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ural product, promotes synaptic
vesicle release as measured by nanoelectrode
amperometry†
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Parkinson's disease (PD) is a neurodegenerative disorder characterized by progressive loss of dopaminergic

(DAergic) neurons and low level of dopamine (DA) in the midbrain. Recent studies suggested that some

natural products can protect neurons against injury, but their role on neurotransmitter release and the

underlying mechanisms remained unknown. In this work, nanoelectrode electrochemistry was used for

the first time to quantify DA release inside single DAergic synapses. Our results unambiguously

demonstrated that harpagide, a natural product, effectively enhances synaptic DA release and restores

DA release at normal levels from injured neurons in PD model. These important protective and curative

effects are shown to result from the fact that harpagide efficiently inhibits the phosphorylation and

aggregation of a-synuclein by alleviating the intracellular reactive oxygen level, being beneficial for

vesicle loading and recycling. This establishes that harpagide offers promising avenues for preventive or

therapeutic interventions against PD and other neurodegenerative disorders.
Introduction

Among other mechanisms, neuron–neuron communications
are modulated by vesicular release of neurotransmitters inside
synaptic cles followed by their detection at receptors carried by
the membrane of the target neuron.1,2 Disruptions or alteration
of such essential intra-synaptic cross-talk are involved in many
neurologic diseases.3,4 Parkinson's disease (PD), one of the most
common neurodegenerative disorders (NDDs), is characterized
by a striking loss (50–70%) of dopaminergic (DAergic) neurons
in the substantia nigra pars compacta (SNpc) and massive
formations of Lewy bodies by aggregation of a-synuclein (a-Syn)
brils,5,6 causing a drastic depletion of dopamine (DA) in the
striatum.7,8 The causes of PD are still poorly understood, but
experimental models involving 6-hydroxydopamine (6-OHDA)
established that this is one archetypal neurotoxic compound
prone to induce DAergic neurodegeneration by oxidative stress-
mediated processes.9–11 6-OHDA induces a-Syn phosphorylation
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and aggregation in Lewy bodies (LBs), ultimately resulting in
neurons death and neurotransmitter depletion.12–14 Therefore,
real time monitoring of DA vesicular release inside neuronal
synaptic cles at the single synapse level appears of great
signicance to better understand the pathophysiology of PD as
well as for assessing the effect of potential drugs against PD.

To prevent of the occurrence and development of PD, several
agents such as monoamine oxidase inhibitors,15,16 anti-gluta-
matergics,17,18 glyceraldehyde-3-phosphate dehydrogenase
(GAPDH),19 calcium channel blockers20 and neurotrophic
factors21 (i.e. glial-derived neurotrophic factor, GDNF),22 have
been proposed as potential candidates to protect the neurons.
However, none has conclusively been shown to reduce neuron
degeneration related to PD. Fortunately, recent studies showed
that some small natural molecules can modulate neurotrophic
activities by promoting neuronal polarization and regenerating
injured neurons.23–26 This offers promising therapeutic avenues
against neurodegenerative diseases based on such natural
molecules. Harpagide, an iridoid glycoside natural molecule, is
an anti-inammatory drug acting through the signicant
inhibitory effect of its hydrolyzed product on inammatory
factor cyclooxygenase (COX)-2 activity.27–29 This suggests that
harpagide might be able to prevent mitochondrial dysfunction,
enhance mitochondrial antioxidant defense and maintain
neuron survival. In addition, we recently established that its
concentration gradients allow guiding axon growth and regen-
erating injured DAergic neurons.30 However, it is still not clear if
harpagide acts at the level of neurotransmitter release in
synaptic cles.
This journal is © The Royal Society of Chemistry 2020
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Electrochemistry with nanoelectrode has attracted signi-
cantly increasing attention for its unique advantages (e.g. high
spatiotemporal resolution, high sensitivity, minimum damage
to cells)31–36 in real time monitoring of molecular events at
multiple-scale (cell populations, single cell and subcellular)
levels.37–48 Further combining with scanning electrochemical
microscopy (SECM) or scanning ion conductance microscopy
(SICM) allows electrochemical and topographical imaging of
neurons and detection of neurotransmitter release with super
resolution.49–51 Recently, amperometry at carbon-based nano-
electrodes has demonstrated its unique advantages for moni-
toring in real time individual vesicular exocytotic events from
single synapses or varicosities and providing statistically
signicant quantitative and kinetic information achievable by
no other methods.52,53 In this work, extremely tiny carbon ber
nanoelectrodes with smaller size and higher spatial resolution
that our previous ones were fabricated (Fig. 1A), and inserted
into central (DAergic) neurons synapses to probe individual
dopamine releasing events (Fig. 1B). This demonstrated that
harpagide can effectively promote dopamine synaptic release
and restore it at normal levels in neurons damaged by 6-OHDA.
Further data involving uorescence probes for evaluating the
production of ROS incidence, as well as identifying the expres-
sion of a-Syn monomer and phosphorylated a-Syn (P-Syn)
demonstrated that harpagide decreases intracellular ROS level
and inhibits phosphorylation of a-Syn monomers in neurons.
This work discloses rst direct quantitative evidence that
natural molecules such as harpagide may promote and/or
restore neurotransmitter release from synaptic vesicles. These
data suggest a potential mechanism through which these
properties are implemented, which is expected to be benecial
in developing novel therapeutic strategies for PD and other
NDDs.
Results and discussion
Nanoelectrode fabrication and insertion inside single
synapses

