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A B S T R A C T   

Neural stem cells (NSCs) transplantation at the injury site of central nerve system (CNS) makes it possible for 
neuroregeneration. Long-term cell survival and low proliferation, differentiation, and migration rates of NSCs- 
graft have been the most challenging aspect on NSCs application. New multichannel electrical stimulation 
(ES) device was designed to enhance neural stem cells (NSCs) differentiation into mature neurons. Compared to 
controls, ES at nanoscale topography enhanced the expression of mature neuronal marker, growth of the neu
rites, concentration of BDNF and electrophysiological activity. RNA sequencing analysis validated that ES pro
moted NSC-derived neuronal differentiation through enhancing autophagy signaling. Emerging evidences 
showed that insufficient or excessive autophagy contributes to neurite degeneration. Excessive ES current were 
able to enhance neuronal autophagy, the neuronal cells showed poor viability, reduced neurite outgrowth and 
electrophysiological activity. Well-controlled autophagy not only protects against neurodegeneration, but also 
regulates neurogenesis. Current NSC treatment protocol efficiently enhanced NSC differentiation, maturation and 
survival through combination of proper ES condition followed by balance of autophagy level in the cell culture 
system. The successful rate of such protreated NSC at injured CNS site should be significantly improved after 
transplantation.   

1. Introduction 

Degenerative diseases and traumatic injuries to the central nerve 
system (CNS) cause neuron death with consequent destruction of neural 
circuitry, leading to the loss of neuronal function. As multipotent stem 

cells present in the CNS, neural stem cells (NSCs) have the ability to 
differentiate into a vast array of more specialised CNS cells such as 
neurons, astrocytes and oligodendrocytes [1]. Neurons derived from 
grafted NSCs have been experimentally documented to extend large 
numbers of axons from lesion sites to form synapses with host axons that 

* Corresponding author. Department of Spine Surgery, The 3rd Affiliated Hospital, Sun Yat-Sen University, Guangzhou 510630, PR China. 
** Corresponding author. Department of Ophthalmology, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Room 409, Hong Kong Jockey Club 

Building for Interdisciplinary Research, 5 Sassoon Road, Pokfulam, Hong Kong SAR, PR China. 
*** Corresponding author. The First Affiliated Hospital, The Biomedical Translational Research Institute, Faculty of Medical Science, Jinan University, Guangzhou, 

510632, Guangdong, PR China. 
E-mail addresses: helm9@mail.sysu.edu.cn (L. He), gene@email.jnu.edu.cn (Q. Zhou), datwai@hku.hk (K. Chiu).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Biomaterials 

journal homepage: www.elsevier.com/locate/biomaterials 

https://doi.org/10.1016/j.biomaterials.2020.120585 
Received 4 September 2020; Received in revised form 13 November 2020; Accepted 25 November 2020   

mailto:helm9@mail.sysu.edu.cn
mailto:gene@email.jnu.edu.cn
mailto:datwai@hku.hk
www.sciencedirect.com/science/journal/01429612
https://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2020.120585
https://doi.org/10.1016/j.biomaterials.2020.120585
https://doi.org/10.1016/j.biomaterials.2020.120585
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2020.120585&domain=pdf


Biomaterials 268 (2021) 120585

2

can serve as neural relays across the lesion site to support functional 
improvement [2–4]. Exogenous NSCs transplantation exerted positive 
therapeutic effects in various CNS diseases, including ischemic stroke, 
traumatic brain injury and neurodegenerative disease [1,5,6]. However, 
current NSC-based approaches are blocked by a number of hurdles, 
including NSC migration involving, for example, proliferation, matura
tion, and integration and, although pretreatment of NSCs through 
exposure to small molecules and/or cytokines prior to transplantation 
has proven effective in promoting performance and enhancing func
tional recovery in pre-clinical in vivo settings [7,8], optimized and 
feasible protocols are still required to ensure the efficacy of NSC 
neurogenesis. 

Dynamic electrical signals are present in the extracellular spaces 
between neural cells, while steady electrical signals exist across 
contiguous cytoplasmic regions within cells [9]. The electrical stimu
lation (ES) of exogenous electrical signals therefore enables the suc
cessful control of NSC fate in terms of proliferation [10], migration [11, 
12], differentiation [11], etc. Moreover, ES enhanced spontaneous 
regeneration and significantly increase replenish progenitor cells that 
expressed nestin and other markers after spinal cord injury of adult rats 
[13]. ES on NSC transplantation significantly boosts nerve regeneration 
after peripheral nerve trauma [14]. Electrically preconditioned human 
neural progenitor cells (hNPCs) on conductive polymer scaffold 
enhanced long-term function recovery in a stroke model [15]. In the 
APP/PS1 transgenic mice, Li and his coworker observed that ES pro
moted neurogenesis, increased the expression of BDNF and improved 
neurobehaviors [16]. 

A recent study found that electrical muscle stimulation following 
nerve injury increased the number of autophagosomes and the expres
sion of LC3-IIautophagy markers while decreasing the level of auto
phagy substrate protein P62 in distal nerve segments [17]. ES was also 
found to increase the protein concentrations of Beclin-1 and the LC3 II/I 
ratio in a patient’s diaphragm during cardio-thoracic surgery [18]. 
These studies represented attempts at linking electrical phenomena to 
autophagy, which has become a generally accepted protective mecha
nism for maintaining cellular homeostasis by recycling intracellular 
components. A growing body of evidence suggests that autophagy sig
nalling is involved in the machinery related to the biological behaviours 
of NSCs [19–21] and that autophagy can provide sufficient energy and 
metabolic substrates for NSC differentiation through the reuse of intra
cellular components [22,23]. ES involves the delivery of a low-level 
electrical current and/or electrical field to produce an exogenous stim
ulus pressure to cells and, although autophagy is thought to play a 
critical role in the manipulation of NSC physiological reaction through 
ES, to date there has been limited research to verify the connection. 

With the goal of establishing and exploring the connection between 
ES and enhanced autophagy, in this study NSCs were cultured on an 
electrically conductive substrate fabricated through the layer-by-layer 
assembly of negatively charged carbon nanotubes (CNTs) and posi
tively charged polymers [24–26] and a multi-chambered ES device was 
specially designed to provide stable ES with manipulable parameters. 
This work demonstrated that the previously uncharacterised role of 
autophagy is an important acting pathway for the promotion of neuronal 
differentiation and NSC maturation via ES. The findings of our pio
neering study shed more light on the molecular mechanisms for poten
tially enhancing NSC neurogenesis through the application of exogenous 
electric cues mediated by nano-scaled biomaterials and provide pro
found insights for future applications of ES in the pre-conditioning of 
NSCs prior to transplantation for neural regeneration. 

2. Results 

2.1. Neurite outgrowth of NSC-derived neurons under ES 

The experiments in this study were carried out using a unique multi- 
chambered ES setup in which a high-impedance source supplied tunable 

current through parallel-plate carbon electrodes anchored to the lids of a 
cell culture plate (Fig. 1A). The electrodes were fabricated from inert 
carbon, which is resistant to severe decomposition during electrolysis. 
All elements of the setup were either handmade or manufactured via 
fine machining [27]. The assembled carbon electrodes were connected 
to CNT-multilayered films placed at the bottoms of the chambers, 
enabling the independent application of ES signals with various pa
rameters (e.g., stimulation current amplitude, pulsing frequency and 
stimulation duration) to each chamber through a data acquisition de
vice. Using this layout, it was possible, unlike in previous studies, to 
provide multiple ES platforms for cell investigation at a large scale. 

ES signals of differing current and duration were administrated to 
NSCs cultured in a differentiation medium on the CNT-multilayered 
films for 7 d each (Fig. 1B), with ES administrated on days three, four, 
and five post-NSC seeding in the CMP-ES group. As shown in Fig. 1, the 
NSCs were able to differentiate into neurons with long neurites after 7 
d under different ES conditions, as revealed by the presence of the 
neuron-specific cytoskeletal marker β III tubulin (TUJ1) and 
microtubule-associated protein 2 (MAP2). The application of ES signif
icantly promoted neurite outgrowth relative to the control group (CMP), 
with the degree of promotion showing a dependence on both current and 
duration. At a current of 1 mA, neurite length continually increased with 
stimulation time from 0 to 2 h but slowed down at 3 h, with no signif
icant differences from the length measured at 2 h. Similarly, at a current 
of 2 mA, neurite length was found to increase in a sustained manner with 
stimulation time within a 2 h duration but subsequently decreased with 
stimulation up to 3 h. These results indicated that moderate-intensity ES 
was beneficial to neurite outgrowth and that the ES parameters should 
be screened prior to application. Neurons create connections through 
extensions of their cellular body called neurites, the outgrowth of which 
plays a critical role in the construction of neuronal circuitry. As the NSC- 
derived neurons produced the longest neurites following ES at 20 Hz for 
2 h per day, these ES parameters were utilized in the succeeding studies. 

