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Background: 7, 8, 3-trihydroxyflavone (THF) is a novel pro-neuronal small molecule that acts as a TrkB agonist. In this study,
we examined the effect of THF on promoting neuronal growth and protecting anesthetics-induced neurotox-
icity in dorsal root ganglion (DRG) neurons in vitro.

Material/Methods: Neonatal mouse DRG neurons were cultured in vitro and treated with various concentrations of THF. The ef-
fect of THF on neuronal growth was investigated by neurite outgrowth assay and Western blot. In addition,
the protective effects of THF on bupivacaine-induced neurotoxicity were investigated by apoptosis TUNEL as-
say, neurite outgrowth assay, and Western blot, respectively.

Results: THF promoted neurite outgrowth of DRG neurons in dose-dependent manner, with an EC_; concentration of
67.4 nM. Western blot analysis showed THF activated TrkB signaling pathway by inducing TrkB phosphoryla-
tion. THF also rescued bupivacaine-induced neurotoxicity by reducing apoptosis and protecting neurite retrac-
tion in DRG neurons. Furthermore, the protection of THF in bupivacaine-injured neurotoxicity was directly as-
sociated with TrkB phosphorylation in a concentration-dependent manner in DRG neurons.

Conclusions: THF has pro-neuronal effect on DRG neurons by promoting neurite growth and protecting against bupivacaine-
induced neurotoxicity, likely through TrkB activation.
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Material and Methods

Recently, a group of small-molecule compounds have been
identified as tyrosine receptor kinase (Trk) receptor agonists
that had profound pro-neuronal effects on neurogenesis and
neuronal regeneration [1-4]. These compounds hold great clin-
ical importance for neurodegenerative diseases as they may
easily penetrate blood-brain-barrier, and have great potency
with half-effective concentration (EC, ) lower than 1 uM[2,4,5].
Among those small-molecule compounds, a new compound,
7,8,3’-trihydroxyflavone (7,8,3’-THF), was created as the de-
rivative of 7,8-dihydroxyflavone but with better potency [1].
In the peripheral auditory system, THF was shown to rescue
noise-damaged or chemically-injured auditory nerves both in
vitro and in vivo [6,7]. However, the role of THF in spinal cord
dorsal root ganglion (DRG) neurons has not been characterized.

Spinal cord DRG neurons are subject to local anesthetics-in-
duced neurotoxicity [8,9], which may contribute to various
types of neurologic complications in young patients with re-
gional anesthesia [10,11]. Specifically, bupivacaine, one of the
commonly used local anesthetics, is shown to induce neuro-
nal apoptosis, growth cone collapse, and neurite retraction in
DRG neurons in animal models [8,12]. Studies also showed that
several of the neuronal signaling pathways, such as mitogen-
activated protein kinase (MAPK) and phosphatase and tensin
homolog (PTEN) pathways, were closely associated with the
regulation of bupivacaine-induced neurotoxicity in DRG neu-
rons [12,13]. Member of the Trk receptors — TrkB receptor, and
its ligand brain-derived neurotrophic factor (BDNF) — are both
upregulated in DRG neurons after spinal cord injury [14-16],
suggesting that there might be functional roles of the TrkB sig-
naling pathway in regulating DRG neuron injury, but the ex-
act role of TrkB receptor in regulating local anesthetics-induce
neurotoxicity remains elusive.

In this study, we used an explant model to culture neonatal
mouse DRG neurons in vitro to mimic the biological conditions
of young spinal cord sensory neurons. We first investigated
the pro-neuronal effect of THF on the growth of neonatal DRG
neurons by examining its effect on DRG neuron neurite out-
growth. Then, we applied bupivacaine to induce anesthetics-
related neurotoxicity in DRG neurons. The potential protective
effect of THF and the involvement of TrkB signaling pathways
were examined by apoptosis assay, neurite outgrowth assay,
and Western blot assay. The results of our study may further
our understanding on the possible pro-neuronal mechanisms
of small-molecule TrkB agonists in spinal cord sensory neurons.

