analyzed and presented
as mean ± SD (standard deviation). Recording and analysis of
whole cell membrane potential was performed using
pCLAMP10.2 software (Molecular Devices). Statistical anal-
ysis was performed using GraphPad Prism 5 (GraphPad soft-
ware). Two-sample analysis was performed using t-test anal-
ysis, and multi-sample analyses were performed using one-
way analysis of variance (ANOVA) followed by Dunnett’s
test. P values less than 0.05 (P < 0.05) were considered statis-
tically significant.

Results

DRG-SGCs Have Stem Cell Properties

DRG-SGCs are the glial cells around the soma of sensory
neurons in DRG, which have the functions of supporting,
nourishing and protecting neurons [13, 18]. Evidence shows
that after nerve injury, DRG-SGCs express NCC markers
Nestin and Sox2, and can differentiate into sensory neurons
[11, 21–23]. Thus, exploring the differentiation of DRG-
SGCs into sensory neurons might help understand the persis-
tent pathological stimulation, and contribute to reshape so-
matosensory function. To this end, we isolated, cultured and
characterized DRG-SGCs using DRG explants from newborn
SD rats. Upon 1 d of culture, we found that there were a small
number of oval-shaped small cells around the DRG. After 6 d,
a large number of cells migrated out of DRG (Fig. S1). At day
11, the DRG explants were removed and the remaining cells
were passaged. After 24 h of incubation, immunofluorescence
staining showed that the cultured cells expressed GS, GFAP
and S100 (Fig. 1a, d), three markers for SGCs demonstrated
by the in vitro and in vivo studies [12, 30].

Furthermore, we showed that the cultured DRG-SGCs
highly expressed NCC markers Nestin, Sox2, Sox10 and
p75 (Fig. 1b-g, and Fig. S2), suggesting that these DRG-
SGCs we obtained have the characteristics of stem cells [12,
21].

DRG-SGCs Differentiate Into Sensory Neurons

There is evidence showing that after peripheral nerve injury,
SGCs around DRG neurons can differentiate into sensory
neurons [12]. In the present study, we found that the cultured
DRG-SGCs did not express sensory neuron markers Ngn1

(Neurogenin1), Ngn2 (Neurogenin2), Brn3a, Isl1, TrkA,
TrkB, and TrkC (Fig. S3). We then treated these cells with
CHIR99021, SU5402 and RO4929097 to activate Wnt path-
way, and inhibit FGF and Notch pathway, a protocol that was
reported to promote the production of sensory neurons [28,
31–36]. After 7 d, qRT-PCR results showed an increased ex-
pression of Brn3a, Runx3, TrkA, TrkB, and TrkC, the sensory
neuron-related genes. However, immunofluorescence staining
revealed the small proportion of neurons, as indicated by
Tuj1-positive cells (Fig. 2).

We then added the histone deacetylase inhibitor VPA to
the medium and observed that the cell morphology
changed significantly: cells had slender protrusions with
good refractive properties after 3 d. On the 7th day, the
number of Tuj1 and Map2 positive cells increased signifi-
cantly (Fig. 3a-c), indicating that VPA can improve the
neural differentiation efficiency of these cells. More im-
portantly, cells were labeled with mature neuron marker
NeuN after 21 d of differentiation (Fig. 3d), and these
neuron-like cells survived in the normal culture medium
(Fig. 3d, e, and Fig. S4). Furthermore, we found that after
3 d of differentiation, almost all Tuj1-positive cells
expressed GS (Fig. S5), suggesting that these neurons we
obtained were derived from SGCs.

Neurons can be divided into motor neurons, intermediate
neurons and sensory neurons according to their functions. In
order to determine the types of neurons obtained, we used
qRT-PCR to detect the expression of genes related to the three
kinds of neurons at 3 d, 7 d, 14 d, 21 d and 28 d after differ-
entiation. Results showed that the expression of sensory
neuron-related genes Brn3a, Ngn1 and Isl1 were up-
regulated during differentiation (Fig. 3f). In contrast, there
was no significant change in the expression of motor
neuron-related transcription factors (Lhx3 and Hb9) or inter-
mediate neuron-related transcription factors (Prdm13 and
SCL6A) (Fig. S6). These data reveal that DRG-SGCs differ-
entiates into sensory neurons under the action of histone
deacetylase inhibitor VPA, Wnt pathway activator
CHIR99021, Notch pathway inhibitor RO4929097 and FGF
pathway inhibitor SU5402.