To evaluate effect of ES and nano-scaled substrate on the 
morphology of NSC-derived neurons, neuron-specific cytoskeletal 
marker β III tubulin staining was performed and data were investigated 
using Neurolucida software (Fig. 2A). Results demonstrated that the 
average neurite length (Fig. 2B) and total length (Fig. 2C) per neuron 
were lower on CMP group (64.063 ± 28.984 μm, 543.288 ± 220.102 
μm) than on those on PDL-coated substrate (133.257 ± 83.276 μm, 
614.529 ± 255.448 μm). Following administration of ES, both indexes of 
neurite length were almost doubled, and the total neurite length per cell 
of CMP-ES group was even significantly higher than PDL group. Besides, 
a similar trend was also observed in the average branch number of per 
cell (Fig. 2D). The average branch number of CMP-ES group (20.7 ±
8.16) was almost doubled than that of CMP group (10.9 ± 6.28), which 
was even higher than PDL group (15.4 ± 9.34). Compared with CMP 
group, ES significantly increase the cell number on the day 7. The cell 
number in PDL was also higher than that in CMP group (SFig. 1). 

As neurite outgrowth was primarily dominated by the interactions 
between the neurites and substrates, growth cone filopodia played an 
important role in determining the synaptic connection of neurites with 
target neurons [28]. These were further evaluated through the GAP-43 
and F-actin immunochemistry staining together with β III tubulin 
labelling on the NSC-derived neurons to investigate the interactions 
between the neurites and substrates. As shown in Fig. 2E, more F-actin 
immunoreactive filopodia and lamellipodia were observed on the 
NSC-derived neurons cultured on the CMP substrates than those on the 
PDL substrate, and it appeared even more after electrical stimulation. 
Further analysis was utilized to verify that, the puncta number per 10 
μm of CMP group (3.79 ± 1.27) were significantly higher than PDL 
group (2.46 ± 1.05) (Fig. 2F). The puncta number and puncta length per 
10 μm of CMP-ES group (3.91 ± 0.84, 6.10 ± 2.45) were almost double 
than the PDL group (Fig. 2F and G). Meanwhile，the average relative 
puncta density of CMP-ES group was significantly higher than that of 
CMP group (Fig. 2H). GAP-43 is a nervous-tissue-specific protein and is 
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expressed in neurites, lamellipodia, and filopodia, where it associates 
tightly with the cortical membrane skeleton. Compared with PDL and 
CMP group, abundant immunoreactive lamellipodia and filopodia along 
the long neurites and fan-like filopodia on the growth cone were 
significantly observed on the CMP-ES group (Fig. 2I), which inferred 
that ES could conduce to construct the synaptic connections and guide 
extension of axonal projection to specific targets. Besides, the BDNF 
content in the supernatant of the cell culture medium increased from 7 
day to 14 day, after 14days culture, the CMP-ES group (25.517 ± 7.626 
pg/ml) shown the highest BDNF concentration, which was significantly 
higher than the CMP group (14.649 ± 3.637 pg/ml), and almost doubled 
than PDL group (11.635 ± 2.302 pg/ml) (Fig. 2J). BDNF is a secretory 
growth factor that supports the phenotypic maintenance of mature 
neurons and promotes synaptogenesis [29]. Thus, the promotion of 
BDNF secretion by the application of ES exerted a pro-survival, pro-
maturing effect on the neurons. Collectively, these results suggested that 
the CNT-multilayered films provided a permissive microenvironment for 
neurite outgrowth and that the ES further enhanced the affinity between 
the NSC-derived neurons and the CNT-based substrate, enabling the 
further modulation of growth cone motility and promoting neurite 
outgrowth [30]. 

2.2. ES-promoted NSC differentiation into mature neurons 

To better understand the effects of ES on the neuronal differentiation 
and maturation process of NSCs, Doublecortin (DCX), TUJ1, MAP2 and 
NeuN were used to label NSC-derived neurons after cultured in a dif
ferentiation medium for 7 and 14 d. As shown in Fig. 3, after 7 days of 
differentiation and culture (Fig. 3A), the expression of DCX and TUJ1 in 
each group was obvious, while MAP2 and NeuN were not completely 
expressed. After the NSCs were cultured for 14 days, the expression of 
DCX was significantly reduced, and TUJ1, MAP2, and NeuN were all in a 

high expression state (Fig. 3B). Measurements of average fluorescence 
intensity revealed that, after 14 d, the DCX expression of the CMP-ES 
group (0.051 ± 0.008) was significantly lower than that in the CMP 
group (0.082 ± 0.019), while the NeuN expression in the CMP-ES group 
(0.091 ± 0.006), was significantly increased relative to that of the CMP 
group (0.076 ± 0.009) (Fig. 3C and D). A similar trend appeared in the 
mRNA expression test on day 7 (Fig. 3E), but the mRNA expression of 
DCX and NeuN on day 14 shown different message (Fig. 3F), which 
inferred that ES at CNT-multilayered films could accelerate the differ
entiation process of NSCs to neurons, and appear mature neuron 
markers earlier than the CMP group. 

2.3. Effects of ES on the electrophysiological features of NSC-derived 
neurons 

The electrophysiological characteristics of NSC-derived neurons 
were investigated using the patch clamp technique, with sodium and 
potassium currents recorded in the neurons of all the three groups after 7 
and 14 d of differentiation cultivation (SFig. 2). The peak amplitude of 
the recorded sodium-potassium currents was higher at day 14 than at 
day seven, indicating a gradual increase in the maturation of the NSC- 
derived neurons. However, following 7 d of differentiation culturing 
of the NSC, very few action potential (AP) spikes were detected in the 
neurons of any of the three groups. Although small numbers of APs were 
released after 10 d, these were unstable (SFig. 2C). Mature AP spikes 
were occurring by 14 d, as confirmed by the broaching of the 0-mV 
membrane potential, along with the presence of fast depolarisation 
and repolarisation, which could be blocked by the sodium channel 
blocker tetrodotoxin (TTX) (Fig. 4A). The peak AP amplitude of the CMP 
group was lower (47.99 ± 6.08 mV) than that of the PDL group and had 
an unstable frequency (25.60 ± 2.26 Hz), while the peak amplitude and 
frequency of the CMP-ES group was higher and more stable (73.20 ±

Fig. 1. Differentiation of NSC cultured on the CNT-multilayered substrates under various ES conditions. (a) Schematic diagram of experimental multi-channel ES 
setup in this study. (b) Representative immunofluorescence staining of NSC-derived neurons cultured on the CNT-multilayered substrates with ES signals of different 
intensity applied for 7 d, (Scale bars = 100 μm) and separate channels with higher magnificantion (Scale bars = 50 μm). (c) Neurite lengths measured and quan
titatively analysed using ImageJ software. *p < 0.05, **p < 0.01, ***p < 0.001. 
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6.20 mV; 39.58 ± 2.14 Hz) (Fig. 4B and C). The percentage of NSC- 
derived neurons in the CMP-ES group exhibiting repetitive mature APs 
(53%) was also larger than in the other two groups (PDL, 42%; CMP, 
30%) (Fig. 4D). Following TTX blockading, the AP peak amplitude 
rapidly decreased to 35.46% of the pre-blockade value (Fig. 4E). Mes
sages transmitted down an axon are essentially electrical/chemical 
events, with APs used to set off the chains of events that ’fire’ the 
neuron; as such, APs play a central role in neuronal communication by 
enabling the propagation of signals at synapses. Accordingly, these AP- 
related results indicate that the electrophysiological features of NSC- 
derived neurons were enhanced by ES, which therefore potentially 
promoted functional neuronal maturation. 