Cone-shaped carbon ber nanoelectrodes (CFNEs) with 50–
100 nm tip diameter and 500–2000 nm sha length were
fabricated (Fig. 1A, the detailed fabrication process can be
found in our previous work52,53 and also described in
Fig. 1 (A) SEM image of a conical CFNE tip, the scale bar is 2 mm. Inset:
A magnified SEM image of the tip, the scale bar is 200 nm. (B) Sche-
matic representation of a cone-shaped carbon fiber nanoelectrode
inside an individual DAergic neurons synapse.

This journal is © The Royal Society of Chemistry 2020
methods). The excellent electrochemical characteristics of
these CFNEs was tested and validated by recording steady-
state cyclic voltammograms such as that displayed in
Fig. S1.† Both the nanotip of a CFNE and the single DAergic
synapse can be visualized by optical microscopy, allowing
slipping the nanotip into the synaptic cle (82% success rate,
n¼ 1250) without inducing any observable damage to neurons
(Fig. 2A and S2†). The tight sealing of the synaptic cle around
CFNEs during their insertion process was controlled by adding
[Ru(NH3)6]

3+, a biocompatible ionic species, to the culture
medium and recording the electrochemical reduction current
signal of [Ru(NH3)6]

3+ at different insertion depths inside the
synaptic cle (Fig. 2B). The diffusion-limited [Ru(NH3)6]

3+

reduction currents dropped to 15% (n ¼ 4) of their original
values aer complete insertion, while they were almost fully
restored (>90%, n ¼ 4) aer complete withdrawal from the
synaptic cle. Altogether these tests assure that in the next
experiments any neurotransmitter uxes arose from within
the synapses and the insertion process did not affect the
sensitivity of CFNEs.
Harpagide promotes DA release in primary DAergic neurons

Intrasynaptic individual dopamine release events were moni-
tored through the oxidation of dopamine54 at the tip of CFNEs
inserted inside single synapses formed by DAergic neurons
cultured under normal conditions (DEM/F12, Fig. S3(i)†), and
whose amperometric responses (Fig. 3A(i)) were used as
controls in this study. DA release was elicited by brief K+ (62.5
mM) pulses leading to a series of amperometric spikes corre-
sponding to sequential vesicular release from single synaptic
vesicles. Statistical analyses of the recorded individual current
spikes (superimposed spikes were excluded as well as complex
ones52) showed that the individual peak currents (Imax) and peak
area (Q, being proportional to the number N of released mole-
cules according to Faraday's law,54 Q ¼ 2FN where F ¼ 96 500 C
is the Faraday constant) followed normal distributions (Fig. 3B,
C and S4†) with Imax ¼ 18.1 � 0.6 pA, and N ¼ 13 800 � 5100
molecules (mean � S.E.M.; n ¼ 808).
Fig. 2 (A) Bright-field photomicrographs displaying the insertion of
a nanoelectrode tip inside a synaptic cleft between a DAergic neuron
axon terminal and another DAergic neuron soma; snapshots (i–iii)
represents the sequential insertion stages while (iv) features the same
CFNE after its withdrawing from the synapse. (B) Steady state cyclic
voltammograms (0.1 V s�1) recorded at different penetration depths of
a conical CFNE nanotip into a synapse when 1 mM [Ru(NH3)6]

2+/3+ was
added to the extracellular medium.