Mouse dorsal root ganglion neuron culture

Doral root ganglion (DRG) neurons were prepared from post-
natal 2-3-day-(P2~P3) old C57BL/6) mice (Jackson Lab, USA).
Briefly, DRG clumps were quickly dissected into cold (4°C) 1X
HBSS (Invitrogen, USA). They were then transferred into dis-
sociation medium with warm (37°C) Dulbecco’s modified
Eagle medium (DMEM, Invitrogen, USA), 10% fetal bovine
serum (FBS, Invitrogen, USA), 1 X B27 neuronal supplement
(Invitrogen, USA), and 0.25% trypsin (Invitrogen, USA) for 20
min. Dissociated cells were prepared by continuously triturat-
ing DRG clumps in-and-out of 1 mL pipette tips for 10 min.
They were then re-suspended in serum-free culture medium
containing neurobasal medium (Invitrogen, USA), penicillin/
streptomycin (PenStrep, Invitrogen, USA), and 1 X B27 neuro-
nal supplement (Invitrogen, USA) in a tissue culture chamber
with 5% CO, at 37°C overnight. On the second day, the float-
ing non-neuronal cells were removed. DRG neurons were main-
tained in culture medium for 2~7 days, depending on the re-
quirement of designated experiments.

Neurite outgrowth assay

Cultured DRG neurons were fixed with 4% paraformaldehyde
(PFA, Sigma-Aldrich, USA) and 0.3% Triton (Sigma-Aldrich, USA)
in 1X PBS (Invitrogen, USA) for 30 min, then incubated with a
rabbit anti-neurofilament 2000 (NF-2000) polyclonal antibody
(Santa Cruz, USA) at 37°C over night. On the second day, the
culture was incubated with AlexaFluor 488 anti-rabbit sec-
ondary antibody at room temperature for 2 h. The green flu-
orescent images were viewed under an upright fluorescent
microscope (BX51, Olympus, Japan). For each experimental
condition, the averaged length of the longest 50~80 neurites
were measured among at least three repeats, and then nor-
malized to control condition.

7, 8, 3’-Trihydroxyflavone treatment assay

In DRG neuron culture, various concentrations (2, 5, 10, 20, 50,
100, 250, 500, 1000, 1500, 2000 nM) of 7, 8, 3’-Trihydroxyflavone
(THF) were added for 2 days. The effect of THF on DRG neu-
ron growth was estimated by the neurite outgrowth assay.

Western blotting assay

DRG neurons were collected from cultures and treated with a
lysis buffer (50 mM Tris at pH 7.6, 150 mM NacCl, 1 mM EDTA,
10% glycerol, 0.5% NP-40 and protease inhibitor cocktail,
Millipore, USA). After checking with concentrations, proteins
were separated by electrophoresis on 12% SDS-PAGE gel, and
transferred to PVYDF membranes. The membranes were blocked
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with 5% non-fat dry milk and 1% BSA for 2 h, followed by in-
cubation with primary antibodies of rabbit polyclonal anti-
TrkB (1:500, Novus biological, USA) and rabbit polyclonal an-
ti-p-TrkB (1:200, Novus biological, USA) overnight at 4°C. On
the second day, membranes were incubated with horserad-
ish peroxidase-conjugated goat anti-rabbit secondary antibody
(1:5,000, Novus biological, USA) for 2 h at room temperature.
The blots were then visualized by enhanced chemilumines-
cence (Pierce, USA) according to the manufacturer’s protocol.

Bupivacaine treatment assay

In DRG neuron culture, treatment of bupivacaine was conduct-
ed according to the method described before [12]. Briefly, 10
mM bupivacaine was added into culture for 2h to induce sub-
stantial neuronal apoptosis [12]. The culture was washed with
fresh medium 3 times (10 min / time), and maintained for an-
other 24 h before further evaluation.

Apoptosis assay

DRG culture was quickly washed with PBS, and fixed by 4%
paraformaldehyde (PFA, Sigma-Aldrich, USA) for 30 min. The
apoptosis of DRG neurons was examined by a terminal de-
oxyribonucleotidyl transferase (TdT)-mediated biotin-16-dUTP
nick-end labeling (TUNEL) Apoptosis Kit (R&D Systems, USA)
according to the manufacturer’s protocol. A mouse monoclo-
nal NeuN antibody (Millipore, USA) was used to identify the
DRG neurons. Fluorescent images were then examined under
an upright fluorescent microscope (BX51, Olympus, Japan).
Relative apoptosis was quantified as the percentage of TUNEL-
positive cells among all NeuN-positive cells for each experi-
mental condition.