DRG-SGCs Differentiate Into Functional Nociceptive
Neurons

According to the types of stimuli afferent to the central ner-
vous system, sensory neurons can be divided into three types:
nociceptive neurons that respond to pain or itching, mechan-
ical sensory neurons that respond to mechanical stimuli, and
proprioceptive neurons that respond to limb and muscle
movement, which selectively express TrkA, TrkB, and TrkC
[37, 38]. Our results showed that the sensory neurons we
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obtained highly expressed TrkA, Trpv1, Synapsin, SP, sodi-
um channel SCN9A, SCN10A, and TrpA1 (Fig. 4a-d, g) in
response to harmful stimuli, which are consistent with the
characteristics of nociceptive sensory neurons reported [3,
28, 29, 39–41], implying that we get nociceptive sensory neu-
rons. Indeed, in the process of obtaining sensory neurons,
there was no change in the expression of mechanical sensory
neuron-related genes TrkB and Shox2 (Fig. 4a, e). Although
TrkC expression was up-regulated, the expression of Runx3
and Etv1, which are proprioceptive neuron-specific transcrip-
tion factors [37, 42], was down-regulated in the late stage of

differentiation (Fig. 4a, e, f), further confirming that DRG-
SGCs differentiate into nociceptive sensory neurons.

By performing a whole-cell patch-clamp recording of 11
cells with neuronal morphology, we found that the resting
membrane potential was between − 39 and − 53 mV, with
an average of -45.6 mV (SEM= 4.051324, n = 11), and that
the cells could generate action potential (Fig. 5a). Using a
current-voltage protocol, voltage-gated Na+ currents were ob-
served in all cells with neuronal morphology (n = 15, 361.67
± 215.14 pA) (Fig. 5b). These data indicate that the neurons

Fig. 1 DRG-SGCs express stem cell markers. a Immunofluorescence
shows that the cells express SGCs markers GS, S100, GFAP. Scale
bars, 250 µm. b Immunofluorescence shows that the cells express NCC
markers Nestin, Sox2 and Sox10. Scale bars, 250 µm. c Double-
immunostaining shows that most DRG-SGCs express NCC markers. d-
f The positive rate of each marker. n = 5 batches. gThe RT-PCR results

show that there was no significant difference between SGCs cultured
using explants method and trypsinization approach. The cultured DRG-
SGCs highly express Nestin, Sox10, and Sox2. n = 3 batches. Data are
represented as mean ± SD. RDF: SD rat skin fibroblast; MSC: SD rat
bone marrow mesenchymal stem cell; DT: DRG-SGCs cultured by
trypsin digestion approach; DE: DRG-SGCs cultured by explants method
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transformed by DRG-SGCs have the same electrophysiolog-
ical characteristics as mature neurons.

We further evaluated calcium flux of the nociceptive
neurons in response to 10 µM capsaicin, known to activate
a subset of nociceptive neurons through binding to the
Trpv1 vanilloid receptor [28, 43], and observed that ~
12% of the cells exhibited rapid calcium transients in re-
sponse to capsaicin (Fig. 5c-e). To confirm that capsaicin
was indeed activating the Trpv1 vanilloid receptor, we car-
ried out calcium flux with the selective Trpv1 antagonist
AMG9810 and observed that pretreatment with AMG9810
significantly decreased calcium flux response induced by
capsaicin (Fig. 5f, g, Movie S1, 2); withdrawal of Trpv1
antagonist AMG9810 led to rapid calcium transients in
response to capsaicin (Fig. 5h, Movie S3), demonstrating
that these cells have the functional properties of nocicep-
tive neurons.