Chem. Sci., 2020, 11, 778–785 | 779



Fig. 3 (A) Representative amperometric traces recorded from K+-elicited (62.5 mM) exocytotic release recorded with a conical CFNE inserted
into the synaptic clefts of untreated neurons (i), harpagide-treated neurons (ii), 6-OHDA-treated neurons (iii) and pre-treated with harpagide
before exposure to 6-OHDA (iv); in each amperometric trace one event marked by asterisk is shown using enlarged scales. (B and C) Statistical
analyses of the average current amplitude Imax and the number of molecules of dopamine per vesicle (as given by the spike charge amplitudeQ)
under the four different situations investigated here, and the number of events was 808, 904, 390 and 575 for each group, respectively; (one-way
ANOVA; ***p # 0.001; n.s.: not significant).
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Pretreating the DAergic neurons with 10 mM harpagide
(Fig. S3(ii)†) added to the normal culture medium led to the
recording of amperometric spikes with larger amplitude
(Fig. 3A(ii)). Statistical analyses showed that Imax and Q obeyed
slanted normal distributions with Imax ¼ 32.3 � 1.6 pA, and N¼
26 300� 15 000 (Fig. 3B, C and S4;† n¼ 904). Since harpagide is
not an electroactive molecule (Fig. S6†), this demonstrates that
it plays a biological role that results in signicantly enhancing
neurotransmitter vesicular release from DAergic neurons (see
below for the exocytotic frequency).
Harpagide maintains DA release at normal level in a cell
model of PD

To evaluate the neuroprotective effect of harpagide, a PD-cell
model was created by pretreating the DAergic neurons with
a neurotoxic agent, 6-hydroxydopa-mine (6-OHDA), and indi-
vidual dopamine synaptic release events monitored ampero-
metrically as performed under control conditions (Fig. S3(iii):
see ESI† for the optimization of 6-OHDA concentration). Only
a few small amperometry spikes could be detected for 6-OHDA-
treated DAergic neurons (Fig. 3A(iii)) giving rise to near normal
distributions (Fig. S7†) of Imax and Q values (Fig. 3B, C and S6†)
with Imax ¼ 9.8 � 0.2 pA and N ¼ 7500 � 200 molecules (n ¼
390). This conrmed that 6-OHDA induced strong damages to
DAergic neurons and drastically altered their synaptic functions
by (i) severely reducing the number of vesicular events (see
780 | Chem. Sci., 2020, 11, 778–785
below for the exocytotic frequency) and (ii) reducing by ca. 55%
the amount of DA released during the very few events which
could be monitored.

Conversely, when the neurons were pre-incubated with har-
pagide before the 6-OHDA treatment (Fig. S3(iv)†), the number
of amperometric spikes per trace was similar to that of control
measurements (Fig. 3A(iv)), and the spikes displayed charac-
teristics almost identical to those of untreated neurons: Imax ¼
17.9 � 0.3 pA and N ¼ 12 700 � 900 molecules (Fig. 3B, C and
S6;† n ¼ 575). This demonstrates that pre-incubation with
harpagide can efficiently protect DAergic neurons synaptic
functions and maintain vesicle exocytosis at the normal level
(see below for the exocytotic frequency).
Harpagide suppresses the a-Syn phosphorylation in primary
DAergic neurons by inhibiting ROS production

6-OHDA has been reported to induce mitochondria dysfunction
via the generation of hydrogen peroxide and derived hydroxyl
radicals which induce a-Syn phosphorylation in DAergic
neurons further resulting in the progressive degeneration of
DAergic neurons.9,12,13,55–57 Conversely, harpagide was suggested
to possess anti-inammatory effects reducing the over-
production of cellular peroxides27–29 in agreement with our
observations. To conrm that the neuro-promotive and neuro-
protective effects of harpagide on DAergic neurons are linked
to these reported properties, the intracellular ROS content was
This journal is © The Royal Society of Chemistry 2020



