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A B S T R A C T

In China, L-3-n-butylphthalide (L-NBP) showed promising pharmacological actions in stroke treatment.
Analyzing the characteristics of L-NBP might provide valuable hints for new drug design. The current study is
aimed to determine the effects of L-NBP on neuritogenesis and further to elucidate the neuronal protection
against stroke impairment in vitro. L-NBP was applied to rat pheochromocytoma PC12 cells and cultured rat
cortical neurons under the normoxic condition and the oxygen-glucose deprivation/reoxygenation (OGD/R)
insults, respectively. Immunofluorescence staining, western blot analysis, Sholl analysis, lactate dehydrogenase
(LDH) release assay, 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) reduction assay and enzyme-
linked immunosorbent assay (ELISA) were performed. L-NBP could concentration-dependently stimulate the
development of growth cones, enhance the neuritic branches and synapse formation. It indicated that L-NBP
possibly promoted the neuritogenic activity in a stage-dependent manner. Further research proved that L-NBP
could promptly activate epidermal growth factor (EGF) receptor, up-regulate the expressions of extracellular
signal-regulated kinase1/2 (ERK1/2), cAMP response element-binding protein (CREB) and E−26-like protein 1
(ELK-1). In addition, L-NBP enhanced the sustained expressions of brain derived neurotrophic factor (BDNF) and
nerve growth factor (NGF). The inhibition to the receptors of EGF, NGF,BDNF could attenuate L-NBP induced
neuritogenic and neuronal survival after the OGD/R toxicity. Basing on these investigations, we concluded that
L-NBP might reconstruct the impaired neuronal network and improved the neuronal complexity after the is-
chemic insults through multiple pathways which at least were via the activations of EGF receptor, BDNF and
NGF related signals.

1. Introduction

Neuritogenesis is a crucial stage in neuronal development, emerging
the axons and dendrite. The cells display three distinct phases during
neuritogenesis consisting of neurite initiation, rapid neurite elongation,
and a maturation process characterized by the thickening of neurites
and synapse maturation (Xiao and Liu, 2003). Loss of neurite has been
proven to be one of the key characteristics of neurodegenerative dis-
eases and stroke injury (Polleux and Snider, 2010). Hence, drugs which
promote neuritogenic activities might provide therapeutic effects to the
functional recovery in stroke insults (More et al., 2012; Rodrigues et al.,

2016; Tang et al., 2016).
L-NBP demonstrated a series of promising pharmacological prop-

erties in stroke intervention and neurodegenerative disease therapy
(Huang et al., 2010; Lei et al., 2014; Lu et al., 2012; Peng et al., 2007,
2012; Qin et al., 2018; Wang et al., 2018; Xiong et al., 2012; Xu and
Feng, 2000; Xu et al., 2012; Yang et al., 2015, 2018; Zhao et al., 2016;
Zhu et al., 2018). Until now, most researchers focus on how L-NBP
direct inhibited the neuronal damage, except for the study by Yang
et al. (2015). In the study (Yang et al., 2015), we first demonstrated that
L-NBP exert rehabilitation effects through enhancing endo-neurogen-
esis in the subgranular zone (SGZ), which induced neuronal stem cells
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to differentiate into neurons (Yang et al., 2015). However, it remains
unknown how L-NBP protects the brain regions that lack of endogenous
neurogenesis, in particular the injured cerebral cortex, during the
course of stroke treatment.

Based on the in vivo findings that L-NBP induces expression of the
neurite biomarker GAP-43 (Yang et al., 2015), it is proposed that L-NBP
might promote neuritogenesis as well as neurogenesis, which might
contribute to the repair of impaired neuronal network in those brain
regions outside of hippocampus in stroke. The present study in-
vestigated the neuritogenic capacity of L-NBP in pheochromocytoma
PC12 cells and primary cultured rat cortical neurons under normoxia.
Based on these observations, the effects of L-NBP on the impaired
neuronal complex and the neuronal survival were further determined
using the oxygen-glucose deprivation/reoxygenation (OGD/R) cell
model which mimicked the stroke insults. To understand the protective
mechanisms of L-NBP, the signals of growth factors, including the
Epidermal Growth Factor (EGF) receptor-, Brain Derived Neurotrophic
Factor (BDNF)- and Nerve Growth Factor (NGF)-mediated pathways,
were particularly focused on. Results showed that L-NBP stimulated the
neurites outgrowth, the development of neuronal complex and the
neuronal survival under the OGD/R insults. These effects were at least
partially mediated by the promptly activated EGF-receptor and via the
sustained enhancements of the neurotrophic factors of BDNF and NGF.