VPA Promotes DRG-SGCs Differentiation of Sensory
Neurons, While Wnt, FGF and Notch Signaling
Pathways are Involved in the Formation of Specific
Sensory Neurons

In the process of DRG-SGCs differentiation into nociceptive
sensory neurons, we detected the expression of histone
deacetylase HDAC1 by immunofluorescence staining, and
found that HDAC1 expression was continuously down-
regulated (Fig. S7). Through qRT-PCR detection, it was
found that the expression of the target gene Nedd9 down-
stream of the Wnt signaling pathway was continuously up-
regulated, while the expression of the target geneHes5 down-
stream of the Notch signaling pathway and the cMyc down-
stream of the FGF signaling pathway were continuously
down-regulated (Fig. S7). The above results indicate that the
acetylation state, continuous activation of the Wnt signaling
pathway, and continuous inhibition of the FGF and Notch

Fig. 2 CRS induces neuron differentiation. a After 7 d of differentiation,
there was no significant difference in cell morphology between the
groups. Control, continued DRG-SGCs medium culture; NDM,
medium changed to neuron differentiation medium after passaged for
24 h; CRS, CHIR99021 (C), RO4929097 (R), SU5402 (S) were added
to NDM. b Immunofluorescence results shows that a small number of

Tuj1 positive cells were detected in the Control, NDM, and CRS. c The
percentage of Tuj1+, Map2+ neuronal cells in total cells. n = 5 batches. d
The RT-PCR results showed that the expression of sensory neuron genes
was up-regulated after 7 d differentiation. Scale bars, 250 µm. n = 3
batches. Data are represented as mean ± SD
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signaling pathways help DRG-SGCs transform into nocicep-
tive sensory neurons.

Next, we investigated the roles of VPA, CHIR99021,
RO4929097 and SU5402 in the differentiation of DRG-
SGCs into nociceptive sensory neurons. The above results
showed that treatment with CHIR99021, RO4929097, and
SU5402 increased the expression of Brn3a, Runx3, TrkA,
TrkB, and TrkC (Fig. 2d); VPA addition resulted in the up-
regulation of Ngn2 expression (Fig. 2d, and Fig. S8). It has
been reported that Ngn2 alone or in combination with Brn3a
can transform astrocytes or fibroblasts into neurons or sensory
neurons [29, 44, 45], suggesting that VPA may improve the
neural differentiation efficiency by up-regulating the expres-
sion of Ngn2. Further, qRT-PCR testing revealed that VPA
treatment up-regulated the expression of early sensory
neuron-related genes Brn3a, Isl1 and Ngn2, and of the genes
related to nociceptive, mechanical and proprioceptive neurons
such as Runx1, Runx3, TrkA, TrkB and TrkC (Fig. 6a).
Immunofluorescence staining showed that the rate of Tuj1

positive cells reached more than 85% (Fig. 6b-e), indicating
that VPA can promote the differentiation of DRG-SGCs into
multiple types of sensory neurons.

In the presence of VPA, we examined by qRT-PCR the
effects of CHIR99021, RO4929097, and SU5402 on the ex-
pression of Runx1, which acts as a transcriptional activator
and is necessary for the differentiation of nociceptive sensory
neurons [46–49]. The results showed that Runx1 expression
was down-regulated (Fig. 6f, g) in all groups containing
CHIR99021, while no changes were observed upon treatment
with RO4929097 or SU5402 (Fig. 6f, g), suggesting that
CHIR99021, an activator of Wnt signaling pathway, regulates
Runx1 expression, and that inhibiting Notch or FGF signaling
had no effect on the expression of Runx1 in the presence of
VPA. These results indicate that Wnt signaling pathway plays
an important role in the formation of nociceptive sensory neu-
rons. Although inhibition of Notch and FGF signaling path-
ways had no effect on Runx1 expression, withdrawal of