Spontaneous synaptic currents were recorded in the NSC-derived 
neurons after 14 d (Fig. 4F), at which point positive staining of post
synaptic protein-95 (PSD-95) was observed in the NSC-derived neurons 
of all three groups, confirming the presence of information processing 
between the neurons (SFig. 3). In a manner similar to their promotion of 

APs, ES increased both the frequency and peak amplitude of sponta
neous synaptic currents (Fig. 4G and H). We also found that the spon
taneous synaptic currents of the CMP group were concentrated primarily 
in the small-amplitude region, while spontaneous synaptic events in the 
higher-amplitude regions were recorded in the NSC-derived neurons of 
the CMP-ES group (Fig. 4I), suggesting that these neurons showed 
higher maturity and probably formed synaptic connections with other 
neurons [31,32]. 

Calcium ions generate versatile intracellular signals that can elicit 
responses such as altered gene expression and neurotransmitter release 
from synaptic vesicles, controlling the key functions of neurons [33]. 
Calcium imaging was utilized to monitor intracellular calcium in the 
NSC-derived neurons cultured under ES in real time. Following 14 d of 
differentiation cultivation, cells were labelled with a Ca2+-sensitive in
dicator, Fluo-2 AM. An increase in the fluorescence of intracellularly 
labelled Ca2+ was triggered immediately upon exposure to ES (20 Hz, 1 
mA) with a levelling-off in cell fluorescence occurring after turning the 

Fig. 2. ES promoted the neurite outgrowth and spine puncta density of NSC-derived neurons. (a) Representative images of neuron-specific cytoskeletal marker β-III- 
tubulin (anti-TUJ1) staining of neurons derived from NSCs cultured on PDL, CMP, and CMP-ES substrates for 7 d. The neuron cytoskeleton is reconstructed using 
Neurolucida software. The statistical results reveal that the average neurite length (b) and total neurite length per neuron (c) on the CMP were lower than those on 
PDL-coating substrate. Following electrical stimulation (ES), both indexes were significantly increased relative to both the PDL and CMP groups; the average branch 
number in the ES group was also higher than in the other two groups (d). Scale bars = 20 μm (e) Representative images of spine puncta stained with β-III-tubulin 
(anti-TUJ1) and phalloidin on PDL, CMP, and CMP-ES substrates for 7 d. The spine puncta density is measured using ImageJ software. The statistical results reveal 
that the puncta number per 10 μm (f) and puncta length per 10 μm (g) on the CMP ES were longer than those on CMP and PDL-coating substrate. The relative puncta 
density in the ES group was also higher than in the other two groups (h). (i) Compared with the short filopodia and lamellipodia found on the PDL-coating substrate, 
neurites on the CMP and CMP-ES had abundant filopodia and lamellipodia, along with longer neurites and fan-like filopodia on the growth cone (arrows). Scale bars 
= 10 μm.(j)BDNF content in the supernatant of each group at different cultivation times by ELISA. There is no significant difference of BDNF secretion between PDL, 
CMP and CMP-ES on the day 7. While the release of BDNF in the ES group was also higher than in the PDL and CMP group, n = 5. *p < 0.05 and **p < 0.01. 
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ES off (see arrows in SFig. 4A). Observation of the fluorescence over 
stimulation time revealed that the peaking fluorescence under ES was 
double that prior to ES and decreased to the initial level after ES 
(SFig.4B, C, and SVideo. 1), indicating that cell signals besides sponta
neous firing were indeed initiated by the ES, in close agreement with the 
results of previous work [34]. In our previous study, we documented the 
promotion by CNT-multilayered nanomaterials of the 

electrophysiological maturity of NSC-derived neurons in the absence of 
chemical agents typically required for neurogenesis, probably as a result 
of the favouring of electrical shortcuts between the proximal and distal 
compartments of the neuron [35,36]. In the current study, the admin
istration of exogenous ES exerted little influence on the NSC-derived 
neurons cultured on PDL coating, which is not electrically conductive. 
These results, therefore, indicate that exogenous ES-initiated current 

Fig. 3. ES-promoted NSC differentiation into mature neurons. (a, b) Immunochemical DCX and NeuN staining of NSC-derived neurons at different cultivation times. 
(c, d) Average fluorescence of DCX and NeuN markers. The expression of DCX and NeuN in cells decreased and increased gradually with culture time, respectively. (e, 
f) The mRNA expression of DCX and NeuN were increased significantly at 7 d; at 14 d, the expression was less pronounced in the CMP-ES group than in the CMP 
group. n = 6, *p < 0.05 and **p < 0.01. Scale bar = 20 μm n = 6 *p < 0.05 and **p < 0.01. 
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could flow through the circuits formed between the neurons and the 
conductive substrate, triggering intracellular Ca2+ influx and Ca2+

release in addition to voltage-gated Ca2+ influx. Intercellular Ca2+ flow 
might also have been present. This set of results further confirm that ES 
can facilitate the electrophysiological maturation of NSC-derived 
neurons. 

2.4. RNA-seq investigations on NSC differentiation under ES 

RNA-seq was used to explore the potential molecular mechanisms 
mediating the biological behaviours of NSCs in response to ES. The 
initial bioinformatics analysis was performed on differentially expressed 
genes (DEGs). Using the K-Means Clustering algorithm, three distinct 
gene expression patterns, corresponding to clusters I, II and III, were 
identified on day seven. Using the gene lists in STable 1, Sheet 1, a total 

Fig. 4. Electrical characteristics of NSC-derived neurons. (a) Action potential (AP) firings of NSC-derived neurons recorded via current-clamp after culturing NSCs in 
differentiation media for 14 d. Scale bars: 100 mV and 50 ms (left of the top panel). (b, c) Mean values of peak amplitude and frequency recorded from neurons. 
Unlike CMP group, CMP-ES group showed obviously increased AP peak amplitude and frequency. (d) Percentage of neurons showing repetitive Aps under different 
culture conditions. A total of 42 (5/12), 30 (3/10) and 53% (8/15) of recorded neurons on PDL, CMP, and CMP-ES, respectively, fired mature APs. (e) Peak AP 
amplitude significantly reduced by TTX. (f) Traces of spontaneous synaptic currents recorded from NSC derived neurons of PDL, CMP, and CMP-ES groups under 
voltage-clamping at − 70 mV, scale bars: 20 pA and 1s. (g, h) Peak amplitude and frequency data produced by neurons on PDL, CMP, and CMP-ES. Numbers above 
bars indicate total number of cells examined from at least three independent cultures. Significant differences between CMP and CMP-ES results are marked. (i) 
Distributions of peak amplitude of spontaneous synaptic currents from different groups. CMP-ES group has higher current points and a more uniform frequency 
distribution than the CMP group. *p < 0.05, **p < 0.01 and ***p < 0.001. 

L. He et al.                                                                                                                                                                                                                                       



Biomaterials 268 (2021) 120585

7

of 2,361, 764 and 1405 genes were found to be specifically expressed in 
the CMP-ES, CMP, and PDL groups, respectively (P-value < 0.05, two- 
tailed t-test) (Fig. 5A). The genes in the CMP-ES group were involved 
in the ‘Axonogenesis’,‘Nervous system development’, ‘Endosome trans
port’,‘Wnt signalling’, ‘MAPK signalling’ and ‘Neurotrophin signalling’ 
and ‘mTOR sinaling’ pathways of biological processes, which promoted 

neuronal survival, axonal growth and differentiation (Fig. 5B). Mean
while, the Biological processes of ‘Cellular protein metabolic process’, 
‘Cellular protein catabolic process’ and ‘Response to endoplasmic re
ticulum stress’ was known to have the interplay with the autophagy 
pathway [37,38]. Besides, the enriched molecular GO pathways of 
‘Ubiquitin mediated proteolysis’, ‘MAPK signaling pathway’, 