Statistical analysis

All experiments were conducted in biological triplicates. All
data are presented as mean *SE. Statistical comparisons be-
tween means were examined by two-tailed unpaired Student’s
t test on SPSS software (version 13.0, SPSS, USA). Statistically
significant differences were determined as P<0.05.

Results

THF promotes neurite growth and activates TrkB in DRG
neurons

We first investigated the possible pro-neuronal effect of THF
on DRG neuron growth. The cultured mouse neonatal (P2~P3)
DRG neurons were treated with various concentrations of THF
(2,5, 10, 20, 50, 100, 250, 500, 1000, 1500, and 2000 nM) for
2 days. Immunohistochemistry with a NF-2000 antibody was
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then performed. Images of green-fluorescence-positive DRG
neuron neurites showed that THF significantly promoted neu-
rite growth in a dose-dependent manner (Figure 1A). The rela-
tive lengths of DRG neuron neurites, corresponding to differ-
ent THF concentrations, were compared in neurite outgrowth
assay and fit with a Hill equation (Figure 1B). The EC50 con-
centration was determined to be 67.4 nM

We then investigated the molecular pathway associated with
pro-neuronal effect of THF on promoting DRG neurite out-
growth. We used Western blot assay to examine the protein
level of TrB receptor, as well as phosphorylated TrkB (p-TrkB).
It showed that protein levels of TrkB were unchanged by treat-
ment of different concentrations of THF, but levels of p-TrkB
were significantly unregulated with the applications of high-
er concentrations of THF (Figure 1C). Thus, our data strong-
ly suggests that THF promoted DRG neuron growth by acting
as a TrkB agonist.

THF rescues bupivacaine-induced apoptosis in DRG
neurons

One of the commonly used anesthetics, bupivacaine, was shown
to induce neurotoxicity in DRG neurons in a concentration-de-
pendent manner [12]. As we showed THF had pro-neuronal ef-
fect on DRG neuron growth, we wondered whether THF could
also rescue bupivacaine-induced neurotoxicity in DRG neurons.

To test this hypothesis, we maintained DRG culture for 3 to
5 days, followed by pre-treatment of THF for 24 h. We then
used a high concentration of bupivacaine — 10 mM (2 h) — to
induce significant neuronal apoptosis in DRG neurons. Twenty-
four hours after bupivacaine treatment, a TUNEL assay was
conducted to evaluate the apoptosis among DRG neurons. A
NeuN neuronal-antibody was used alongside TUNEL assay to
precisely identify the neuronal population in the culture. The
immunohistochemical results demonstrated that while there
was no THF pre-treatment (Control), most of the DRG neu-
rons (NeuN-positive) were apoptotic (TUNEL-positive) due to
bupivacaine-induced neurotoxicity (Figure 2A, left column).
However, when DRG neurons were pre-treated with 50 nM or
1 uM THF, bupivacaine-induced neuronal apoptosis was mark-
edly reduced (Figure 2A, right two columns). Quantified mea-
surement of TUNEL assay showed that the percentage of apop-
totic DRG neurons was significantly reduced, from 85.3+4.5%
with no THF pre-treatment (Control), to 45.2+7.3% with 50
nM THF pre-treatment, then to 19.6+5.7% with 1 uM THF
(Figure 2B, * P<0.05).

Thus, our data suggest that THF pre-treatment was effec-
tive in reducing bupivacaine-induced neuronal apoptosis in
DRG neurons.
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Figure 1. 7, 8, 3’-Trihydroxyflavone has a pro-neuronal effect on DRG neuron neurite growth. DRG neurons were extracted from
neonatal (postnatal 2~3 days) mouse spinal cord and cultured in vitro. Various concentrations of 7, 8, 3’-Trihydroxyflavone
(THF) were added into culture for 48 h, followed by immunohistochemistry with a neurofilament 2000 (NF2000) antibody to
identify the neurite outgrowth of DRG neurons. (A) Representative fluorescent images of NF2000 immunostaining are shown
for DRG neurons treated with no THF (Control), 50 nM THF, and 1 uM THF. (B) The relative neurite lengths of DRG neurons
treated by various concentrations of THF were characterized by a neurite outgrowth assay and fitted with a Hill equation.
The EC, was determined to be 67.4 nM. (C) Western blot analysis was carried out to evaluate the protein expressions of
TrkB and phosphorylated TrkB (p-TrkB).