Fig. 3 VPA promotes CRS-induced neuronal differentiation efficiency.
a-c After 7 d of VCRS treatment, the number of Tuj1 and Map2 positive
cells increased significantly. a Control, continued DRG-SGCs medium
culture; bVPAwas added to the differentiation medium containing CRS;
c the percentage of Tuj1+, Map2+ neuronal cells in total cells. n = 5

batches. d, e The results of immunofluorescence after 21 and 28 d of
induction show that cells were Tuj1, Map2, and NeuN positive.
f Quantitative analyses of sensory neuron related genes. n = 3 batches.
Data are represented as mean ± SD. a, b, d Scale bars, 250 µm; e Scale
bar, 25 µm
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SU5402 or RO4929097 during sensory neuron differentiation
led to the down-regulation of neuron-related genes NeuN
(Fig. 6c, e, h), implying that Notch and FGF pathways play
a key role in the differentiation of DRG-SGCs into sensory
neurons.

Subsequently, we investigated the effects of CHIR99021,
RO4929097, and SU5402 on the expression of proprioceptive
neuron-specific transcription factor Runx3 [50, 51]. It was
found that on the basis of histone deacetylase inhibitor VPA,
the inhibition of FGF signaling caused an increase in Runx3
expression, the inhibition of Notch signal pathway caused a
decrease in Runx3 expression, while the Wnt signaling

pathway activator CHIR99021 had no effect onRunx3 expres-
sion (Fig. 7), suggesting that Notch and FGF signaling path-
ways are involved in the formation of proprioceptive neurons.

Finally, we analyzed the effects of CHIR99021,
RO4929097, and SU5402 on the expression of Shox2, the
conditional deletion of which in NCCs was reported to cause
a 60∼65% reduction in the number of mechanical sensory
neurons [52]. Our results revealed that the addition of
CHIR99021 to the medium had no effect on Shox2 expression
(Fig. 7a, c, d, g), and the simultaneous addition of RO4929097
and SU5402 increased the expression of Shox2 (Fig. 7a-f),

Fig. 4 Transformation of DRG-SGCs into nociceptive sensory neurons.
a The expression of the sensory neuron-associated genes TrkA and TrkC
was continuously upregulated during the transformation of DRG-SGCs
into neurons. However, there was no change in TrkB expression. b The
expression of the sodium channels SCN9A and SCN10A was
continuously upregulated during the conversion of DRG-SGCs into
neurons. c After 28 d of induction, the expression of the nociceptive
neurons related genes SP, Trpv1, and TrpA1 were detected. Control
refers to undifferentiated cells. d Immunofluorescence showed that
Tuj1+ cells were TrkA+ and Synapsin+. e The expression of Runx1, a

specific sensory neuron transcription factor, was downregulated, and
the expression of Shox2 was unchanged. The expression of Runx3 was
upregulated during VCRS treatment, but it was downregulated after
switching to neuronal maturation medium. f The expression of Etv1
was downregulated in the late stage of differentiation. g Trpv1
expression was detected by immunofluorescence staining after 28 d of
induction. a, b, e, f The undifferentiated cells were used as controls at the
corresponding time points. n = 3 batches. Data are represented as mean ±
SD. d, g Scale bars, 25 µm
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suggesting that Notch and FGF signaling pathways participate
in mechanical sensory neuron formation.

Discussion

Damage or loss of sensory neurons in DRG causes somato-
sensory dysfunction, which seriously affects patients’ quality
of life. Therefore, it is hopeful to reshape the somatosensory
function by inducing DRG cells into sensory neurons. Studies
have found that after nerve injury, SGCs around DRG sensory
neurons begin to express Nestin and Sox2 [9, 11, 22, 23] and
can differentiate into sensory neurons and glial cells [12, 30].
A group of cells expressing Nestin and p75 will migrate from
adult rat DRG cultured in vitro, which can differentiate into
glial cells and neurons in the presence of serum [21], suggest-
ing that DRG-SGCsmay have differentiation plasticity. In this
study, we found that DRG-SGCs isolated and cultured from

newborn rat DRGs highly express Nestin, p75, Sox10, Sox2,
the NCC markers, and can differentiate into nociceptive sen-
sory neurons. Using the same induced differentiation condi-
tions, SGCs derived from trigeminal ganglia and adult rat
DRG can be transformed into neurons (data not shown).
These data indicate that SGCs have the characteristics of stem
cells.