Fig. 5. Unsupervised and supervised analyses showed that the Biology Processes and Molecular Pathways of ‘autophagy’ were enriched for the cluster of genes that 
were upregulated under ES condition, and were associated with the processes and pathways that regulate ‘nervous system development’ and ‘neuron differentiation’. 
(a) Unsupervised K-means clustering analyses showed that 2362, 764 and 1405 genes were specifically expressed in the cells that were cultured under the CMP-ES, 
the CMP and the PDL condition, corresponding the cluster of I, II and III. (b) The CMP-ES cluster I genes played the specific roles in regulating the autophagy related 
processes and pathways, including ‘Protein catabolic process’, ‘Endocytosis’, ‘Response to endoplasmic reticulum stress’, ‘Ubiquitin mediated proteolysis’ and ‘mTOR 
signaling’ (green bars). The Biology Processes and Pathways that occurred in all the 3 types of cell were shown in red and blue bars. They contributed to ‘Nervous 
system development’, ‘Neuron projection development’ and ‘Neurotrophin signaling activity’, suggesting that the ‘autophagy’ pathway was activated through ES, 
and interacted potentially with the ‘ER stress response’ and ‘cell death’ gene regulatory programs for neural cell stress adaptation, survival and differentiation. (c) 
Supervised analyses by retrieving the known autophagy-related genes from GO term database indicates that the autophagy pathway genes were significantly over- 
represented in the geneset of CMP-ES compared to PDL, as shown in the 2 Volcano plot on the right panel, where Fisher’s Exact Test P-Value = 0.0001 and Odds 
Ratio = 17.78. While, under the CMP condition without any ES, the P-Value and Odds Ratio are less significant statistically, with P-Value = 0.0015 and O.R. = 5.58, 
suggesting that ES may further enhance the activity of autophagy pathway and boost Neural Stem Cell differentiation and maturation. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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‘Neurotrophin signaling pathway’ and ‘mTOR signaling pathway’ also 
played the roles in the cross-talk and regulating cell autophagy [39–42]. 
Further pairwise comparison revealed 1610 and 2903 genes that were 
up-regulated under the CMP and CMP-ES conditions over PDL, respec
tively (STables 3 and 4; Sheets 1, 2, 5 and 6). Of the genes with greater 
than 1.5-fold differences, the ‘Autophagy’ process-related genes, shown 
in green solid circles in Fig. 5C, were significantly over-represented in 
the CMP group. Note that the genes that are well known to regulate 
autophagy (Atg4c, Atg5, Acbd5, and Ulk2) were significantly 
up-regulated following ES treatment. Autophagy is involved in the 
regulation of homeostasis and neurogenesis in neural stem cells (NSCs) 
[43]. Further GO term analysis with a pairwise comparison gene set 
further confirmed that the ‘Autophagy’, ‘MAPK signaling’, ‘Ves
icle-mediated transport’, ‘Regulation of neurogenesis’, ‘mTOR 
signaling’, ‘Neurotrophin signalling’ and ‘Lysosome’ pathways were 
detected with higher enriched in the CMP-ES group; the green bars in 
SFig.5 highlighted the biological processes and molecular pathways that 
were most specifically over-represented (STables 3, 4; Sheets 3, 4, 7, and 
8). These results are consistent with the results of the pairwise com
parison between the cells in the CMP-ES and CMP groups, which showed 
that the genes in the CMP-ES group that regulate ‘autophagy lysosome 
formation’, ‘Axon guidance’ and ‘Neurotrophin signalling’ were signif
icantly up-regulated relative to those in the CMP group (SFig. 6; STa
ble 5; Sheets 1, 2, and 3). Collectively, these results suggest that ES can 
promote neurogenesis, neural differentiation and survival through the 
modulation of an ‘autophagy’-coordinated transcriptional gene regula
tory network (GRN). 

Intriguingly, fewer DEGs were involved in the autophagy pathway at 
day 14, with the expression more down-regulated in the CMP-ES group 
than in the PDL group, suggesting that the autophagy gene regulatory 
programme might have reached an adaptation stage or become less 
involved. Using K-Means clustering, 821, 231, and 2324 genes were 
identified to be specifically up-regulated in the CMP-ES, CMP, and PDL 
groups, respectively, as shown in the heatmap in SFig.7A. GO analysis 
results indicate that the cluster I genes activated in response to ES played 
the roles of regulating the ‘Cell-matrix adhesion’, ‘Neurotrophin 
signaling pathway’, ‘Protein modification process’, and ‘Integrin-medi
ated signaling pathway’ pathways, which are required for the estab
lishment of cell-cell and cell-ECM interactions and have significant 
impact on the survival, growth and terminal differentiation of neural 
cells (SFig. 7B). Volcano plots of the DEGs of the NSCs in the CMP and 
CMP-ES groups versus those expected on the PDL group (SFig.7C) 
indicate that these genes regulated the autophagy process but were not 
statistically overrepresented in the CMP or CMP-ES groups (two-tailed 
Fisher’s exact test; p-values = 0.636 and 0.559, respectively) relative to 
the PDL group. GO term analysis revealed enriched biological processes 
and molecular pathways in ‘Focal adhesion’, ‘ECM-receptor interaction’, 
‘Cytokine-cytokine receptor interaction’, ‘Integrin signaling pathway’, 
‘Axon guidance’, ‘Neurotrophin signaling pathway’, ‘Neuron projection 
morphogenesis’, and ‘Regulation of neuron differentiation’, which 
suggests that the cells might have reached a terminally differentiated 
stage and/or adapted themselves to stress (SFig. 8; STable 7; Sheets 2 
and 3). 

2.5. ES enhanced autophagy of NSC-derived neurons 

Recent studies have identified the involvement of autophagy-related 
genes (Atg) in NSC differentiation, implicating the regulation of auto
phagy in NSC neurogenesis [22,23,44]. However, the underlying 
mechanism has not been thoroughly illuminated. Given that the 
PI3K/Akt and mTOR signalling pathways, the main regulators of auto
phagy, were significantly enriched following the administration of ES in 
our experiments, we sought to identify whether ES stimulated neuronal 
autophagy. Following cultivation for 7 d in the differentiation medium, 
NSC-derived neurons of the CMP-ES group demonstrated significantly 
increased populations of LC3B puncta, a classic marker of 

autophagosomes, relative those of the PDL and CMP groups (Fig. 6A and 
B), and the mRNA levels of the CMP-ES group LC3B and Atg 3 were 
higher than those of the CMP group (Fig. 7C). ES treatment also pro
moted lipidation of LC3B (a change in the ratio of LC3B-II/LC3B-I) and 
decreased the expression of p-mTOR (ser 2448) and p-ULK1 (ser 757) 
(Fig. 6D and E). These data suggested that ES probably activated auto
phagy by suppressing the mTOR signalling pathway. 

After 14 d of cultivation, the number of LC3B puncta in the neurons 
of the CMP-ES group was also increased relative to the other two groups 
(Fig. 6F and G). However, the differences in the autophagy markers and 
mTOR signalling pathways, as determined by polymerase chain reaction 
(q-PCR (H)) and Western blot analysis, were not significant among the 
three group samples (Fig. 6 I, J), possibly as a result of the compensation 
effect of the proliferation of differentiated gliocytes produced by the 
NSCs, which, through their enhanced numbers, could have resulted in a 
higher level of autophagy than was produced by the neurons. We then 
went back to examine the autophagy level at day 10. As shown in SFig. 9, 
increased levels of LC3-II and Lamp 1, along with an increased lipidation 
of LC3B, were clearly observed in the CMP-ES groups. These results 
suggest that autophagy played an important role in the ES-induced 
neuronal differentiation process of the NSCs. 

