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Etifoxine promotes glial-derived
neurotrophic factor-induced neurite outgrowth in PC12 cells
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Abstract. Nerve regeneration and functional recovery are
major issues following nerve tissue damage. Etifoxine is
currently under investigation as a therapeutic strategy for
promoting neuroprotection, accelerating axonal regen-
eration and modulating inflammation. In the present study, a
well-defined PC12 cell model was used to explore the under-
lying mechanism of etifoxine-stimulated neurite outgrowth.
Etifoxine was found to promote glial-derived growth factor
(GDNF)-induced neurite outgrowth in PC12 cells. Average
axon length increased from 50.29+9.73 to 22.46+5.62 ym with
the use of etifoxine. However, blockage of GDNF downstream
signaling was found to lead to the loss of this phenomenon.
The average axon length of the etifoxine group reduces
to a normal level after the blockage of the GDNF family
receptor al (GFRal) and receptor tyrosine kinase (RETS)
receptors (27.46 +3.59 vs. 22.46 £ 5.62 ym and 25.31+3.68 ym
vs. 22.46+5.62 ym, respectively, p>0.05). In addition, etifoxine
markedly increased GDNF mRNA and protein expression
(1.55- and 1.36-fold, respectively). However, blockage was not
found to downregulate GDNF expression. The results of the
current study demonstrated that etifoxine stimulated neurite
outgrowth via GDNF, indicating that GDNF represents a key
molecule in etifoxine-stimulated neurite outgrowth in PC12
cells.
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Introduction

Traumatic injury to peripheral nerves results in considerable
loss of sensory and motor function, decreasing quality of life
in patients (1). Peripheral nerve injuries substantially impact
quality of life through loss of function and increased risk of
secondary disabilities from falls, fractures and other inju-
ries. Several research groups have attempted to improve the
regeneration of traumatized nerves by developing favorable
microsurgical techniques. However, clinicians soon noted that
despite advancement in these techniques, complete recovery is
rarely achieved (2,3). Therefore, complete recovery remains an
important clinical challenge for the improvement of functional
recovery following peripheral nerve injury. In a discussion of
future trends in the management of brachial plexus injuries,
Birch hypothesized that the administration of nerve growth
factor may represent a useful treatment strategy (4).

Neurotrophic factors are important in a number of
biological processes, including survival, proliferation, differ-
entiation and apoptosis of neurons in the nervous system (5-7).
However, direct use of trophic factors in clinical practice is
extremely challenging as they are difficult to administer and
have severe side effects (8). However, molecules that easily
diffuse into nerve tissues, including ligands of the proges-
terone and thyroid hormone receptors, and immunophilins,
have beneficial effects on peripheral nerves in various experi-
mental lesion and disease models (9-12). We hypothesize that
clinically established drugs may be suitable to elevate trophic
factor levels to improve the outcome of peripheral nerve
injuries.

Previous studies have demonstrated that the drug,
etifoxine (2-ethylamino-6-chloro-4-methyl-4-phenyl-4H-3,
1-benzoxazine hydrochloride; Stresam; Biocodex, Moscow,
Russia), exerts anxiolytic effects by targeting GABAA recep-
tors and translocator protein (TSPO; 18 kDa) (8,13). TSPO
is mainly localized in the outer mitochondrial membrane
and has multiple functions (14). Following peripheral nerve
injury, TSPO expression is transiently increased in a number
of cells, including dorsal root ganglia (DRG) neurons,
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Schwann cells and macrophages (15,16). In addition, TSPO
ligands have been identified to exert neuroprotective effects
and reduce neural inflammation in the CNS (17,18). In rats,
ligand binding stimulates the cholesterol transfer function
of TSPO. According to the concept of neurosteroids (19),
this mechanism is likely to be responsible for the increase
of neurosteroid levels observed in the brain 0.5 h following
administration of 50 mg/kg etifoxine (13). Neurosteroids,
including pregnenolone (PREG), progesterone (PROG) and
dehydroepiandrosterone (DHEA) have been demonstrated to
be regulated by the activation of TSPO (20-23). Cholesterol and
neurosteroids are important for neuronal regeneration (24).
For example, cholesterol deficiency inhibits axonal branching
and promotes axonal degeneration (25,26). DHEA enhances
functional recovery and increases the number of nerve fibers
in the sciatic nerve following a crush injury (27) and PROG
has been reported to increase neurite outgrowth in vitro and
in vivo (28,29). However, at present, it remains unknown
whether administration of etifoxine leads to enhanced neurite
outgrowth and the underlying mechanisms involved in this
process are undefined.