Fig. 4 (A) Representative microscopic images of the intracellular ROS content revealed by DCFH-DA green fluorescence in DAergic neurons
cultured under different conditions (i) controls; (ii) pre-treated with harpagide; (iii) pretreated with 6-OHDA; and (iv) pre-treated with 6-OHDA
after being incubated with harpagide. (B) Same as in (A), with the red fluorescence characterizing the presence of a-synuclein (a-Syn); the blue
fluorescence indicates the nucleus of neurons (Hoechst fluorescent test for cell nucleus). (C–E) Quantitative analyses of the intracellular ROS
level (C), DAergic neurons activity (D), a-Syn and P-Syn expression in each of the four cell groups (E). Scale bars in (A and B) 50 mm (one-way
ANOVA **p # 0.01, ***p # 0.001 and ooop # 0.001).
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evaluated with a ROS uorescent assay kit based on 20,70-
dichloro-dihydro-uorescein diacetate, DCFH-DA. As shown in
Fig. 4A, C and S7,† the intracellular ROS levels in control
DAergic neurons were signicantly decreased when pre-treated
with harpagide or drastically increased by pre-treating them
with 6-OHDA. In agreement with the amperometric results, the
ROS elevation induced by 6-OHDA was efficiently inhibited
when the DAergic neurons were pre-incubated with harpagide.
Similar conclusions were drawn when performing a cell viability
assay (Cell Counting Kit-8, CCK-8) (Fig. 4E and S7†) or by
statistical analysis of the neuronal axon lengths (Fig. S8†).
Altogether, these results demonstrate that harpagide can reduce
ROS intracellular generation, enhance neural activity and
promote neuronal growth.

a-Syn is highly enriched in pre-synaptic neuron buttons,
being implicated in the modulation of synaptic activity through
regulating synaptic vesicle release.58,59 However, its phosphory-
lation into P-Syn following its ROS-induced modication at
Ser129 (pSer129) caused by mitochondrial dysfunction in PD
was shown to disrupt this regulation59,60 in agreement with our
above results. The intracellular contents of a-Syn and P-Syn
were thus assessed based on immunouorescent assays. The
results shown in Fig. 4B, E, S9 and S10† demonstrate that
harpagide-pretreated DA neurons display higher concentrations
of a-Syn but lower ones of P-Syn than that in control neurons,
while 6-OHDA-treatment caused a signicant decrease of a-Syn
correlated with a higher expression of P-Syn; conversely, the
higher expression of P-Syn caused by 6-OHDA was effectively
inhibited when DAergic neurons were pre-incubated with har-
pagide. These results are in total agreement with the ampero-
metric ones reported above, suggesting that harpagide could act
This journal is © The Royal Society of Chemistry 2020
benecially on the synaptic activity by suppressing or avoiding
the ROS-induced a-Syn phosphorylation so as to maintain or
restore the dynamic a-Syn/P-Syn balance inside neurons
(Fig. S11†).
Harpagide promotes the frequency of exocytosis by increasing
the total amount of presynaptic exocytotic vesicles

Recent studies suggested that a-Syn also enhances vesicle
membrane stabilization and promote synaptic vesicle recycling,
whereas P-Syn has the converse effect.59–61 Our amperometric
results fully support these statements on quantitative grounds.
Indeed, in addition to enhancing the average number of
released molecules per exocytotic spike (Fig. 3C and D), har-
pagide also increases the frequency of amperometric spikes.
Statistical analyses showed that in any given time period (60 s),
99 � 4 current spikes per min were detected in DAergic control
neurons. This frequency increased by ca. 20% (118 � 5 spikes
per min) when the neurons were pre-incubated with harpagide
solution (Fig. 3B and 5A). Conversely, 6-OHDA drastically
reduced the synaptic vesicle exocytosis frequency at ca. 35% of
controls (35 � 1 spikes per min), but only to ca. 50% of controls
(48 � 1 spikes per min) when the DAergic neurons were incu-
bated with harpagide before 6-OHDA (Fig. 3B and 5A).

Synaptophysin is an integral glycoprotein localized in
synaptic vesicles without apparent role on exocytosis but that
may be used for quantifying the density of presynaptic vesicles
by immunouorescent staining.62 As shown in Fig. 5B and C,
the number of vesicles was obviously increased in harpagide-
pretreated neurons compared with control neurons, while 6-
OHDA injury caused a signicant decline in synaptic vesicle
number. In agreement with all the above results, the 6-OHDA
Chem. Sci., 2020, 11, 778–785 | 781