2.6. Autophagy plays a crucial role in ES-induced neuronal differentiation 
and functions 

To precisely determine the effects of autophagy on the neuronal 
differentiation and functions of NSCs under ES, we performed auto
phagy activation and inhibition by treating cells with rapamycin 
(autophagy activator) and Ly294002 (autophagy inhibitor) at the same 
time as the ES treatment (SFig.10A). As shown in Fig. 7A, rapamycin 
treatment indeed enhanced autophagy at day seven, as revealed by the 
increased level of LC3-II staining and lipidation of LC3B. By contrast, 
treatment with Ly294002 decreased the level of LC3-II staining and 
lipidation of LC3B and, therefore, suppressed autophagy. We then 
examined whether drug treatment would affect neuronal growth. The 
morphological analysis results demonstrated that (Fig. 7C–F), when cells 
cultured on different substrates, the neurite length and branch number 
per cell of CMP-ES group were significantly higher than those of the CMP 
group. Following rapamycin treatment, the neurite length and branch 
number of PDL and CMP-ES group did not show much different than the 
control one, while those in CMP group had a little bit increment, which 
let the four indicators have no significant difference between CMP group 
and CMP-ES group. When Ly294002 treatment was applied to the NSC- 
derived neurons, the neurite length and branch number of all three 
groups decreased, especially the longest neurite length per cell, both 
CMP group (107.5 ± 64.497 μm), and CMP-ES group (111.589 ±
70.592 μm) have reduced to almost half of that in PDL group (212.544 
± 81.254 μm). And similarly, there was no significantly difference in 
each index during CMP group and CMP-ES group. Besides, Ly294002 
treatment had significant effects on NSC-derived neurons, with the 
density decreasing in the PDL group. As a novel autophagy inhibitor, 
Ly294002 inactivates Akt/PKB, thereby inhibiting cell proliferation and 
inducing apoptosis [45]. However, the density of NSC-derived neurons 
showed only a slight decrease in the CMP group and no significant 
decrease in the CMP-ES group in response to Ly294002 treatment. These 
observations indicated that the nano-scaled substrate produced by the 
CNT multilayers provided a permissive environment for neuron survival 
and that the use of ES further promoted neuron viability. Overall, 
autophagy was found to play a critical role in the viability and neurite 
outgrowth of neurons differentiated from NSCs under ES. 

We then examined effects of the rapamycin and Ly294002 treat
ments on the electrophysiological functions of NSC-derived neurons at 
day 14 along with ES treatment (SFig. 10B). The rapamycin treatment 
was found to consistently increase the level of LC3-II staining and the 
lipidation of LC3B, while treatment with Ly294002 decreased the level 
of LC3-II staining and the lipidation of LC3B (Fig. 8A). Then, patch 
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clamp was used to verify the drug treatment effecting on electrophysi
ological activity. As shown in Fig. 8, the frequency and peak amplitude 
of APs in the CMP-ES group were significantly higher than the CMP 
group in the control condition. Following rapamycin treatment, the 
higher peak amplitude and more frequency had been created in the CMP 
group but not in the PDL and CMP-ES group, which made no statistical 
difference between CMP and CMP-ES group. The proportion of cells 
treated with rapamycin that were capable of triggering intact APs was 
significantly increased (50%, versus 37 and 33%, respectively) relative 
to the control and Ly294002 groups (Fig. 8E). While the Ly294002 
treatment resulted in decreased neuronal viability proportion and a 
reduction in the number of cells capable of firing APs relative to the 
other two groups (Fig. 8B–E). In addition, following addition of 
Ly294002, the frequency and peak amplitude of APs in the CMP-ES 
group were significantly lower than the control one (Fig. 8C, D). In all 
three group, the peak amplitude and frequency of APs remarkably 
decreased after Ly294002 treatment, revealing that the electrophysio
logical activity was suppressed by inhibiting autophagy. Collectively, 
these results further suggest that autophagy plays an important role in 
process through which ES promotes neuronal functional maturation. 

2.7. Autophagy manipulation of neurite outgrowth can be regulated by ES 
and drugs 

To further analyse the effects of ES on the autophagy of NSC-derived 
neurons, we increased the ES current to 2 mA. As shown in Fig. 9A, the 
expression of the intracellular autophagy marker LC3B in the neurons 
was significantly increased at day seven relative to the 1 mA treatment 
results. In addition to accumulation within the neuronal soma, abundant 
LC3B-positive autophagosomes were found to be distributed along the 
neurites. However, the neurite outgrowth of the NSC-derived neurons 
was seriously depressed, as characterised by the diminished neurite 
length (Fig. 9B–D) and degree of branching (Fig. 9 E) along with the 
poor neuronal growth states caused by fractured neurites when 
increased ES current from 1 mA to 2 mA. Interestingly, following 
Ly294002 treatment, the long neurites of 2 mA treatment, with 
numerous branches and characteristics comparable to those at an ES 
current of 1 mA without drug treatment, reappeared. Neuronal auto
phagy was significantly suppressed as a result of Ly294002 adminis
tration, which instead improved neuronal viability. These results 
suggest that the autophagy was closely related to neurite outgrowth. 
Autophagy is an important intracellular process that maintains intra
cellular energy and homeostasis [46], and proper ES is required to 
ensure moderate autophagy and the effective manipulation of neuronal 
fate. Applying ES at current levels that are too high can cause excessive 

Fig. 6. ES treatment-enhanced autophagy. (a) Representative immunofluorescence images of LC3B puncta and respective quantitative results for (b) neurons in PDL, 
CMP, and CMP-ES groups at day seven. (c) qPCR of autophagy-related genes in all three groups at day seven. (d) Representative western blots and (e) quantitative 
densitometric results of mTOR signaling pathway proteins and LC3B in all three groups at day seven. (f) Representative immunofluorescence images of LC3B puncta 
and (g) respective quantitative results for neurons in PDL, CMP, and CMP-ES groups at day 14. (h) qPCR of autophagy-related genes in all three groups at day 14. (i) 
Representative western blots and (j) quantitative densitometric results of mTOR signaling pathway proteins and LC3B in all three groups at day 14. *p < 0.05, **p <
0.01. Scale bars = 20 μm. 
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autophagy, leading to imbalances and deteriorating neuronal biological 
behaviours. Restoring the balance by, e.g., administering an autophagy 
inhibitor, can effectively improve neuronal behaviour. The schematic 
diagram in Fig. 9F summarizes the findings of this study. Essentially, ES 
can trigger the inflow of calcium ions, which in turn activate multiple 
signalling pathways, including PI3K/AKT/CREB signals, autophagy and 
mTOR signalling pathways. 

3. Discussion 

NSCs have been shown to hold significant promising and peculiar 
therapeutic plasticity in the treatment of severe CNS diseases and in
juries by restoring connectivity through the induction of new relay cir
cuits in lesions. Treatments or trainings of NSCs prior to transplantation 
have been performed to promote the efficacy of NSC neurogenesis [7,8]; 
among such treatments, ES has been shown to exert exogenous electrical 
signals that enable the effective manipulation of NSC fate by mimicking 
the action potentials of the CNS. In this study, new multichannel ES 
device was applied to promoted NSCs differentiation into mature neu
rons. ES at nanoscale topography could activate autophagy to promote 
neuronal differentiation, which is conducive to the survival of exoge
nous NSCs, and also provides the precondition NSC-derived neurons 
with high-level autophagic activity, healthier and more energetic for 
transplantation in vivo and improved the transplant survival efficiency. 

The ES setups used in previous studies, however, were designed for 
use on exploratory lab benches. In most cases, a single customised cell 
chamber was mounted onto conductive film and two electrodes were 

attached to the conductive substrate outside of the chamber [15,47,48]. 
Some researchers placed conductive films in the wells of the cell culture 
plates and then directly connected electrodes to the wells in close con
tact with the films [49,50]. As setups such as these were handmade, 
there were large variances in the parameters of each chamber or batch. 
The applied electric current and field were likely to fluctuate, resulting 
in poor stability and ES reliability and presenting barriers to scaling up 
for cell treatment. Furthermore, the use of metal electrodes produced a 
risk of electrolysis of the cell culture medium. In this study, we used a 
specifically designed ES system (Fig. 1A) that could supply stable cur
rent to NSCs cultured on CNT-multilayered substrates for cell treatment 
on a large scale. The use of CNT multilayers with nano-scaled topog
raphy provided a permissive environment for the development of focal 
adhesions, thereby facilitating neural attachment [35]. 