Glial cell line-derived neurotrophic factor (GDNF) was
previously identified in conditioned media from a glial cell line
based on its ability to promote survival and increase cell size
and neurite length in mesencephalic dopaminergic neurons
in culture (30,31). As no effect was observed on GABAergic
neurons, GDNF was originally hypothesized to be a selective
survival factor for the nigrostriatal dopaminergic neurons that
degenerate in Parkinson's disease (32). However, additional
studies have revealed that GDNF also supports the survival of
spinal motor neurons (33) and brain noradrenergic neurons (34).
GDNF also regulates the survival, migration and differentiation
of several peripheral neurons (35). The neuroprotective effects
of GDNF on dopaminergic neurons has led to studies on the
effects of GDNF administration in animal models of Parkinson's
disease (36,37). Using various approaches for the administra-
tion of the trophic factor, these studies demonstrated that the
administration of GDNF following lesion generation increases
the number of dopaminergic cell bodies in the substantia nigra,
the density of dopaminergic fibers and dopamine levels in the
striatum. Administration of GDNF also induces the recovery
of motor impairments (38). Finally, GDNF has also been
observed to exhibit neuroprotective functions under conditions
leading to the death of other types of neurons. Since GDNF has
been found to be involved in a considerable number of effects
in the nervous system, the present study aimed to determine
whether GDNF plays a role in etifoxine-stimulated neurite
outgrowth (8).

In the present study, a well-defined PC12 cell model was
used to test whether etifoxine is involved in axon regeneration.
Etifoxine was observed to lead to increased neurite outgrowth,
while GDNF expression increased following 3 days of treat-
ment and GDNF receptor inhibitor blocked the effects of
etifoxine on nerve regeneration. These results demonstrate a
role of etifoxine in GDNF-induced neurite outgrowth.

Materials and methods

Cell culture and measurement.Rat PC12 cells were cultured on
collagen-coated plates (5 yg/cm?) in DMEM supplemented with

5% horse serum, 10% FBS, 100 U/ml penicillin and 100 zg/ml
streptomycin. Cells were counted in 6 fields throughout the
entire culture dish. At least 400 cells were counted per sample.
Experiments were repeated at least three times. Neuronal-like
outgrowth was determined on day 10 using the Olympus IX81
microscope and U-CMAD 3 camera (Olympus, Tokyo, Japan).
Cell body size and axon length were analyzed using the image
analysis software version 3.2 (SIS, Miinster, Germany). PC12
cells with axons longer than the average cell diameter were
included for data collection. The two-tailed Mann-Whitney
U test (GraphPad Prism 4; GraphPad Software, San Diego,
CA, USA) was used for statistical assessment of GDNF release
and its bioactivity on the axonogenesis of PC12 cells.

RNA isolation. To collect total RNA, 2x10° cells were seeded
onto 10-cm diameter dishes in 8 ml growth medium. Cultures
were maintained at 37°C in a humidified atmosphere of 5%
CO,/95% air. Media were replaced with the drug of interest.
Following 6 days, total RNA was isolated using an Isogen kit
(Nippon Gene, Tokyo, Japan), according to the manufacturer's
instructions. RNA quantity and purity were determined by
spectrophotometry (Beckman DU-65; Beckman Coulter,
Miami, FL, USA).

RT-PCR. RT-PCR was performed using an RNA PCR kit
(AMYV; version 2.1) according to the manufacturer's instruc-
tions and a PCR Thermal Cycler (both Takara Bio, Inc.,
Shiga, Japan). First-strand cDNA was synthesized from
total RNA (1 mg) using AMV reverse transcriptase XL
primed by 50 pmol random 9-mers (Takara Bio, Inc.). The
first-strand reaction was performed as follows: 30°C for
10 min, 50°C for 30 min, 99°C for 5 min and 58°C for 5 min.
RT reaction products (10 ml) were utilized as templates
in the PCR with 0.2 mm each of the following primers:
5'-GGTCTACGGAGAGACCGATCCGAGGTGC-3' and
5'"TCTCTGGAGCCAGGGTCAGATACATC-3' for GDNF,
5'-TGAAGGTCGGTGTCAACGGATTTGGC-3' and
5'-CATGTAGGCCATGAGGTCCACCAC-3' for GAPDH.
PCR products were separated by precast 2% agarose gel
(Daiichi Pure Chemicals, Tokyo, Japan) electrophoresis and
visualized by SYBR Green 2 (FMC Bio-Products, Rockland,
ME, USA) staining on a UV transilluminator. The signal
intensity of the PCR products was determined by ImagelJ. The
amounts of GDNF PCR product were determined using calcu-
lations based on the intensity of the product from the paired
GAPDH reactions.