2. Material and methods

2.1. Chemicals and reagents

L-NBP (purity> 99.5%) was obtained from Institute of Materia
Medica, Chinese Academy of Medical Sciences. Primary antibodies in
the study were listed in the table of Supplement table 1. The media and
supplements used for cell cultures were purchased from Invitrogen
(Carlsbad, CA, USA). Other reagents were purchased from Sigma Che-
micals (St Louis, MO, USA).

2.2. Drug treatment

Recombinant rat beta-NGF was applied as positive control at a
concentration of 50 ng/ml (Zhao et al., 2015a). L-NBP was incubated at
the indicated concentrations ranging from 0.1 to 100 μM. To observe
the roles of the related pathway in the neuritogenesis effects of L-NBP,
the inhibitors of Trk receptors (K252a), EGF receptor (AG1478) and
MEK (PD95059), and the antibodies of BDNF and NGF were applied
30min before L-NBP treatment at the concentrations of 0.3 μM,
300 nM,10 μM, 5 μg/ml and 2 μg/ml, respectively.

Fig. 1. L-NBP induces neurite extension in
PC12 cells in a concentration-dependent manner.
PC12 cells were cultured for 7 days and were treated
with L-NBP (0.10–100 μM) or NGF 50 ng/ml. (A)
Representative images of neurite extension by (a)
Ctrl, (b) NGF 50 ng/ml and (c) L-NBP 10 μM. Scale
Bar: 100 μm. (B) Statistic analysis of percentage of
neurite-bearing cells treated by L-NBP or NGF. The
effects of L-NBP and NGF on neurite extension were
further demonstrated by the expression of GAP-43 in
western blot analysis. (C) Representative bands of
western blot analysis; (D) statistical analysis of the
expression of GAP-43. Ctrl: Control. Values were
shown as mean ± S.E.M. of three independent ex-
periments, with *P < 0.05 and **P < 0.01 versus
control group; with #P < 0.05 and ##P < 0.01
versus NGF group.

Fig. 2. L-NBP accelerates the growth cone devel-
opment. PC12 cells were cultured and treated with
L-NBP (10 μM) for 2 days. Images in upper panel:
representative images of cells in control and L-NBP
group. Scale bar: 5 μm; Lower panel: rectangular re-
gions of (a)–(e) in upper panel are magnified. Scale
bar: 2 μm. Statistic analysis of the numbers of growth
cone per soma and the growth cone area were shown
in Table 1. Ctrl: control. Values were shown as
mean ± S.E.M., with *P < 0.05 and **P < 0.01
versus control group.
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2.3. PC12 cell culture

PC12 cells were obtained from the American Type Culture
Collection (ATCC, Rockville, MD, USA) and maintained in Dulbecco's
modified Eagle's medium (DMEM) containing 5% fetal bovine serum
(FBS), 10% horse serum, 2mM glutamine, and penicillin (100U/ml)/
streptomycin (100 μg/ml) as previously described (Cui et al., 2011b;
Zhao et al., 2015a, 2015b).

2.4. Culture of embryonic cortical neurons

Cortical neurons were prepared from the embryonic E18 SD rats
(Zhao et al., 2006). Dissociated cells were seeded in DMEM/F12
medium with 10% FBS and 2% B27. L-NBP was incubated every two
days.

2.5. OGD/R insults

OGD/R insults were induced as previously described (Hasan et al.,
2013; Zhong et al., 2015). Briefly, the culture medium was replaced on
DIV 3 with a glucose-free, serum free DMEM/F12 medium and
PC12 cells or cortical neurons were kept in an anaerobic incubator
(Thermo Biotech, USA) with an atmosphere of 95% N2, 5% CO2 at
37 °C for 2 h. OGD was then terminated and re-oxygenation was fol-
lowed by changing back to the regular culture medium and the culture
condition.