Administration of ES further enhanced the interactions between the 
NSC-derived neurons and substrates, as indicated by the production of 
abundant filopodia and lamellipodia structures within the growth cones 
and along the neurites (Fig. 2E–H). Neuronal growth cones act to guide 
growing neurites to appropriate locations for establishing correct 
interconnection and transmit information. Through this growth 
patterning, neurite outgrowth was promoted by the ES, resulting in an 
increase in neurite elongation and branching, which in turn facilitated 
neuronal cytoarchitecture complexity. Through these mechanisms, ES 
appeared to promote neuronal maturation, as was further confirmed by 
increases in the expression of NeuN, and the secretion of BDNF, a potent 
target-derived protein favouring neural communications. Furthermore, 
the electrophysiological functions of the NSC-derived neurons were 

Fig. 7. Cell morphology and morphological analysis of NSC-derived neurons following treatment with autophagy activator (rapamycin) or inhibitor (Ly294002). (a) 
Representative images of cellular immunostaining following treatment with rapamycin or Ly294002. The rapamycin treatment increased the level of LC3-II staining 
and the lipidation of LC3B, while Ly294002 treatment decreased the level of LC3-II staining and the lipidation of LC3B. (rapamycin, 1 μg/ml, Ly294002, 25 μM) Scale 
bar = 20 μm. (b) Representative immunofluorescence staining of NSC-derived neurons at day seven. The average neurite length (c), longest neurite per neuron (d), 
total neurite length per cell (e), and average branch number (f) were quantitatively analysed. n > 6, *p < 0.05 and **p < 0.01. Scale bars = 50 μm. 
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found to be significantly enhanced by ES, as indicated by their capability 
of firing repetitive APs with various electrophysiological parameters 
specific to mature neurons. The presence of robust spontaneous synaptic 

events suggested the formation of functional synapses with other neu
rons. Overall, ES promoted NSC differentiation into neurons of high 
maturity and electrophysiological functioning in the absence of the 

Fig. 8. Functional maturation of NSC-differentiated neurons following treatment with rapamycin or Ly294002. (a) Representative images of cellular immunostaining 
following treatment with rapamycin or Ly294002. Rapamycin treatment increased the level of LC3-II staining and the lipidation of LC3B, while Ly294002 treatment 
decreased both. (b) Representative trace of repetitive APs produced after addition of rapamycin and Ly294002. From top to bottom, the images show control, 
rapamycin, and Ly294002 groups, respectively. Scale bars: 20 mV and 50 ms. (c, d) Summary of peak amplitudes and frequency of differentiated neurons under 
different treatment conditions. Data shown as mean ± SD. (e) Numbers above bars give total number of cells examined from at least three independent cultures. 
Significant differences are marked *p < 0.05, **p < 0.01 and ***p < 0.001. 

Fig. 9. Autophagy of NSC-derived neurons at day seven under different ES currents. (a) Representative images of cellular immunostaining of autophagy markers 
LC3B following treatment with the autophagy inhibitor LY294002. Increasing the ES current to 2 mA increased the expression of intracellular autophagy marker 
LC3B to an excessive degree, resulting in lower average neurite length (b), longest neurite per neuron (c), average branch number (d) and total neurite length per cell 
(e) than under 1 mA ES. Adding the autophagy inhibitor lowered the activation level of autophagy, restoring the values of various neurite indicators. *p < 0.05, **p 
< 0.01, ***p < 0.001. Scale bars = 20 μm. (f) Schematic diagram summarizes the findings of this research. ES can trigger the inflow of calcium ions, which in turn can 
activate multiple signaling pathways, including PI3K/AKT/CREB signals, thereby promoting BDNF secretion. It can also activate autophagy by suppressing the mTOR 
signalling pathway, which plays a crucial role in the neuronal differentiation process of NSC-derived neurons. Application of autophagy activator (rapamycin) and 
inhibitor (Ly294002) can regulate the autophagy activity to manage neuronal viability, neurite outgrowth, and maturation of NSC-derived neurons. 
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chemical agents typically required for neurogenesis. 
Despite a number of recent studies focusing primarily on cytoskeletal 

microfilament recombination, cell-surface receptor redistribution, 
changes in intracellular Ca2+ dynamics, etc. [51], that have looked at 
the potential effects of ES on NSCs, the critical mechanisms remain 
incompletely understood. In this study, the RNA sequencing was used to 
explore the potential mechanism underlying neuronal differentiation 
and functional maturation of neuron in response to ES. Further GO term 
analysis with a pairwise comparison gene set confirmed that ES induces 
significantly enriched autophagy-associated genes, biological processes 
and molecular pathways of NSC-derived neurons, confirming the pres
ence of autophagy signaling (Fig. 5, SFig.5). As a basic cellular response 
to stress, autophagy can be assumed to play a critical role in the cellular 
homeostasis and neurogenesis of NSCs [43]. Knockout of Atg5 or other 
autophagy-related-gene FIP200 impaired neuronal differentiation of 
NSCs in sub-granular zone (SGZ) of the dentate gyrus (DG) by reducing 
new-born neuron numbers and neuronal maturation [52,53]. During the 
neurogenesis, the expression of Atg9a levels and the LC3-II/LC3-I ratio 
(a readout of autophagy) increased in NSPCs derived from the forebrain. 
Overexpression of Atg5 in mice induces autophagy and prolongs the 
lifespan and is associated with anti-aging phenotypes including lean
ness, increased insulin sensitivity, and improved motor function [54]. 
Our finding from this study on one hand demonstrated that ES treatment 
upregulated lipidation of LC3B and downregulated the expression of 
p-mTOR and p-ULK (Fig. 6), on the other hand autophagy of 
NSC-derived neurons can be significantly enhanced in the manipulation 
of NSC neurogenesis following an effect similar to that produced by 
rapamycin, a typical autophagy activator (Figs. 7 and 8). 

Autophagy not only regulates neurogenesis but also implicates in 
controlling synaptic strength and plasticity [55]. Autophagic activity is 
essential for BDNF-induced synaptic plasticity in regions of the mouse 
forebrain [41]. Developmental spinal pruning requires mTOR-regulated 
autophagy, and the activation of neuronal autophagy could correct 
synaptic pathology and social behavior defects in autism spectrum dis
orders (ASD) models [56]. Pharmacological inhibition of autophagy 
with wortmaninn or 3-MA (PI3K inhibitors) markedly prevented 
neuronal differentiation of NSPCs resulted in a low survival rate of 
NSPCs and undermined self-renewal capacity of NSCs [20]. In this study, 
following Ly294002 treatment, the neurite length, branch number and 
numbers of firing APs remarkably decreased in all three groups (Figs. 7 
and 8), and also affecting neural viability. Further increases in the ES 
current were found to robustly enhance autophagy but cause poor 
viability of NSC-derived neurons, deteriorated electrophysiological 
functions and severe neurite outgrowth (Fig. 9). Suppression of auto
phagy by an inhibitor was found to decrease autophagy but restore cell 
viability, neurite outgrowth and electrophysiological functions to their 
previous levels. 

Compared with cultivation for 7 d, there was no significant differ
ences between the autophagy markers and mTOR signaling pathways 
among the three group at day 14 (Fig. 6), possibly due to compensatory 
effect on the proliferation of differentiated gliocytes produced by the 
NSCs, which, through their increased numbers, could have resulted in a 
higher level of autophagy than was produced by the neurons. Previous 
studies suggested that microglia autophagy is also important in synaptic 
refinement and maturation of neuronal connections of normal brain 
development [57,58]. Autophagy in microglia has an important role in 
regulating synaptic homeostasis and neuropsychological behaviors in 
ASD model [58]. Microglia may select synapses to be pruned based on 
firing patterns and synaptic strength, as described for the neuromuscular 
junction and retinogeniculate synapse [59] and require autophagy for 
the degradation of this material, whereas neuronal autophagy may be 
required for intrinsic neuronal mechanisms of structural plasticity [55, 
60]. 

To our knowledge, these findings represent the first evidence that the 
regulation of autophagy primarily through mTOR signaling is an 
important acting pathway in the process through which ES promotes 

neuronal differentiation and the maturation of NSCs. It is tempting to 
propose a mechanism through which ES exerts stimulus pressure to NSC- 
derived neurons to activate autophagy-related signaling events that 
regulate their important biological processes. The results of this study 
contribute to the theoretical advancement of ES for modulating NSC 
performance to obtain better therapeutic outcomes, with the results 
presenting an improvement over conventional strategies involving cy
tokines, which are complicated, expensive and unstable. Furthermore, 
profound insights have been provided for the future application of ES, 
individually or in combination with autophagy-regulating drugs, in 
NSC-based strategies for neural regeneration. 

4. Methods 

4.1. Preparation of CNT-multilayered nanocomposites（CMP） 

The CNT-multilayered nanocomposite fabrication protocol is refer
ence to our previous research [24,25]. Briefly, a total of 100 mg of 
CNT-COOH was dissolved into 500 ml of ultrapure water via sonication 
for 2 h to prepare the CNT-COOH solution. Prior to the fabrication, 
quartz substrates were dipped into PEI solution for 30 min to obtain a 
positively charged surface. The PEI-activated quartz substrates were 
then immersed into the CNT-COOH suspension and a PDDA solution 
(2.0 mg/ml in ultrapure water) for 20 min each. Each step was followed 
by washing three times with water. The cycle was repeated 10 times to 
obtain the CNT-COOH/PDDA multilayered films (CMP). 