Western blot analysis. Western blot analysis was performed
using antibodies to detect total GDNF proteins (4G10;
Upstate Biotechnology, Lake Placid, NY, USA). PCI12 cells
were collected using ice-cold phosphate-buffered saline and
solubilized in the sample buffer [100 mM Tris-HCl (pH 6.8),
20% glycerol and 4% SDS]. Total protein in each sample was
adjusted to be the same amount for all samples. Following the
addition of 1,4-dithiothreitol, samples were boiled for 5 min.
Proteins were separated by SDS-polyacrylamide gel elec-
trophoresis and transblotted onto polyvinylidene difluoride
membranes. The blots were blocked with 10% skimmed milk
for 2 h at room temperature and then immunoblotted with
rabbit anti-rat antibodies against GDNF and GAPDH (1:100)
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overnight. After three washes, the blots were subsequently
incubated with a goat anti-rabbit peroxidase conjugated
secondary antibody (1:1,000) for 1 h at room temperature.
Then the specific binding was detected with the enhanced
chemiluminescence system.

Statistical analysis. All numerical data are presented as the
mean + SE. The results were subjected to statistical analysis
using a student version of SPSS 11.5 software for Windows.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Etifoxine induces neuronal-like outgrowth of PCI2 cells. To
detect the effect of etifoxine, the number of PC12 cells demon-
strating axonogenesis, their cell body sizes and the overall length
of outgrown fibers were determined. Fig. 1 presents the biolog-
ical activity of etifoxine; consistent with previous studies on
the mechanism by which etifoxine promotes neurite extension,
a marked increase in neuronal-like outgrowth was observed
10 days following the application of etifoxine (Fig. 1B). Next,
to determine whether etifoxine affected the cells through the
GDNF receptors, GDNF family receptor al (GFRal) and
rearranged during transfection (RET), cultures were treated
with specific compounds known to block GDNF signaling.
In contrast to the effects of etifoxine, the administration of
phosphoinositide phospholipase C (PI-PLC), which blocks
signaling via GFRal or PRI-1 (both Calbiochem, La Jolla,
CA, USA), a specific RET receptor tyrosine kinase inhibitor,
induced poor neuronal-like processes in PC12 cells following
10 days of cultivation.

Statistical assessment of neuronal-like outgrowth of PC12
cells revealed significant axonogenesis induction following
administration of GDNF (P<0.05; 50.29+9.73 ym) in compar-
ison with saline (22.46+5.62 ym; Fig. 2A). However, the use
of PI-PLC and PRI-1 following administration of etifoxine did
not significantly induce neuronal-like processes in the PC12
cells (27.46+3.59 and 25.31+£3.68 um, respectively). These
observations indicate that following blockage of GDNF down-
stream, etifoxine exerts no effect on neuronal-like outgrowth
in PCI12 cells.

The average cell body size of PC12 was also determined
during the culture period as changes in morphology and
size of the cells indicate higher metabolic activity induced
by external stimuli. Cell body sizes were measured in all the
groups. The average PC12 cell body size increased following
exposure to etifoxine for 10 days in comparison with the cell
body size of those incubated with saline (Fig. 2B). However,
a decline in the PC12 cell body size was noted in the PI-PLC
and PRI-1 treatment groups compared with the etifoxine
group (Fig. 2B), however, these slight changes were not
significant.

Expression of GDNF mRNA by drug treatment. To address the
mechanism of neuronal-like outgrowth in PC12 cells induced
by etifoxine, the expression of GDNF mRNA was measured by
RT-PCR using GDNF-specific primers. Following treatment
with etifoxine, GDNF mRNA expression levels increased
1.55-fold compared with saline treatment; however, the differ-