Fig. 5 (A) Scatter plot showing the distribution of amperometric spikes numbers detected during a 60 s time period; black symbols: untreated
controls; green symbols: harpagide-pretreated neurons; red symbols: 6-OHDA-injured neurons; blue symbols: neurons pretreated with har-
pagide before 6-OHDA incubation. (B) Representative microscopic views for each above group of immunostained neurons (the common
markers in each panel and inset represent 20 mmand 1 mm, respectively); the red fluorescence features the synaptophysin presence, and the blue
(Hoechst) one indicates the nucleus of neurons; insets: amplified views (�100) of single axon under each situation. (C) Corresponding statistical
analysis of the data in (B); **p # 0.01; ***p # 0.001.
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induced decline was signicantly inhibited by pre-incubation
with harpagide. This is fully coherent with the different rela-
tive frequencies of amperometric individual events monitored
by amperometry under the four situations investigated here and
stress the neuroprotective role of harpagide in maintaining the
stability of exocytotic vesicles and synaptic functions against
ROS-induced alterations.
Conclusions

In summary, carbon-based nanoelectrodes were developed and
used for direct amperometric monitoring of individual vesicular
exocytotic events occurring inside individual synapses. This was
applied to evaluate the purported neuroprotective properties of
harpagide, a natural product, against alterations incurred by
DAergic neurons in PD-models. Amperometric intrasynaptic
measurements afforded for the rst time quantitative data to
characterize these neuro-stimulating and neuroprotective
effects. Our results strongly establish that harpagide promotes
vesicular synaptic function, hence leading to increased release,
through inhibition of ROS-induced phosphorylation of a-Syn,
and that harpagide efficiently protects DAergic neurons from
being injured by signicant ROS uxes generated by important
ROS-promoters such as 6-OHDA (Fig. S12†). Though the
generality of this mechanism should be further assessed in
other kinds of neurons, this work provides new directions for
designing preventive or therapeutic strategies for PD and other
NDDs based on small anti-inammatory molecules.
Experimental
Materials

DMEM/F12 and B27™ culture media were bought from
GIBCO® (U.S.A.) and trypsin (no. 0458) was bought from
Amresco (U.S.A.). Poly-L-lysine (PLL), laminin and nerve growth
factor (NGF) were purchased form Sigma (St. Louis, MO).
782 | Chem. Sci., 2020, 11, 778–785
Harpagide was obtained from Hubei Jusheng Technology Co.,
Ltd (Wuhan, China). Anti-a-synuclein antibody, anti-a-synu-
clein (phospho S129) antibody and anti-synaptophysin antibody
were purchased from Abcam (U.K.). Anti-tyrosine hydroxylase
(TH) was purchased from and the uorescent secondary anti-
bodies were purchased from Wuhan Boster Corp (China).
Reactive oxygen species (ROS) assay kit and cell counting kit-8
(CCK-8) assay were purchased from Beyotime Biotechnology
Ltd. (China) and Dojindo Laboratories (Japan), respectively. All
other chemicals unless specied were reagent grade and were
used without further purication.

Nanoelectrode fabrication

The carbon ber nanoelectrodes (CFNEs) were fabricated as
previously reported.52,53 Briey, a glass capillary (1B100F-4,
Word Precision Instruments) was pulled to form a sub-
micropipette under a laser micropuller (P2000, Sutter Instru-
ments, U.S.A.), and a 7 mm diameter carbon ber (Goodfellow
Co., Oxford, U.K.) was ame etched to form a needle-shape
nanotip. The etched carbon ber was then inserted into the
sub-micropipette until several micrometers protruded. The tip
of the carbon ber was then fused inside the sub-micropipette
and further etched by the heated platinum wire (25 mm diam-
eter) of a microforge (MF900, World Precision Instruments,
USA) to form a conical carbon ber nanoelectrode with the
diameter ranged from 50–100 nm (Fig. 1A). The electrochemical
characterization (Fig. S1†) was performed using an electro-
chemical workstation (CHI 660A, CH Instruments, Shanghai,
China), and the SEM characterization was performed on
a scanning electron microscope (FE-SEM, SIGMA, Zeiss,
Germany).

DA neuronal culture

Primary DA neurons were isolated from a one-day-old SD rat,
and the ventral tegmental area (VTA) were dissociated using
a previously described protocol.30,63 In brief, the VTA was
This journal is © The Royal Society of Chemistry 2020
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dissected from the mesencephalon of a one-day-old SD rat,
which mainly comprised DA neurons and neuroglial cells. This
preparation was incubated with 0.125% trypsin at 37 �C in a CO2

incubator for 3 min before adding the same volume of serum-
free culture medium to terminate the action of the trypsin.
Aer 1 h, in order for the neurons to attach to the culture dish,
serum-free primary culture medium of DMEM/F12 was trans-
ferred to inhibit the growth of neuroglial cells and then sup-
plemented with 2% B27™ and 100 U mL�1 penicillin and
streptomycin. A low concentration of NGF (10 ng mL�1) was
added to the medium to favor neuron survival. Finally, the
culture dishes were placed in an incubator at 37 �C and 5% CO2

for neuronal culture.