4.2. Multi-channel ES device 

In this study, we utilized a popularly microcontroller unit (MCU) 
commands and developed a multi-channel ES platform that accommo
dates simultaneous application of multiple ES parameters with an 
interactive touch screen [27]. It consisted of a 6-channel current digital 
to analog converter (DAC) as the source of ES and each channel had an 
independent current output. Stimulation frequency ranged from 0 Hz to 
100 kHz, with intervals of 1 Hz and the resolution of the current 
amplitude adjustment was 10 bits. The wide selection range enabled 
experiments on most human cell tissues. With a fully embedded system, 
only a portable general power supply was needed to power the system. 
Unlike the traditional setup, which heavily relied on a bulky generator, 
this tool opened up the possibility of examining many dependent vari
ables, such as temperature and radiation exposure, with ease of use. 
Electrodes used in this system were chemically inert carbon material to 
sustain a long shelf-life. Using an oscilloscope to display the changes of 
voltage and current during ES. Briefly, put ES device into the 24 well 
culture cell plate, connected the line of the stimulation device to the 
controller, set the relevant parameters, and connected the oscilloscope 
wire with the controller. Then, the data on the oscilloscope can be seen 
in the process of ES. The current and voltage in the culture dish would be 
shown on the oscilloscope, which can effectively reflect the reliability 
and advancement of the equipment. 

4.3. NSCs culture and electrical stimuli 

NSCs were isolated from the whole brain of embryonic day-14.5 
(E14.5) female C57 mice (Guangdong Provincial Animal Centre). Tis
sues were digested with 0.15% Trypsin/EDTA incubated in a 37 ◦C 
water bath for 7 min, after which a 10 mg/ml Trypsin Inhibitor and 30 
KU/ml DNase I (working concentration 150 U/ml) and 15 μl of 1 M 
MgCl2 (working concentration 10 mM) were added and mixed for 1–2 
min to neutralise the trypsin and digest the released genomic DNA. 
Following filtration and centrifugation, isolated cells were obtained. 

Primary NSCs were cultured at a concentration of 1 × 105 cells/cm2 

in a 25 cm2 culture flask (Corning, USA) at a final volume of 5 ml in 
Dulbecco’s modified Eagle’s medium Nutrient Mixture F-12 (DMEM/ 
F12, Gibco, USA) supplemented with 1% EGF (Gibco, USA), 1% bFGF 
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(Gibco, USA), 1% N2 supplement (Gibco, USA), 1% GlutaMAX-I (Gibco, 
USA), 2% B27 supplement (without Vitamin A) (Gibco, USA), 0.1% 
heparin (MCE, HY-17567A) and 1% penicillin-streptomycin (Gibco, 
USA) in a 5% CO2-humidified chamber (Thermofisher, USA) at 37 ◦C. 
The NSCs were passaged approximately once per week and, at passage 
two (P2), the cells were digested with StemPro Accutase (Thermofisher, 
USA) into isolated cells and then seeded onto PDL or CMP substrates at a 
concentration of 7 × 104 cells/cm2. Single NSCs were cultured in a 
differentiation medium comprising DMDM/F12 supplement with 2% 
B27 supplement (Gibco, USA), 1% penicillin-streptomycin and 1% fetal 
calf serum (Gibco, USA). 

We performed electrical stimulation for 3–5 d in a 7-d cycle. The 
electrical stimulation conditions were determined to be 20 Hz, 1 mA and 
2 h per day (the experimental device was provided by Professor Cui of 
the Hong Kong University of Science and Technology). 

4.4. Immunofluorescence detection 

The NSCs were fixed with 4% formaldehyde and incubated with 
Mouse anti-mouse βIII-Tubulin (1:1000, Abcam, UK); Mouse anti-mouse 
DCX(1:1000, Abcam, UK); Rabbit anti-mouse MAP2 (1:1000，Abcam, 
UK); Mouse anti-mouse NeuN and Rabbit anti-mouse PSD95 (1:1000, 
Abcam, UK); Rabbit anti-mouse GAP 43 antibody(1:800, Abcam, UK); 
Alexa Fluor 488-phalloidin(1:800, Invitrogen, USA, UK); and Goat anti- 
rabbit LC3B(1:200, Sigma, L7543). Donkey Anti-Mouse IgG H&L (Alexa 
Fluor® 555) (1:1000, Abcam, UK) or Donkey anti-rabbit IgG H&L (Alexa 
Fluor® 488) (1:1000, Abcam, UK) were used as secondary antibodies. 
Nuclei were counterstained with DAPI. Slides were viewed using a Zeiss 
LSM 710 Confocal Microscope (Zeiss, Germany). Then, the gray value of 
each pixel represents the fluorescence intensity of that point which was 
measured by ImageJ software, the formula of fluorescence intensity in a 
specific area was: Mean gray value = Integrated Density/Area. At last, 
export the fluorescence intensity of the three groups to excel, use the 
GraphPad for more analysis. 

4.5. Neuronal cytoskeleton 2D construction 

A two-dimensional cytoskeleton of the neurons differentiated from 
the NSCs, which were labelled with β III-tubulin, was constructed using 
Neurolucida software. Concentric circles mark the distance between the 
protrusion and the cell body, and the adjacent concentric circles were 
separated by 10 μm. The colors on the neurites reconstructed by Neu
rolucida software were divided by branch points, different colors 
represent branches of different grades，the color can be defined through 
the software. The lengths and branch numbers of the axons and den
drites of the neurons were quantitatively analysed. 

4.6. RNA extraction and quantitative real-time PCR analysis 

Total RNA was extracted from the cells using an RNA extraction kit 
(DongSheng, China), following the manufacturer’s recommendations. 
The total RNA (1 μg) was then used for reverse transcription (RT) via a 
commercially available kit (PrimeScript RT reagent Kit with gDNA 
Eraser, TAKARA, China). Real-time PCR was performed in triplicate 
with an ECO system (Gene Company Limited, HK, China) and a 
fluorescence-labelled SYBR Green qPCR Master Mix kit (TAKARA, 
China) using specific primers. With 18S rRNA taken as an endogenous 
control DCX, βIII-Tubulin, MAP2, NeuN, PSD95, LC3B, ATG3, ATG5, 
BECN1, SQSTM1 and TFEB were detected (the primer sequences are 
listed in Table 1). The results were analysed using the ECO software 
(Gene Company Limited, HK, China), with gene expression calculated 
from the accurate threshold cycle (Ct), which is the PCR cycle at which 
an increase in the fluorescence from SYBR Green probes above the 
baseline signal can first be detected. The Ct values for the 18S rRNA 
were compared with those from DCX, βIII-Tubulin, MAP2, NeuN, 
PSD95, LC3B, ATG3, ATG5, BECN1, SQSTM1 and TFEB in each well to 

calculate ΔCt. Data corresponding to the treated conditions were 
expressed relative to the signal obtained as the average of the untreated 
controls via ΔΔCt calculation. The triplicate ΔΔCt values for each 
sample were averaged. 

4.7. Western blot analysis 

Total proteins were extracted from the cells, with BCA reagent 
(Beyotime, China) used to measure the concentration of proteins. A total 
of 15 μg of protein samples was separated on a 10% polyacrylamide gel 
and transferred onto polyvinylidene fluoride membranes (Millipore, 
USA). Each membrane was blocked for 1 h with 5% defatted milk 
powder at room temperature and then incubated with DCX (Abcam, 
UK), β III tubulin (Abcam, UK), MAP2 (Abcam, UK), NeuN (Abcam, UK), 
PSD95 (Abcam, UK), LC3B (Sigma,L7543), p-mTOR (Ser 2448) (Cell 
Signaling Technology, 5536), p-ULK1 (Ser 757) (Cell Signaling Tech
nology, 4202) or GAPDH (Cell Signaling Technology, 2118) primary 
antibody at 4 ◦C overnight. The blots were then washed three times with 
TBST and incubated with corresponding horseradish peroxidase- 
conjugated IgG secondary antibodies (Boster, USA) for 1 h at room 
temperature. The blots were developed in ECL chromogenic substrate 
(Millipore, USA) and the images were captured using a gel imager 
(UVITEC). The gray value of each band was measured using ImageJ 
(NIH, Bethesda, MD) software. The relative expression of each immu
noreactive band was calculated by comparing the target protein band 
with GAPDH. There were six samples in each testing group, and each 
sample was tested three times. 