A

Figure 1. Microscopic view of PCI12 cells in (A) saline, (B) etifoxine,
(C) PI-PLC + etifoxine and (D) PRI-1 + etifoxine following cultivation for
10 days. Cells treated with etifoxine alone demonstrated a significant increase
in axonal sprouting. Cells treated with PI-PLC or PRI-1 in combination with
etifoxine demonstrated poor axonogenesis. PI-PLC, phosphoinositide phos-
pholipase C.
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Figure 2. Comparison of the average (A) axon length of PCI2 cells and
(B) diameter of the PC12 cell bodies 10 days following the application of
each agent. Data points represent the mean + SD of PC12 cell cultures in
media (n=8). A two-tailed Mann-Whitney U test was used for statistical
assessment of differential axonogenesis. "P<0.001 compared with the saline
group. PI-PLC, phosphoinositide phospholipase C.

ence compared with etifoxine group was not identified to be
significant (Fig. 3). These results were consistent with the
results of the outgrown fibers demonstrating that etifoxine
increased the neuronal-like outgrowth of PC12 cells. Next, we
determined whether treatment with PI-PLC and PRI-1 leads
to a sustained decrease in GDNF mRNA levels. Cells were
treated with etifoxine and fresh media were added with or
without PI-PLC and PRI-1. However, GDNF expression levels
remained high following the administration of PI-PLC and
PRI-1 (1.50- and 1.43-fold, respectively; P<0.05). These results
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Figure 3. RT-PCR analysis of mRNA expression of GDNF mRNA in
drug-treated PC12 cells. A representative blot is presented and the data are
presented as the mean + SD of PC12 cell cultures in media (n=8). A two-tailed
Mann-Whitney U test was used for statistical assessment of differential axo-
nogenesis. 'P<0.001 compared with the saline group. M, marker; S, saline;
E, etifoxine; PI, etifoxine + PI; PRI, etifoxine + PRI; GDNF, glial-derived
growth factor; PI-PLC, phosphoinositide phospholipase C.
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Figure 4. GDNF levels in drug-treated PC12 cells. A representative result is
presented and the data are presented as the mean + SD of PC12 cell cultures in
media (n=8). A two-tailed Mann-Whitney U test was used for statistical assess-
ment of differential axonogenesis. ‘P<0.001 compared with the saline group. M,
marker; S, saline; E, etifoxine; PI, etifoxine + PI; PRI, etifoxine + PRI; GDNF,
glial-derived growth factor; PI-PLC, phosphoinositide phospholipase C.

demonstrate the opposite result on the outgrown fibers (Fig. 3),
which indicate that the use of PI-PLC and PRI-1 does not
change the expression levels of GDNF in PC12 cells.

Expression of GDNF protein by drug treatment. Finally, the
effects of drug treatment on GDNF protein expression were
investigated. In addition, the effect of etifoxine on GDNF
expression was measured in PC12 cells by western blot
analysis. While the use of etifoxine increased GDNF levels in
PC12 cells (Fig. 4), this effect was not inhibited by the use of
PI-PLC and PRI-1. Following the administration of etifoxine,
GDNF protein expression increased by ~1.36-fold compared

with the saline-treated group. Use of the GFRal inhibitor,
PI-PLC, led to a higher expression of GDNF (1.46-fold vs.
saline). In addition, the RET inhibitor, PRI-1, was observed to
result in increased expression of GDNF (1.57-fold vs. saline);
however, the difference compared with etifoxine was not iden-
tified to be significant (Fig. 4).

Discussion

Statistical analysis of the average length of fibers in PC12
cells following exposure to etifoxine revealed neuronal-like
outgrowth increased up to 2.23-fold following day 10, resulting
in numerous partially arborescent axons. By contrast, PC12
cultivation in supernatant with PI-PLC and PRI-1 induced
poor neuronal-like processes following 10 days of cultivation.
These observations indicate a marked in vitro bioactivity of
etifoxine, which is capable of inducing signaling in PC12 cells
for neuronal-like processes, indicating a potential clinical
application for etifoxine.