2.6. Neuritogenic activities in PC12 cells

PC12 cells were plated in growth medium at 5× 104 cells per well
in poly-L-lysine-coated 6-well plates as previously described (Cui et al.,

Fig. 3. L-NBP time-dependently pro-
motes the neurites outgrowth and sy-
napse formation by up-regulating the
expressions of BDNF and NGF in
PC12 cells. The expressions of GAP-43, sy-
naptophsin, NGF and BDNF (pro-form
(36KD) and mature form (15kD)) were de-
termined by western blot analysis.
Representative bands of the western blot
analysis were shown in (A). Statistical ana-
lysis of the expressions of GAP-43,
Synaptophsin, NGF and BDNF were shown
in (B)–(F), respectively. Note that the al-
teration of the expressions of BDNF and
NGF occurred on day 1 of L-NBP treatment
was prior to the alteration of Synaptophsin
and GAP-43. At 7 days after L-NBP incuba-
tion, effects of the inhibitors to TrkB re-
ceptor and ERK1/2 on L-NBP induced
neurites-bearing cells were observed in (G).
Representative images of neurites bearing
cells were capture in groups of (a) Control,
(b) L-NBP, (c) L-NBP with K252a, (d)L-NBP
with PD98059 and (e) combination of L-
NBP, PD98059 and K252a after 7 days of
treatment. Ctrl: control. Data were shown as
mean ± S.E.M. of three separate experi-
ments. The significance was indicated as
*P < 0.05 and **P < 0.01 versus control
group.
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2011a; Zhao et al., 2015a, 2015b). On the second day, cells were wa-
shed and incubated in DMEM supplemented with 1% FBS, 1% horse
serum and various concentrations of experimental compounds. L-NBP
was incubated every two days.

2.6.1. Observation of growth cone development
After two days of drug incubation, growth cones were captured by

Leica TCS SP8 confocal microscope. Numbers of growth cones of each
cell were counted. Growth cone area were measured using Image J
software (National Institutes of Health, Bethesda, MA, USA) as previous
described (Myers and Gomez, 2011).

2.6.2. Neurites outgrowth evaluation
Neurites only processes longer than 20 μm were considered as

neurites outgrowth. A cell is regarded as a ‘positive’ cell with neurites
extension if the neurites reach at least one fold of the length of the cell
soma. Neurite outgrowth was quantified as the percentage of the ‘po-
sitive’ cells bearing neurite length. GAP-43 expressions were further
detected by western blot analysis to observe the neurites extension
activity and the further synapse activity.

2.6.3. Synapse formation detection
As well as GAP-43, synapse formation was observed by the ex-

pressions of the synapse biomarker, synaptophysin. The expressions of

GAP-43 and synaptophysin were detected by western blot analysis at
day 0, 1, 2, 4, 6 and 7 after drug treatment. In addition, the immuno-
fluorescent staining of synaptophysin was performed at day 5 after the
OGD/R insults.

2.7. Western blot analysis

Cells were harvested in the lysis buffer RIPA. The protein was iso-
lated on SDS-polyacrylamide gel and transferred onto polyvinyldi-
fluoride membranes. Following membrane blocking, proteins were de-
tected by primary antibodies (Supplement table 1) overnight at 4 °C.
Then the membranes were incubated with chemiluminescent secondary
antibodies. Blots were developed by the ECL Plus kit (Amersham
Bioscience, Aylesbury, UK) and images were captured by Fuji Imaging
Device. All data obtained from three independent experiments were
expressed as the ratio to optical density (OD) values of the corre-
sponding controls for statistical analyses.

2.8. Immunofluorescence staining

Cells were fixed in 4% formaldehyde, membrane-permeabilized in
0.1% Triton X-100 and blocked in 5% bovine serum albumin (BSA).
Cells were then exposed to the primary antibody (Supplement table 1)
overnight at 4 °C followed by incubation with an Alexa Fluor 488-

Fig. 4. L-NBP induces neurite outgrowth
by the prompt activation of ERK1/2
mediated EGFR pathway in PC12 cells.
(A) L-NBP at 10 μM was applied to
PC12 cells and cells were collected at dif-
ferent time points as indicated. Expressions
of Phospho-EGRF (p-EGFR), Phospho-
ERK1/2 (p-ERK), phospho-CREB (p-CREB),
phospho-ELK1 (p-ELK1) and their non-
phosphorylated forms were examined by
western blot analysis. Statistical analysis of
the expressions of p-EGFR, p-ERK, p-CREB
and p-ELK1 were shown in B, C D and E,
respectively. (F) Cells were pretreated with
AG 1478, PD98059 and K252a for 30 min
and then incubated with L-NBP. After seven
days after drug treatment, statistical ana-
lysis of the cells with neurites was counted.
Single dose or the combinations of these
inhibitors showed significant blockage of
the effects of L-NBP. The data were shown
as mean ± S.E.M. of three separate ex-
periments. The significance was indicated
as *P < 0.05 and **P < 0.01 versus con-
trol group, with #P < 0.05 and
##P < 0.01 versus L-NBP group.
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conjugated secondary antibody at room temperature, respectively.
Images were captured by Leica TCS SP8 confocal microscope.