Exocytosis detection and data analysis

As reported in Fig. 2A and S2,† the nanotip of a CFNE was
positioned with a micromanipulator (Transfer Man NK2,
Eppendorf, Hamburg, Germany) under close observation by
inverted microscopy using 40� objective lens. When a synapse
was successfully identied under the microscope, the tip of the
nanoelectrode was rstly located nearby the intersection of the
single varicosity, and then was slowly wedged into the synapse
formed by the varicosity and its target (the soma) till a slight
distortion of the synapse occurred with a micromanipulator
(Fig. 2A and S2†).To evoke exocytosis, a pulse of 62.5 mM-K+

solution was delivered via a glass capillary connected to an
injection pump placed about 50 mm away from the probed
synaptic cle using another micromanipulator. The ampero-
metric spikes were recorded with a patch clamp amplier (EPC-
10, HEKE Electronics) at a constant potential of +750 mV52,53

with an Ag/AgCl as the reference/counter electrode. Signals were
sampled at 20 kHz, and raw amperometric data were collected
using “pulse” soware, and analyzed according to previously
described method52,53,64 using a routine in Igor Pro (Igor Pro,
Wave Metrics) kindly provided by Dr E. V. Mosharow in
Columbia University. Imax and Q values were recorded for each
current spike and statistically analyzed provided that the Imax

value was larger than 6-fold standard deviation of the back-
ground noise. Superimposed current spikes and/or spikes with
complex shapes were discarded to avoid unwanted
interferences.

CCK-8 assay

Petri culture dishes covered with cultured DAergic neurons were
gently rinsed with PBS and then 1 ml of DMEM/F12 containing
10% CCK-8 was added in the Petri dish before incubation at
37 �C for 2 h. The supernatant was then transferred to a 96-well
plate and the optical density (O.D.) measured at 450 nm using
an ELX808 Ultra Microplate Reader (Bio-Tek Instruments, Inc.,
America).

Intracellular ROS measurements

The ROS assay kit (DCFH-DA) solution was added according to
the manufacturer's protocol to the medium containing DAergic
neurons prepared under different conditions (Fig. 3A). Aer
incubation at 37 �C for 20 min, the residual dye was washed off
This journal is © The Royal Society of Chemistry 2020
with PBS to ensure that the green uorescence arose exclusively
from the 20,70-dichlorouorescin diacetate (DCFH-DA) probe
that had reacted with ROS. Bright eld and uorescence
microphotographs of the cell cultures were recorded on an
inverted uorescent microscopy (40� objective, Zeiss Observer
Z1, Carl Zeiss, Germany). During uorescent analyses, the
exciting light intensity and exposure time were kept identical to
ensure that the microphotographs recorded from each batch
one realistically represented the intracellular ROS
concentrations.

Immunouorescence

DAergic neurons cultures were rinsed 3 times with 0.1 M PBS
and xed for 30 min in 4% paraformaldehyde (in 0.1 M PBS).
The neurons were then permeabilized by a 30 min treatment in
0.2% Triton X-100 (in 0.1 M PBS), and blocked for 30 min in
1.5% normal goat serum (NGS, in 0.1 M PBS). To label a-Syn, P-
Syn and synaptophysin, neurons were incubated with the cor-
responding primary antibodies (rabbit, 1:200) overnight at 4 �C,
then washed with 0.1 M PBS and incubated with a TRITC-
labeled secondary antibody (rat anti-rabbit IgG TRITC, 1:100)
for 1 h at 37 �C, respectively. Immunouorescence location and
intensity was visualized with a Zeiss Observer Z1 inverted uo-
rescent microscope with appropriate uorescent lters.