THF rescues bupivacaine-induced neurite retraction in a significant neurite retraction in DRG neurons (Figure 3A, left
TrkB-dependent manner in DRG neurons column). However, when DRG culture was treated with either

50 nM or 1 uM THF, neurite retraction was markedly rescued
We then evaluated the protective effect of THF pre-treatment (Figure 3A, right two columns). Quantified measurement by
on bupivacaine-induced neurite retraction in DRG neurons. At neurite outgrowth assay indicated that DRG neurite lengths
24 h after bupivacaine treatment, immunohistochemical results were increased by 379+33% with 50 nM THF pre-treatment,
with a neurite outgrowth assay demonstrated that there was and by 1571+79% with 1 pM THF, compared to the neurite
no THF pre-treatment (Control), but bupivacaine introduced length under control condition (Figure 3B, * P<0.05).
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Figure 2. 7, 8, 3’-Trihydroxyflavone protects DRG neuron from bupivacaine-induced apoptosis. (A) DRG neurons were pre-treated
without 7, 8, 3’-Trihydroxyflavone (THF) (Control), or 50 nM and 1 uM THF for 24 h. They were then treated with 10
mM bupivacaine for 2 h to induce anesthetic-induced neurotoxicity. At 24 h after bupivacaine treatment, a TUNEL
immunostaining (Red) was carried out to characterize the apoptosis in DRG neurons. A mouse monoclonal NeuN antibody
(Blue) was used to identify the nuclei of DRG neurons. (B) Relative apoptosis, quantified as the percentage of TUNEL-positive

cells against NeuN-positive cells, was compared between conditions of no THF pre-treatment (control) and of 50 nM or 1 uM
THF pre-treatments (* P<0.05).
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Figure 3. 7, 8, 3’-Trihydroxyflavone protects DRG neurons from bupivacaine-induced neurite retraction. DRG neurons were pre-
treated with no 7, 8, 3’-Trihydroxyflavone (THF) (Control), 50 nM or 1 uM THF for 24 h. They were then treated with 10 mM
bupivacaine for 2 h to induce anesthetic-induced neurotoxicity. At 24 h after bupivacaine treatment, a neurite outgrowth
assay was carried out to characterize the effect of THF on bupivacaine-induced neurite retraction. (A) Representative
fluorescent images of NF2000 immunostaining are shown for DRG neurons pre-treated with no THF(Control), 50 nM THF,
and 1 uM THF. (B) Relative neurite lengths were compared between DRG neurons pre-treated with no THF (Control), 50 nM
THF, and 1 pM THF (* P<0.05). (C) Western blot analysis was carried out to evaluate the protein expressions of TrkB and
phosphorylated TrkB (p-TrkB) in DRG neurons pre-treated with various concentrations of THF.

We also evaluated whether the protection of THF on DRG neurons, phosphorylated TrkB (p-TrkB) was increased by THF
neurite retraction was correlated with the activation of the pre-treatment in a concentration-dependent manner, where-
TrkB signaling pathway. The result of Western blot confirmed as TrkB protein levels were unaltered (Figure 3C).

this hypothesis by showing that, in bupivacaine-injured DRG

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




ShiH. et al.:
THF promotes DRG growth
© Med Sci Monit, 2016; 22: 2301-2308

Thus, our data suggest that THF pre-treatment was also ef-
fective in protecting bupivacaine-induced neurite retraction
in DRG neurons, very likely through activation of the TrkB sig-
naling pathway.