2.9. Sholl analysis in cultured neurons

βIII-tubulin expression was detected by immunofluorescent staining
in cortical neurons. Immunofluorescent images were acquired by
fluorescence microscopy. Neurites morphology was observed through
βIII-tubulin staining and was further investigated by Sholl analysis (Day
et al., 2014). Images were analyzed by the plugin NeuronN in the Image
J software (NIH, US). A calibrated image of concentric circles at 10 μm
distances (up to 300 μm) was superimposed onto the cell soma. Primary
neurites, neuritic branches and neurite termination points were
counted. Primary neurites were classified as those directly stemming
from the cell body within circle number 1, while a branch was counted
if a neurite clearly divides in two for at least 5 μm. The longest neurite
was utilized as the neuritic length.

2.10. Measurement of neurotoxicity

2.10.1. Assessment of cell viability by MTT reduction assay
Cell viability was detected by MTT reduction assay. The absorbance

of the samples was measured at a wavelength of 570 nm with 655 nm as
a reference wavelength. All experiments were performed in triplicate.

2.10.2. LDH release assay
Culture medium of the neurons was collected and analyzed for LDH

activity using the LDH assay kit (Nanjing Jian Cheng Biotechnology,
Nanjing, Jiangsu, China) as indicated in the manual. The absorbance
was measured at a wavelength of 450 nm using a microplate reader. All
experiments were performed in triplicate.

2.10.3. Analysis of chromatin condensation
Chromatin condensation was detected by nucleus staining with

Hoechst 33342 (Zhao et al., 2006). Cells were stained with

Fig. 5. L-NBP attenuates the OGD/R induced the impaired synapse function in PC12 cells. PC12 cells were incubated with L-NBP at 10 μM during and after the
OGD insults. Synaptophsin expressions were detected by immunofluorescent staining after 5 days of OGD insults. Upper panel: Representative images of cells which
were stained by synaptophsin antibody were shown. Lower panel: Statistical analysis of the expressions of synaptophsin was shown. Ctrl: Control. The data, expressed
as mean ± S.E.M., were shown as three separate experiments, with *P < 0.05 and **P < 0.01 versus control group.
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Hoechst33342 (5 μg/ml) for 5min at 4 °C. The nuclei were visualized
using a fluorescence microscope at 400×magnification. The apoptotic
cells showed condensed or fragmented fluorescent nuclei. Numbers of
apoptotic nuclei were scored by counting at least 500 cells for each
group in triplicate.

2.11. ELISA assay

Culture medium of cortical neurons was collected. BDNF and NGF
immunoassay kits were purchased from Boster (Wuhan, Hubei, China)
and applied according to the manufacturer's manual. Absorbance was

(caption on next page)
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determined at a wavelength of 450 nm using a microplate reader.

2.12. Statistical analysis

The data are expressed as mean ± S.E.M. All analyses of data were
performed with GraphPad Prism version 6.0 (GraphPad Software, San
Diego CA). Analysis of variance (ANOVA) followed by a Dunnett's test
was used for statistical comparisons between two groups. The level of
statistical significance was set at P < 0.05.

3. Results

3.1. L-NBP promotes the neuritogenic activities in PC12 cells in a
concentration- and time-dependent manner

PC12 cells were incubated with L-NBP for seven days to explore the
effects of L-NBP on the neuritogenic activities. L-NBP ranging between
0.1 μM and 100 μM concentration-dependently enhanced the neurites
elongation (Fig. 1). Morphological observation showed that the neurites
bearing cells were dramatically increased by L-NBP (Fig.1A to B). On
the other hand, expressions of GAP-43 confirmed that L-NBP enhanced
the neurites outgrowth (Fig. 1C and .D). As reflected by the GAP-43
expression, L-NBP at 30 and 100 μM displayed similar efficacy as NGF
at 50 ng/ml.

Further investigations revealed that L-NBP stage- and time-depen-
dently promoted the neuritogenic developments. For the neurite in-
itiation effects, growth cone developments were observed after two
days of drug treatment (Fig. 2). On day 2, growth cones could be ob-
viously observed and neurites tips projected outside of the growth
cones. Compared with control group, L-NBP (10 μM) significantly en-
hanced the numbers of growth cone per soma and the average area of
the growth cones (Fig. 2). To observe the effects of L-NBP on the neurite
extension, GAP-43 expressions were detected (Fig. 3). Compared with
control group, L-NBP promoted the GAP-43 expressions over 50% after
the two days of drug treatment. And GAP-43 expression was enhanced
over 80% by L-NBP after the seven days of drug treatment. To observe
the effects of L-NBP on the synapse formation and cell maturation,
synaptophsin expression was evaluated (Fig. 3A and C). Similar to the
expressions of GAP-43, synaptophsin expression was enhanced by L-
NBP over 2.5 folds from day 2 to day 7 after drug treatment.