Image analysis and statistics

The length of the axons was traced and quantied using an
ImageJ plug-in (NeuronJ) soware. The uorescence intensity
was also quantied using an ImageJ. SPSS 19.0 (SPSS Inc.) was
used to perform statistical analysis (one-way ANOVA). The error
bars are standard errors of the mean, n $ 3.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We gratefully acknowledge nancial support from the National
Natural Science Foundation of China (Grants 21725504,
21675121, and 21721005), the University of Xiamen and the
State Key Laboratory of Physical Chemistry of Solid Surfaces
(PCOSS, University of Xiamen, China) through a Distinguished
Scientist Chair awarded to C.A. In France, it was supported in
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P. Novak, A. I. Shevchuck, J. A. Dougan, S. G. Kazarian,
P. V. Gorelkin, A. S. Erofeev, I. V. Yaminsky, P. R. Unwin,
W. Schuhmann, D. Klenerman, D. A. Rusakov,
E. V. Sviderskaya and Y. E. Korchev, ACS Nano, 2014, 8,
875–884.

40 X. C. Li, S. Majdi, J. Dunevall, H. Fathali and A. G. Ewing,
Angew. Chem., Int. Ed., 2015, 54, 11978–11982.

41 Y. Z. Liu, M. Li, F. Zhang, A. W. Zhu and G. Y. Shi, Anal.
Chem., 2015, 87, 5531–5538.

42 R. R. Pan, M. C. Xu, D. C. Jiang, J. D. Burgess and H. Y. Chen,
Proc. Natl. Acad. Sci. U. S. A., 2016, 113, 11436–11440.

43 L. Ren, M. D. Pour, S. Majdi, X. C. Li, P. Malmberg and
A. G. Ewing, Angew. Chem., Int. Ed., 2017, 56, 4970–4975.

44 Y. Li, K. K. Hu, Y. Yu, S. A. Rotenberg, C. Amatore and
M. V. Mirkin, J. Am. Chem. Soc., 2017, 139, 13055–13062.

45 X. W. Zhang, Q. F. Qiu, H. Jiang, F. L. Zhang, Y. L. Liu,
C. Amatore and W. H. Huang, Angew. Chem., Int. Ed., 2017,
56, 12997–13000.

46 Y. L. Ying, Y. X. Hu, R. Gao, R. J. Yu, Z. Gu, L. P. Lee and
Y. T. Long, J. Am. Chem. Soc., 2018, 140, 5385–5392.

47 R. R. Pan, M. C. Xu, J. D. Burgess, D. C. Jiang and H. Y. Chen,
Proc. Natl. Acad. Sci. U. S. A., 2018, 115, 4087–4092.

48 K. K. Hu, Y. Li, S. A. Rotenberg, C. Amatore andM. V. Mirkin,
J. Am. Chem. Soc., 2019, 141, 4564–4568.

49 Y. Takahashi, A. I. Shevchuk, P. Novak, Y. J. Zhang, N. Ebejer,
J. V. Macpherson, P. R. Unwin, A. J. Pollard, D. Roy,
C. A. Clifford, H. Shiku, T. Matsue, D. Klenerman and
Y. E. Korchev, Angew. Chem., Int. Ed., 2011, 50, 9638–9642.

50 M. Shen, Z. Z. Qu, J. DesLaurier, T. M. Welle, J. V. Sweedler
and R. Chen, J. Am. Chem. Soc., 2018, 140, 7764–7768.

51 F. P. Filice and Z. F. Ding, Analyst, 2019, 144, 738–752.
52 Y. T. Li, S. H. Zhang, L. Wang, R. R. Xiao, W. Liu,

X. W. Zhang, Z. Zhou, C. Amatore and W. H. Huang,
Angew. Chem., Int. Ed., 2014, 53, 12456–12460.

53 Y. T. Li, S. H. Zhang, X. Y. Wang, X. W. Zhang, A. I. Oleinick,
I. Svir, C. Amatore and W. H. Huang, Angew. Chem., Int. Ed.,
2015, 54, 9313–9318.

54 E. L. Ciolkowski, K. M. Maness, P. S. Cahill, R. M.Wightman,
D. H. Evans, B. Fosset and C. Amatore, Anal. Chem., 1994, 66,
3611–3617.
This journal is © The Royal Society of Chemistry 2020



Edge Article Chemical Science
55 S. H. Guo, J. Q. Yan, X. Q. Yang, E. Bezard and B. L. Zhao,
Psychiatry, 2007, 62, 1353–1362.

56 Y. C. Shen, Y. J. Shiao, Y. J. Sung and C. N. Wang, J. Chin.
Med., 2005, 16, 63–87.
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