DRG sensory neurons originate from NCCs, a transient
population in the embryo that migrate to specific locations to
form brain ganglia, DRG, autonomic ganglia, and these NCCs
become progressively restricted in developmental potential
and rapidly lose their multipotency, and differentiates into
different types of cells, including SGCs, Schwann cells, me-
lanocytes, and sensory neurons [53–57]. Under the action of
multiple signaling pathways such as Wnt, FGF, Notch, NCCs
express early sensory neuron-specific transcription factors
Ngn1 and Ngn2, and become sensory neurons, and subse-
quently differentiate into nociceptive sensory neurons,

Fig. 5 Functional
characterization of the induced
nociceptive neurons. a, bAfter 28
d of induction, neuron-specific
action potentials (a) and Na+

currents (b) were detected.
c Representative calcium
responses for 10 µM capsaicin.
Calcium transients were
measured using Fluo-4 AM.
Calcium responses were
calculated as the change in
fluorescence (ΔF) over the initial
fluorescence (F0). d ΔF/F0

intensity plot showing the
response of individual cells to
KCl and capsaicin. eCalcium flux
images of the induced nociceptive
neurons in response to the
addition of 25 mM KCl and
10 µM capsaicin. f-h Calcium
flux images of the induced
nociceptive neurons in response
to the addition of 10 µM
capsaicin. To confirm that
capsaicin was indeed activating
the Trpv1 vanilloid receptor, we
carried out calcium flux analysis
with the selective Trpv1
antagonist AMG9810.
Pretreatment with AMG9810
significantly decreased calcium
flux response induced by
capsaicin (f, g); withdrawal of
Trpv1 antagonist AMG9810 led
to rapid calcium transients in
response to capsaicin (h). n = 3
batches. e Scale bars, 50 µm; f-
h Scale bars, 100 µm
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mechanical sensory neurons, and proprioceptive neurons
through expressing specific sensory neuronal transcription
factors Runx1, Shox2 and Runx3. Consistent with previous
results [9, 11, 22, 23], we clearly show that SGCs we obtained
express Nestin, Sox10 and Sox2, the NCC markers.
Moreover, these cells can give rise to nociceptive sensory
neurons. Immunofluorescence staining showed that the noci-
ceptive neurons we obtained expressed synapsin, which has

also been reported previously in the nociceptors derived from
mouse embryonic fibroblasts and human induced pluripotent
stem cells [29, 41], suggesting that synaptogenesis occurred in
these neurons. The nociceptive neurons we obtained also
expressed Trpv1. Using calcium-imaging assay, we observed
that the cells exhibited rapid calcium transients in response to
capsaicin, known to activate a subset of nociceptive neurons
through binding to the Trpv1 vanilloid receptor [28, 43]. To

Fig. 6 Effects of VPA, CHIR99021, RO4929097 and SU5402 in the
differentiation of DRG-SGCs into nociceptive neurons. a After VPA
treatment for 7 d, RT-PCR showed that the expression of related genes
in sensory neurons was up-regulated. b-dAfter passage for 24 h, the cells
were treated with V, VC, VR, VS, VCR, VCS, VRS and VCRS for 7 d.
immunofluorescence results showed that all groups were Tuj1 positive.
Scale bars, 250 µm. V, VC, VR, VS, VRS, VCR, VCS, and VCRS refer
to VPA, CHIR99021, RO4929097, and SU5402 added separately or in
combination in neuron differentiation culture (NDM). e The percentage