3.2. Up-regulations of BDNF and NGF play roles in L-NBP induced neurites
extension in PC12 cells

The expressions of BDNF and NGF were up-regulated by L-NBP at
10 μM from day 1 of treatment (Fig. 3). Interestingly, the expressions of
GAP-43 and synaptophsin were enhanced from day 2 of L-NBP treat-
ment which implicated that BDNF and NGF might be involved in the
neuritogenic effects of L-NBP. K252a, the antagonist of tyrosine phos-
phorylation receptor, could significantly block the effects of L-NBP that
supported our deduction (Fig. 3G). PD98059, the specific inhibitor of
MEK, could significantly abolish the neurites growth induced by L-NBP
(Fig. 3G), indicating that the ERK1/2-mediated pathways might parti-
cipate in L-NBP induced neurite extension. The combination of
PD98059 and K252a could not completely inhibit the neuritogenic

actions caused by L-NBP, indicating that other signals might play roles
in the effects of L-NBP.

3.3. Rapid activations of EGFR and its downstream factors attribute to L-
NBP induced neuritogenesis in PC12 cells

Effects of L-NBP on the EGFR related pathway were detected.
Within 15min, L-NBP promptly activated EGFR and its downstream
factors, ERK1/2 and CREB, by enhancing the levels of their phosphor-
ylation forms in PC12 cells (Fig. 4A to Fig. 4D). Within 30min, L-NBP
triggered the activation of ELK1 (Fig. 4E). Activation of EGFR was
maintained for 2 h after L-NBP treatment, while other activated signals
were sustained for 4 h after drug treatments (Fig. 4A–E). L-NBP did not
alter the expressions of the non-activated forms of the proteins in-
vestigated. AG1478, the specific EGFR inhibitor, partially attenuated L-
NBP-induced neurites extension (Fig. 3F). Compare with AG1478,
combination of AG1478, PD98059 and k252a caused more substantial
inhibition of L-NBP. However, this combination did not completely
suppress the promotion of L-NBP on neurite outgrowth, indicating that
L-NBP is a multiple target regulator that some other pathways might
also be involved besides the current reported EGFR-, BDNF- and NGF-
related signals.

3.4. L-NBP rescued the synapse loss in PC12 cells after OGD/R insults

After five days of OGD insults, neurites were extensively broken.
Cell shrinkage, chromatin condensation and fragmented occurred
(Fig. 5). Synaptophsin expressions were dramatically decreased by OGD
impairment, implying that synapse function was impaired. L-NBP could
significantly up-regulated the expressions of synaptophsin and the cells
demonstrated a profile of extended neurites around soma. It might in-
dicate that L-NBP probably effectively rescued the OGD induced ret-
rograde synapse degeneration.

3.5. L-NBP enhanced neuronal complexity in primary cultured cortical
neurons under normoxia and OGD/R conditions

Based on the observations of PC12 cells, induction of neuritogenesis
by L-NBP was further investigated in primary cultured cortical neurons.
Immunocytochemical staining for βIII-tubulin was performed in neu-
rons under basal normoxia conditions and OGD/R insults (Fig. 6 and
Fig. 7). No matter under the normoxia or OGD/R impairment, mor-
phology observation showed that L-NBP at 10 μM significantly en-
hanced the neuronal complexity of the cultured neurons (Fig. 6A).
Facilitated by Sholl analysis, the effects of L-NBP on the neuronal
complexity, including the number of primary neurites extending from
the cell soma, the number of neuritic branches and the neuritic lengths,
were examined (Fig. 6B). L-NBP significantly improved the Sholl profile
by increasing the number of the primary neurites (Fig. 6B2), the number
of the neuritic branches (Fig. 6B3 and Fig. 6B5) and the neurite out-
growth (Fig. 6B4). AG1478 and K252a significantly reduced the effects
of L-NBP (Fig. 6). Compared with single usage of AG1478 and K252a,
the combination of the two agents significantly blocked the neurite
outgrowth enhanced by L-NBP (Fig. 6B4).