Discussion

In the present study we discovered that, 7, 8, 3’-Trihydr-
oxyflavone, a potent TrkB agonist small molecule, had a pro-
found pro-neuronal effect on neuronal growth, as well as
protecting against local anesthetic-induced neurotoxicity in
spinal cord DRG neurons. We demonstrated that THF promot-
ed neurite growth in neonatal DRG neuron culture in a con-
centration-dependent manner. The calculated EC,, was calcu-
lated to be 67.4 nM, in line with other studies showing low
THF EC,, [2,6]. This finding was particularly encouraging as it
suggests that THF can promote spinal cord neuronal develop-
ment with great potency.

We also demonstrated that the THF-activated TrkB signal-
ing pathway works by phosphorylating TrkB in DRG neurons,
possibly acting as a TrkB agonist. Recently, a relative of THF
- 7,8-dihydroxyflavone (DHF) — was shown to promote spinal
cord motoneuron embryonic development, as well as induc-
ing functional recovery in myotrophic lateral sclerosis [17,18].
Interestingly, DHF seemed to act through the AKT signaling
pathway rather than directly on the BDNF/TrkB signaling path-
way in motoneurons [17]. Therefore, it seems that complex sig-
naling pathways may be differentially associated with THF (or
DHF) in regulating spinal cord DRG neurons and motoneurons.

References:

—

. Liu X, Chan CB, Jang SW et al: A synthetic 7,8-dihydroxyflavone derivative
promotes neurogenesis and exhibits potent antidepressant effect. ] Med
Chem, 2010; 53(23): 8274-86

. Jang SW, Liu X, Yepes M et al: A selective TrkB agonist with potent neuro-
trophic activities by 7,8-dihydroxyflavone. Proc Natl Acad Sci USA, 2010;
107(6): 2687-92

. Zeng Y, Wang X, Wang Q et al: Small molecules activating TrkB receptor for
treating a variety of CNS disorders. CNS Neurol Disord Drug Targets, 2013;
12(7): 1066-77

. Du X, Hill RA: 7,8-Dihydroxyflavone as a pro-neurotrophic treatment for
neurodevelopmental disorders. Neurochem Int, 2015, 89: 170-80

5. Chen L, Gao X, Zhao S et al: The small-molecule TrkB agonist 7, 8-dihy-
droxyflavone decreases hippocampal newborn neuron death after trau-
matic brain injury. J Neuropathol Exp Neurol, 2015; 74(6): 557-67

. Yu Q, Chang Q, Liu X et al: Protection of spiral ganglion neurons from de-
generation using small-molecule TrkB receptor agonists. J Neurosci, 2013;
33(32): 13042-52

. Yu Q Chang Q, Liu X et al: 7,8,3'-Trihydroxyflavone, a potent small mole-
cule TrkB receptor agonist, protects spiral ganglion neurons from degenera-
tion both in vitro and in vivo. Biochem Biophys Res Commun, 2012; 422(3):
387-92

N

w

IS

[=))

~

LAB/IN VITRO RESEARCH

Studies have shown that epigenetic regulation of microRNA, as
well as PTEN/AKT signaling pathways, are involved in local an-
esthetics-induced neurotoxicity in DRG neurons [12]. In addi-
tion, p38 mitogen-activated protein kinase (MAPK) was report-
ed to be a critical component contributing to lidocaine-induced
neurotoxicity in adult DRG neurons [9]. In the present study
we demonstrated that THF had a protective effect on bupiva-
caine-induced neurotoxicity in DRG neurons by rescuing neuro-
nal apoptosis and neurite retraction. Also, we showed that the
TrkB signaling pathway was activated in accordance with THF
treatment in bupivacaine-injured DRG neurons. Although our
data suggest that THF likely acts as a survival factor through
a TrkB-dependent manner in bupivacaine-injured DRG neu-
rons, future experiments would help to elucidate the direct
involvement of the BDNF/TrkB signaling pathway, as well as
its association with other molecular pathways in anesthetics-
induced neurotoxicity in DRG neurons.

Conclusions

Overall, in the present study we revealed new mechanism of
7, 8, 3’-Trihydroxyflavone as a pro-neuronal small molecule in
promoting neuronal growth and protecting against bupiva-
caine-induced neurotoxicity in spinal cord DRG neurons. The
associated signaling pathway of THF in DRG neurons is very
likely through TrkB activation. These findings may help to iden-
tify novel molecular targets to be applied in future clinical set-
tings to benefit patients with spinal cord disorders or injuries.
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