of Tuj1+ neuronal cells in total cells. n = 5 batches. f, g In the presence of
VPA, CHIR99021, RO4929097 and SU5402 regulated specific sensory
neuron transcription factors Runx1. *P < 0.05; **P < 0.01; ***P < 0.001;
unpaired t-test. h After 7 d of VCRS treatment, removal of S, R or the
simultaneous withdrawal of SR lead to the down-regulation of neuron-
related gene expression, especially the sodium channels SCN9A, n = 3
batches. Data are represented as mean ± SD. ***P < 0.001; one-way
ANOVA followed with Dunnett’s multiple comparison test
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confirm that capsaicin was indeed activating the Trpv1
vanilloid receptor, we carried out calcium flux analysis with
the selective Trpv1 antagonist AMG9810. Results showed
that pretreatment with AMG9810 significantly decreased cal-
cium flux response induced by capsaicin and that withdrawal
of Trpv1 antagonist AMG9810 resulted in the rapid calcium
transients in response to capsaicin, confirming that the cells
have the functional properties of nociceptive sensory neurons.
In addition, we found that after 3 days of differentiation, al-
most all Tuj1-positive cells expressed GS, suggesting that the
neurons we obtained were derived from SGCs.

Our results show that in the presence of the histone
deacetylase inhibitor VPA, Wnt pathway activator
CHIR99021, FGF pathway inhibitor SU5402, and Notch
pathway inhibitor RO4929097, DRG-SGCs differentiate into
nociceptive sensory neurons, during which VPA increases the
efficiency of sensory neuron differentiation, whereas Wnt sig-
naling via Runx1, the specific transcription factor necessary
for the differentiation of nociceptive sensory neurons [46–49],
FGF and Notch signals via SCN9A, a functionally-related
gene in nociceptive sensory neurons [58–61], regulate the
formation of these cells from DRG-SGCs. We also found that
the addition of SU5402 up-regulated the expression of Runx3,
and the addition of RO4929097 and SU5402 up-regulated the
expression of Shox2, suggesting that FGF and Notch signal

pathways might be involved in the formation of propriocep-
tive and mechanical sensory neurons. Further studies are re-
quired to explore the conditions for the differentiation of these
cells.

In addition, our results show that after 14 d of DRG-SGCs
differentiation, the expression of proprioceptive neuron-
related genes decreases, suggesting that the time required for
proprioceptive neuron differentiation is relatively shorter than
that of nociceptive neurons. Similar to our findings, during the
conversion of human pluripotent stem cells into sensory neu-
rons, prolonged activation of the Wnt pathway leads to down-
regulation of proprioceptive and mechanical sensory neuron-
related genes [28], indicating that the time required for differ-
ent types of sensory neurons may be different.

Reversible acetylation and deacetylation of histone lysine
residues is one of the most widely studied epigenetic regula-
tion. Histone acetyltransferase adds acetyl groups to lysine,
resulting in more open chromatin. Histone deacetylases
(HDAC) remove acetyl groups, leading to chromatin concen-
tration, which is associated with gene silencing [62, 63].
Studies have shown that histone deacetylase inhibitor VPA
can promote neural progenitor cells to differentiate into neu-
rons [64–66]. Our results show that histone deacetylase inhi-
bition can significantly increase the expression of sensory
neuron-related genes in DRG-SGCs, promoting the

Fig. 7 The regulatory effect of CHIR99021, RO4929097 and SU5402 on
Runx3 and Shox2 in the presence of VPA. a, c, d, g In the presence of
VPA, CHIR99021 had no effect on the expression of Runx3. (a-c, e)
when SU5402 was added to the medium, Runx3 expression was up-

regulated. (a-f) the simultaneous addition of RO4929097 and SU5402
increased the expression of Shox2. *P < 0.05; **P < 0.01; ***P < 0.001;
unpaired t-test. n = 3 batches. Data are represented as mean ± SD
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differentiation of DRG-SGCs into sensory neurons. There is
evidence showing that HDAC inhibitors can prevents and
treats multiple symptoms of cisplatin-induced peripheral neu-
ropathy, such as spontaneous pain and numbness, and reverse
loss of intra-epidermal nerve fibers (IENFs) [67], suggesting
that histone acetylation plays an important role in treating
peripheral neuropathy. In addition to restoring mitochondrial
function in peripheral nerve and DRG [67], our results provide
another potential explanation for HDAC inhibitors to effec-
tively reverse IENF loss and numbness by the production of
new nociceptive sensory neurons from DRG-SGCs, a new
theoretical basis for clinical treatment of sensory neuron-
related diseases.