Previous studies have demonstrated that TSPO may regulate
outgrowth by increasing ATP availability, an essential factor
for neurite growth (39-41). TSPO associates with the mito-
chondrial permeability transition pore (42), which enables the
respiratory chain to create the transmembrane electrochemical
gradient that drives ATP synthesis. By this mechanism, TSPO
may regulate a number of biological functions in cells. In addi-
tion, TSPO may also affect neurite outgrowth by controlling
the rate of neurosteroid formation (43). Mitochondrial TSPO
regulates the transport of cholesterol from the outer to inner
membrane, which is the rate-limiting step in steroid produc-
tion (19). The neurosteroids, PREG, PROG and DHEA, play
major roles in neuronal regeneration. PROG increases neurite
outgrowth of DRG explants, promotes regeneration in cryole-
sioned sciatic nerves and remyelination of regenerated nerve
fibers (28,29). PREG and PROG levels increase in injured
sciatic nerves and have neurotrophic effects (29,44). In addi-
tion, estradiol (a type of steroid) leads to increased expression
of GDNF. We hypothesize that estradiol rapidly increases Ca**
levels, which is followed by CREB phosphorylation. CREB
phosphorylation ultimately leads to increased expression of
GDNF (45). However, at present, the mechanism by which
TSPO activation leads to increased GDNF expression in PC12
cells remains unknown. One hypothesis is that TSPO activa-
tion leads to increased steroidogenesis. Increased steroids may
affect gene expression through CREB phosphorylation. Thus,
neurite outgrowth increases, consistent with current observa-
tions in which treatment with etifoxine led to an increase in
GDNF expression, which initiated its receptors resulting in
poor regeneration without alterations in GDNF expression.

GDNF is a glycosylated, disulfide-bonded homodimer
with a molecular weight of 33-45 kDa. The monomer has a
molecular weight of 16 kDa following deglycosylation (31)
and it regulates cellular activity through interaction with
glycosylphosphatidylinositol-anchored cell surface receptors.
GFRal, which may signal through the transmembrane RET
receptor or neural cell adhesion molecule (NCAM), promotes
cell survival, neurite outgrowth and synaptogenesis (32).
GFRal lacks transmembrane and intracellular domains (46)
and therefore, GFRal functions only as a binding receptor,
requiring a transduction receptor for signaling. GFRal signals
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through transmembrane RET tyrosine kinase, which in turn
may activate several intracellular signaling cascades, including
Ras/mitogen-activated protein kinase, phosphatidylinositol
3-kinase/Akt and PLCg pathways (47).

An additional signaling receptor for GFRal is NCAM (48),
which mediates neurite outgrowth induced by GDNF in
cultured hippocampal neurons (49). In the absence of GDNF,
GFRal binds NCAM, inhibiting cell adhesion mediated by
homophilic NCAM interaction. However, in the presence of
GDNF, the GFRal/GDNF/NCAM complex mediates cell
adhesion by a mechanism involving Fyn kinase and focal adhe-
sion kinase (46). Considering the discussed observations, the
physiological significance of the functions and roles mediated
through the GDNF-GFRal-RET pathway was reinforced by
the observation that RET-independent GFRal is dispensable
for organogenesis and nerve regeneration in vivo, indicating
that trans- and GFRal-dependent NCAM signaling plays a
minor physiological role (50). Thus, RET-mediated signaling
in the nervous system is important for the survival and differ-
entiation of cancer, but also in human forms of cancer where
excessive activation of RET has been observed.

The current study demonstrates that treatment with
etifoxine in PC12 cells stimulated GDNF expression, which
correlated with neurite outgrowth. In addition, the results
indicate that following inhibition of the GDNF receptor,
GFRal-RET, the increase in neurite outgrowth was lost. These
results indicate that in PC12 cells, the GDNF-GFRa1-RET
pathway was dominant for etifoxine-induced neurite
outgrowth. As observed in this study, RET blockage resulted
in total abolition of neurite growth in etifoxine-treated
PC12 cells, demonstrating that for etifoxine-induced neurite
outgrowth, this pathway is important.

We hypothesize that the bioactivity of GDNF is repre-
sented by PCI12 cell body size since changes in morphology
and size of the cells indicate higher metabolic activity induced
by external stimuli (51). A slight, but not significant, increase
in the average cell body size was demonstrated following 3
and 10 days of GDNF cultivation compared with PC12 cells
cultivated in medium with extremely low GDNF content,
indicating that GDNF is capable of inducing internal signaling
pathways in PC12 cells. However, cell body size may not be
an appropriate marker for GDNF or, in general, neurotrophic
factor (NTF) bioactivity.

In conclusion, the results of the present study indicate that
etifoxine markedly enhances neurite outgrowth by increasing
GDNF expression. Etifoxine fulfills the criteria of a drug that is
clinically useful for the treatment of altered peripheral axons:
i) easy diffusion into nerve tissues; ii) selective modulation
of inflammatory responses to injury; iii) able to increase the
expression of neurotrophic factors; iv) suitable for long-term
use (52,53) and (v) convenient administration. Considering
the important benefits of etifoxine, etifoxine treatment may
represent a promising strategy for the treatment of peripheral
nerve injury.
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