Fig. 6. L-NBP increases the development of the neuronal complexity of primary cultured cortical neurons under the basal normoxia condition and the
OGD/R insults. Neurons were subjected to βIII-tubulin immunofluorescent staining. (A) Representative images of cortical neurons which were treated with NGF
50 ng/ml or L-NBP 10 μM for 7 days were shown. (B) Sholl analysis showed that L-NBP increased the measures of the neuronal complexity. In the Sholl analysis, a
calibrated image of concentric circles at 10 μm distances (up to 300 μm) was superimposed onto the cell soma (B1). A neuron was fluorescently stained with neuronal
structural protein βIII-tubulin. The neuron was considered to have six primary neurites (indicated with yellow stars), with three bifurcations between circles 1 and 2
(red arrows), one bifurcations between 2 and 3 and one bifurcations between 3 and 4. The longest neurite terminated between circles 4 and 5 (green arrow). Scale
bar: 10 μm. L-NBP significantly increased (B2) the number of primary neurites, (B3) the number of neuritic branches and (B4) the neuritic length. Blockage of Trk
receptors and EGFR receptor could significantly attenuated neuronal complexity promoted by L-NBP. (B5) L-NBP significantly promoted branches extension within
50 μm of the cell soma. The data, expressed as mean ± S.E.M., were shown as three separate experiments, with *P < 0.05 and **P < 0.01 versus control group,
with #P < 0.05 and ##P < 0.01 versus L-NBP group.
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3.6. L-NBP reduced neurotoxicity induced by OGD/R through BDNF-, NGF-
and EGFR-related pathways

In our study, OGD/R caused a significant cell death in cortical
neurons. And OGD/R increased the ratio of cells with the profile of cell
shrinkage, chromatin condensation and fragmented fluorescent nuclei.
MTT reduction assay proved that the cell survival rate was up to 51.8%
after the OGD/R insults (Fig. 7A). NGF rescued the cell survival to
75.9%. L-NBP attenuated neuronal loss in a concentration dependent
manner and the survival rate was up to 68.5%. LDH release was also
dramatically inhibited by L-NBP (Fig. 7B). In addition, L-NBP markedly
reversed the morphological changes, including the shrinkage of the cell
bodies, the broken neuritic network (Figs. 6A and 8C) and the con-
densed or fragmented nuclei (Fig. 7C). In line with the results from
PC12 cell models, L-NBP could up-regulate the expressions of BDNF and
NGF in a dose-dependent manner (Fig. 8). Antibodies of BDNF and NGF
(Fig. 8) as well as K252a (Fig. 7) could significantly suppress the pro-
tection of L-NBP on the OGD insults. Single usage of AG1478, K252a
and the combination of the two drugs blocked the neuroprotective ef-
fects of L-NBP (Fig. 7). Compared with AG1478 and K252a, the com-
bination of the two agents induced more intensive inhibition of the
protection of L-NBP.

4. Discussion

As well as the enhanced endo-neurogenesis activities (Chen et al.,
2015), the up-regulated neuritogenic activities play crucial roles in the
repair of the impaired neuronal complex (Ip et al., 2016; More et al.,
2012; Polleux and Snider, 2010). A recent study by our group demon-
strated that L-NBP potentiates neurogenesis which stimulated the stem
cells to differentiate into newborn neurons in the CA3 hippocampus
region and ameliorated neuronal loss after ischemic insults (Yang et al.,
2015). However, the effect of L-NBP on the functional recovery of in-
jured neuronal networks in the other brain regions remains unknown.
Hence,it is hypothesized that L-NBP might enhance the neuritogenic
actions which rescue the declined brain function in these regions when
stroke occurs. The study illuminated that: 1) L-NBP promoted the out-
growth of neurites and neuronal complexity in a concentration and time
dependent manner under the normoxia condition, 2) L-NBP contributed
to the reconstruction of neuronal network by stimulating neuritogenesis
in the damaged neurons under the OGD/R condition, and 3) the un-
derlying mechanism of the neuritogenic and neuronal survival activities
of L-NBP was mediated by multiple targets, particularly through the
activations of the growth factors/neurotrophic factors related signals.