Peripheral neurological diseases or injuries can lead to re-
duction of dorsal root ganglion neurons, disordered connec-
tions between neurons, formation of traumatic neuromas,
leading to the abnormal sensory conduction and neuropathic
pain. Neuropathic pain caused by the nervous system injury is
a kind of chronic pain which is difficult to cure. At present, the
mechanism of neuropathic pain is not fully understood.
Intrathecal use of Wnt/β-catenin signaling inhibitor
XAV939 can effectively reduce neuropathic pain [68]. In a
rat model of the sciatic nerves chronic constriction injury
(CCI) and a mouse model of bone cancer pain induced by
tumor cell implantation, the expression of Wnt3a in DRG
and spinal cord increases before pain and continues to be
expressed during the onset of pain, and Wnt inhibitors can
effectively alleviate mechanical allodynia and thermal
hyperalgesia in neuropathic pain models, suggesting that
Wnt plays a key role in inducing neuropathic pain [69].
Intrathecal injection of Wnt/β-catenin inhibitors IWR-1-
endo and TCF4 siRNA reduced CCI-induced mechanical
allodynia and thermal hyperalgesia, suggesting that TCF4 in
DRG and spinal cord may be involved in the maintenance of
CCI-induced neuropathic pain through Wnt/β-catenin signal-
ing [70]. The above results indicate that the Wnt signaling
pathway plays an important role in the generation of neuro-
pathic pain. Our results show that during the differentiation of
DRG-SGCs into nociceptive sensory neurons, theWnt signal-
ing regulates the expression of transcription factor Runx1,
which is necessary for the differentiation of nociceptive sen-
sory neurons. The runt domain protein Runx1 is initially
expressed in most nociceptive sensory neurons during embry-
onic development, and then undergoes dynamic changes dur-
ing perinatal and postnatal development [46, 71]. Persistent
expression of Runx1 is required for proper development of
non-peptidergic nociceptive sensory neurons [46–48].
However, the consequence of Runx1 persistence is the loss
of several peptidergic markers, including CGRP, TRPV1, and
TRPA. As a result, Runx1 inactivation is essential in the de-
velopment of peptidergic nociceptive sensory neurons [49,
71]. These results demonstrate the importance of Wnt signal-
ing pathway in the formation of nociceptive sensory neurons.

Therefore, we speculate that after peripheral nerve injury, the
erroneous production of some nociceptive neurons may be
one of the causes of neuropathic pain.

Conclusions

Our results in the present study show that DRG-SGCs highly
express NCC markers Nestin, p75, Sox10, and Sox2, and
differentiate into nociceptive sensory neurons in the presence
of histone deacetylase inhibitor VPA, Wnt pathway activator
CHIR99021, Notch pathway inhibitor RO4929097, and FGF
pathway inhibitor SU5402. The nociceptive sensory neurons
express multiple functionally-related genes (SCN9A,
SCN10A, SP, Trpv1, and TrpA1) and are able to generate
action potentials and voltage-gated Na+ currents. Moreover,
these cells exhibit rapid calcium transients in response to cap-
saicin through binding to the Trpv1 vanilloid receptor,
confirming that the DRG-SGC-derived cells are nociceptive
sensory neurons. Further, we show that Wnt signaling pro-
motes the differentiation of DRG-SGCs into nociceptive sen-
sory neurons by regulating the expression of specific tran-
scription factor Runx1, while Notch and FGF signaling path-
ways are involved in the expression of SCN9A. These results
demonstrate that DRG-SGCs have stem cell characteristics
and can efficiently differentiate into functional nociceptive
sensory neurons, shedding light on the clinical treatment of
sensory neuron-related diseases such as CIPA or chronic pain.
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