4.8. Electrophysiological recording 

Electrophysiological recording was carried out as previously 
described [61]. Whole-cell patch recording was performed using an 
EPC-9 amplifier (HEKA, Germany). The cells were transferred into a 
recording chamber at room temperature and filled with extracellular 
solution containing 126 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 2 mM 
MgCl2, 10 mM D-glucose, 1.25 mM NaH2PO4 and 10 mM HEPES at a pH 
of 7.3 and an osmolarity of 310 mOsm. The intracellular recording so
lution comprised the following: 130 mM K-Gluconate, 10 mM KCl, 2 mM 
MgCl2, 1 mM CaCl2, 10 mM EGTA, and 5 mM HEPES, 4 mM Mg-ATP and 
0.4 mM Na2-GTP, with a pH of 7.2 and an osmolarity of 310 mOsm. 
Fire-polished patch pipettes, ranging from 5- to 7-MΩ resistance, were 
used for all recordings. Action potentials were obtained using depolar
isation pulses (0 pA for 100 ms in 1-s, 20-pA steps from − 60 to +120 pA) 
and recorded under current clamp mode. Sodium and potassium cur
rents were applied with a series of 60-ms voltage steps from − 60 to 65 
mV in 10-mV increments following a 100-ms pre-pulse to − 100 mV. 
Voltage clamping at − 70 mV was applied for 3–5 min to record spon
taneous synaptic currents. Data were acquired using a HEKA amplifier at 

Table 1 
Primer sequences used for qRT-PCR.  

Gene 
name 

Forward(5’→3′) Reverse(5’→3′) 

18S rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 
DCX CATTTTGACGAACGAGACAAAGC TGGAAGTCCATTCATCCGTGA 
βIII- 

Tubulin 
TAGACCCCAGCGGCAACTAT GTTCCAGGTTCCAAGTCCACC 

MAP 2 ATGACAGGCAAGTCGGTGAAG CATCTCGGCCCTTTGGACTG 
Rbfox3 

(NeuN) 
ATCGTAGAGGGACGGAAAATTGA GTTCCCAGGCTTCTTATTGGTC 

PSD95 CCTGTCGGTCAATGGTGT CCTCGAATCGGCTATACTCT 
LC3B GCAAGAGGGGACCCTAACC TTCTCCCCCTTGTATCGCTCT 
ATG3 TGATCAACACGGTGAAGGGAA TTCCCCTGTAGCCCTCTTCT 
ATG5 ATGGACAGCTGCACACACTT AGAGGGGTTTCCAGCATTGG 
BECN1 CCAGCTGGACAAGCTCAAGA CACTCCACAGGAACACTGGG 
SQSTM1 ACTGCTCAGGAGGAGACGAT AACCCATGGACAGCATCTGG 
TFEB TATCAGCTCCAACCCCGAGA CTGTACACGTTCAGGTGGCT  
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a sample rate of 5 kHz, filtered at 3 KHz and then analysed using 
Patchmaster (HEKA) and Igor 5.2 (WaveMetrics, Lake Oswego, OR, 
USA), while spontaneous synaptic currents were analysed using the 
Minianalysis program designed by Synaptosoft Inc.(Decatur, GA, USA). 
All chemicals were obtained from Sigma. 

4.9. Calcium imaging 

Calcium imaging was carried out using the indicator Fura-2 AM, as 
developed previously, following two weeks of exposure of the NSCs to 
ES. The differentiated NSCs were loaded with 5-μM Fura-2 AM for 30 
min at 37 ◦C in an atmosphere of 5% CO2 and then washed three times 
with a normal bath solution containing 138 mM NaCl, 5 mM KCl, 0.3 
mM KH2PO4, 4 mM NaHCO3, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 
and 5.6 mM Glucose at a pH of 7.4 and at 320 mosm/l at room tem
perature. Cover slips of the solution were placed on a Zeiss scanning 
microscope and superfused continuously at 2–3 ml/min. After 
combining with calcium ions, Fura-2 can produce strong fluorescence 
under 330–350 nm excitation light, and it caused fluorescence to 
decrease under 380 nm excitation light. In this way, 340/380 nm exci
tation ratio for Fura-2 allowed accurate measurements of the intracel
lular Ca2+ concentration. The fluorescence images were obtained at 5s 
intervals with minimal exposure during the course of the experiments. 
To induce calcium overload, neurons were exposed to electrical stimuli 
(20 Hz, 1 mA), with the fluorescent intensity ratio values calculated 
using Zeiss software. Briefly, opened data in ZEN blue, entered pro
cessing and select “Image calculator” in method, selected a series of data 
pictures, set channel one “Fura-2 340”, other channel is “Fura-2 380”, 
added the formula as Fura-2 340/Fura-2 380, then clicked “Mean ROI” 
tab, drew several ROIs on interesting cells, using ROI tools, obtained the 
plot of the relative fluorescence intensity change of the neurons during 
the ES time period. At last, exported the intensity ratio of the three 
groups to excel, used the GraphPad for more analysis. 

4.10. ELISA analysis 

The BDNF concentration was normalized to cell number following 
the ELISA kit protocol (Cloud Clone Corp, China). Neural stem cells (7 ×
104 cells/cm2) were cultured in the differentiation medium (DMEM/F12 
supplemented with 2% B27, 1% penicillin-streptomycin sulfate and 1% 
fetal calf serum), and each group were treated as designed. Aliquots of 
the cell culture supernatants were removed on days 7 and 14 and 
assayed for levels of BDNF. The chromogenic reaction was monitored by 
measuring the absorbance at 450 nm in an EnSpire Microplate reader 
(PerkinElmer, USA). 

4.11. RNA sequencing (RNA-seq) and identification of differentially 
expressed gene sets 

Following NSC culturing in differentiation media for 7 or 14 d, the 
total RNA was isolated using Trizol and the integrity was evaluated 
using the Agilent 2200 TapeStation (Agilent Technologies, Santa Clara, 
CA). Each sample had an RINe above 7.0. mRNAs were isolated from the 
total RNA, fragmented to a size of approximately 200 bp and subjected 
to cDNA synthesis followed by adaptor ligation and enrichment with a 
low cycle using the TruSeq RNA LT/HT Sample Prep Kit (Illumina). The 
purified library products were evaluated using the Agilent 2200 
TapeStation and Qubit 2.0 (Life Technologies), diluted to 10 pM for 
cluster generation in situ on the HiSeq 2500 Paired-End Flow Cell and 
finally sequenced (2 × 100 bp) on the HiSeq 2500 Platform (Illumina). 
Raw reads were filtered by removing those with adapters or contami
nations or those with more than 10% N bases or more than 20% bases for 
which the quality assessment was <20. The clean reads were then 
aligned to the reference genome using TopHat software, with the 
alignment having no more than two mismatches or gaps. The gene 
expression level was calculated by applying the baseMean method. The 

DEGs were identified by applying the standard of a Student’s T-test P- 
value of <0.05 along with a gene expression level FPKM value of greater 
than 1.0. The statistics were analysed using the appropriate Microsoft 
Excel statistical functions. 

To understand the functions of the DGEs, GO functional enrichment 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway anal
ysis were performed using the online server hosting the Princeton GO 
term finder, which provides functional annotation of biological pro
cesses (http://go.princeton.edu/cgi-bin/GOTermFinder) and (htt 
p://www.genome.jp/). 

4.12. Steps of chemicals intervention 

Rapamycin (1 μg/ml) or LY294002 (25 μM) has been added in cul
ture medium to promote or inhibit the autophagy pathway. As shown in 
SFig.10, the chemicals were added on 3–7 day for 7 days group, or 
10–14day for 14days group. DMSO has been used as control. 

4.13. Statistical analysis 

All data are expressed as mean ± standard deviation (SD). One-way 
ANOVA was used for multiple comparisons (Duncan’s multiple range 
test) using SPSS ver.13.0 software. P values < 0.05 were considered to 
be statistically significant. 
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