As reported, several cell models were applied in the investigations
of neurite outgrowth and neuronal network ((Cheung et al., 2007; Day
et al., 2014; Frimat et al., 2010; Hensel et al., 2016; Loers et al., 2017;
Zhao et al., 2015a)). Among them, PC12 cell line is a simple and stable
model in the neuritogensis study by which canonical signals,

Fig. 7. L-NBP reduces the OGD/R induced neurotoxicity through BDNF,
NGF and EGFR related pathways. (A) MTT reduction assay showed that L-
NBP blocked the neuron death by the OGD/R insults. In line with MTT re-
duction assay, (B) LDH release assay proved that L-NBP attenuates the neuron
damage irrigated by the OGD/R insults. (C) Hoechst33342 staining demon-
strated that L-NBP rescued OGD/R-induced chromatin condensation. Blockage
of Trk receptors and EGFR receptor could significantly attenuates the protection
of L-NBP against the neurotoxicity. The data, expressed as mean ± S.E.M.,
were shown as three separate experiments, with *P < 0.05 and **P < 0.01
versus control group, with #P < 0.05 and ##P < 0.01 versus L-NBP group.
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particularly the MAPK/ERK pathway, have been well demonstrated
(Cui et al., 2011a; Zhao et al., 2015a, 2015b). In the current study, the
neuritogenic effects of L-NBP were first explored in PC12 models. Re-
sults revealed that L-NBP promoted the growth cone development, the
elongation of the neurites and the further synapse formation in a stage-
dependent manner. In particular, L-NBP contributed to the maturation
process of the cells which were reflected by the enhanced expressions of
the axon biomarker (GAP43) and the synapse biomarker (sy-
naptophsin). Based on its neuritogenic property, L-NBP potentially
rescued the synapse loss and improved the neuronal survival under the
OGD/R insults.

Besides the PC12 model, the neuritogenesis activity of L-NBP in
primary cultured cortical neurons were evaluated. The numbers of
primary regenerating neurites were counted by Sholl analysis, which
indicated the status of neurite initiation (phase I of neuritogenesis).
Meanwhile, the neurites outgrowth and the neuritic branches were
observed upon the addition of L-NBP, which reflected the effects of the
neuritogenesis Phase II & III. Facilitated by β III-tubulin im-
munostaining, a biomarker of the special neuronal tubulin, the
strengthened synapses formation and neuronal complex by L-NBP were
observed.

To detect the cell viability after the OGD insults, MTT reduction
assay, LDH release assay and Hoechst staining were investigated. The
MTT assay is a colorimetric assay for assessing cell metabolic activity.
NAD(P)H-dependent cellular oxidoreductase enzymes may reflect the
number of viable cells present (Stockert et al., 2018). These enzymes
are capable of reducing the tetrazolium dye MTT to its insoluble for-
mazan, which has a purple color. Therefore, MTT reduction assays can
be used to measure cytotoxicity (loss of viable cells) or cytostatic ac-
tivity (shift from proliferation to quiescence) of potential medicinal
agents and toxic materials. Lactate dehydrogenase (LDH) is an essential
enzyme for the cell metabolism. Herein, we detect the leaked LDH in
the cell culture medium which could indicate the impairment extent of
the cells after the insults (Song et al., 2017; Xie et al., 2015). And the
variations of chromatin condensation and fragmented nuclei could be
observed by Hoechst staining analysis. Through these methods, L-NBP
demonstrated significant protections against the OGD insults.

Our previous study demonstrated that L-NBP enhanced the expres-
sions of BDNF even 28 days after the stroke insults (Yang et al., 2015).
It is known that BDNF belongs to the neurotrophin family which decide
cell fate, axon growth, dendrite pruning, patterning of innervations and
the expression of proteins responsible for normal physiological function
(Huang and Reichardt, 2001). Neurotrophins could activate two dif-
ferent types of receptors (the Trk receptor family and p75NTR) to in-
duce neurotrophic effects (Botella et al., 2003; Cohen-Cory et al., 2010;
Sarma et al., 2015; Zhao et al., 2015b). And NGF, the first identified
neurotrophin, plays critical roles in the neurites outgrowth and is a

Fig. 8. Blockage of the receptors of BDNF and NGF by their relative anti-
bodies abolishes the neuroprotection of L-NBP in OGD insults. After 7 days
of treatment, L-NBP promoted the expressions of BDNF (A) and NGF (B) which
were detected by ELISA assay. (C) Cortical neurons were stained by βIII-tubulin
antibody under normoxia. (a) Control, (b) NGF 50 ng/ml (c) L-NBP 10 μM; (d)
L-NBP + BDNF antibody; (e) L-NBP + NGF antibody; and (f) L-
NBP + antibodies of BDNF and NGF. Note that neuronal complexity was ob-
viously impaired by BDNF antibody (Millipore, Ab1778,5 μg/ml), NGF anti-
body (Abcam, ab6199,2 μg/ml) and their combination. (D) MTT reduction
assay were performed to show the survival rates of neurons after 2 h OGD/24 h
reperfusion. The data, expressed as mean ± S.E.M., were shown as three se-
parate experiments*P < 0.05 and **P < 0.01 versus control group, with
#P < 0.05 and ##P < 0.01 versus NGF group in (A), and with #P < 0.05 and
##P < 0.01 versus L-NBP group in (D).
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promising target for the study of neuritogenesis (Liao et al., 2012; Ling-
Sing Seow et al., 2013; Lu et al., 2014; Nagahara et al., 2012; Nardicchi
et al., 2014; Phan et al., 2014). Therefore, the effects of targeting BDNF-
and NGF-mediated pathways, and the related mechanism of L-NBP on
neuritogenesis were investigated. Results demonstrated that L-NBP
potentiated neurite outgrowth and synapse formation from day 2 of
treatment (Figs. 2 and 3). L-NBP caused the sustained up-regulations of
BDNF and NGF from day 1 after its application, which is prior to the
events of the neurites extension (Fig. 3). K252a and antibodies of BDNF
and NGF partially abolished the neuritogenic effects of L-NBP, in-
dicating that BDNF and NGF were involved in the actions of L-NBP
(Figs. 7 and 8).

Since the Trk receptor inhibitor and the antibodies of BDNF and
NGF could only partially suppress L-NBP-induced neuritogenesis, it was
conjectured that other targets were involved in the effects of L-NBP. In
particular, how L-NBP initiated the neuritogenic signals right after the
ischemic insults still were unknown. EGFR is a trans-membrane growth
receptor that triggers a rich network of signaling pathways to control
cell survival and neurites growth (Lu et al., 2014; Xiang et al., 2006; Xu
et al., 2014). Binding of the agonist with the receptor results in the
receptor dimerizations which activates the intrinsic intracellular pro-
tein-tyrosine kinase activity, leading to the autophosphorylation of
tyrosine (Y) residues (Y992, Y1045, Y1068, Y1148 and Y1173) in the C-
terminal domain of EGFR (Tyson et al., 2003). The activated receptors
simultaneously trigger downstream signaling cascades, transfer the
signals into the nucleus and manipulate the subsequent transcription
processes (e.g. the ERK1/2 mediated pathway). In the current study, it
was found that L-NBP promptly activated EGFR (Y1068) within 15min
of application, with subsequent activating of its downstream target
ERK1/2 and the transcription factors CREB and ELK1 (Fig. 4). AG1478,
the EGFR antagonist, partially reduced the effect of L-NBP, suggesting
that EGFR contributed to L-NBP-induced neurogenesis. Compared with
AG1478 alone, the combination of AG1478 with K252a significantly
reduced the neuritogenic effect of L-NBP, indicating that L-NBP po-
tentiated neuritogenesis through the EGFR pathway as well as BDNF
and NGF signals.

There might be cross-talk between signaling pathways and ERK1/2
might serve as an important pathway node in the network which trig-
gers the neurites development (Hasan et al., 2013; Hu et al., 2015;
Manecka et al., 2013; Zhao et al., 2015b). In signaling cascades acti-
vated by NGF, BDNF and EGF, binding of agonists to the Trk receptors
result in the activation of these receptors and their downstream effec-
tors. In the current study, L-NBP enhanced the prompt activations of
EGFR, ERK1/2, CREB and ELK1, and the sustained expressions of NGF
and BDNF. Interestingly, the synthesis of BDNF is controlled by ERK1/
2/CREB pathway. We conjecture that the prompt activation of EGFR by
L-NBP probably facilitate the activation of ERK1/2 and the synthesis of
BDNF. Hence, a positive feedback loop that regulates neuritogenesis
might be developed under the induction of L-NBP.

In summary, L-NBP promoted neuritogensis and neuronal survival
under OGD/R insult through the activation of multiple growth factor-
mediated signaling pathways. The proposed mechanism is illustrated in
Fig. 9. This indicated that L-NBP potentially stimulated the synapse
formation through the up-regulated neuritogenic activities which
compensated the declined brain function after stroke. In addition, these
activities might extensively occur in the whole damaged brain regions,
including the hippocampus. The regenerative properties of L-NBP, in-
cluding promoting neurogenesis (Yang et al., 2015), neuritogensis and
angiogenesis (Cheung et al., 2007), could be of benefit to the treatment
of aging-related neurodegenerative diseases and cognitive impairment.
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