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A B S T R A C T

Background: Brachial plexus injury (BPI) leads to significant impairment of upper limb motor function, primarily 
due to progressive atrophy of denervated muscles resulting from the slow rate of axonal regeneration. Therefore, 
identifying strategies to accelerate axon extension is of critical importance.
Methods: In this study, we first established a mouse model of brachial plexus injury and employed chemogenetic 
approaches to specifically activate C6 spinal motoneurons. We then assessed axonal regeneration and motor 
function recovery in the injured mice through behavioral tests, morphological analyses, and electrophysiological 
detection.
Results: We found that the AAV9-hM3Dq virus efficiently transduced motoneurons, and CNO administration 
robustly activated mature hM3Dq+ motoneurons in vivo. Chronic chemogenetic activation significantly 
enhanced the regeneration of spinal motoneurons injured by ventral root crush, accelerated axon extension, and 
improved axonal remyelination, resulting in increased axon size. This activation also facilitated the formation of 
new neuromuscular junctions (NMJs) in adult motoneurons and reduced muscle atrophy. Furthermore, it pro
moted electrophysiological recovery of the motor unit and improved overall motor function.
Conclusion: Chemogenetic activation of adult motoneurons can robustly enhances axon growth and mediate 
better behavioral recovery. These findings highlight the therapeutic potential of chemogenetic neuronal acti
vation in promoting functional recovery following nerve injury.
The translational potential of this article: We have established a chronic chemogenetic method to activate hM3Dq+

motor neurons after brachial plexus injury, which accelerates axonal regeneration and enhances functional re
covery. This strategy holds promise as a clinical therapeutic approach for treating nervous system injuries.

1. Introduction

Adult traumatic brachial plexus injury is regarded as one of the most 
devastating lesions of peripheral nerve injury, characterized by 

pathological changes such as axonal degeneration, axoplasmic transport 
arrest, Schwann cell damage, nerve fiber demyelination and complete 
Wallerian degeneration [1,2]. Although surgery as an important treat
ment has significantly changed the outcome of BPI with advances in 
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micro-neurosurgery over the past few decades, the clinical prognosis is 
suboptimal due to the limited ability of axons to regenerate over long 
distances and the following irreversible muscle atrophy [3]. Therefore, 
interventions other than procedure are quite important.

As we all known, intrinsic growth capacity of injured motoneurons is 
a determinant of axon regeneration, which dictates a battery of injury 
responses in axons and cell bodies [4,5]. Unfortunately, lesions of 
proximal spinal nerves like BPI fail to arouse a robust regenerative 
response due to great loss of motoneurons and limited regenerating 
ability of remaining neurons. Numerous studies have demonstrated 
various approaches to enhance intrinsic growth ability of neurons, 
including pharmacological treatment and neurotrophic factor delivery 
[6,7]. In our previous study, we found that small peptides like intra
cellular sigma peptide (ISP) and phosphatase and tensin homolog 
agonist protein (PAPs) can remarkably promote axon regeneration and 
function restoration after BPI [8]. Notably, another potential approach 
that has been explored to enhance the intrinsic ability for long distance 
nerve fibers regrowth is neuronal activation. Epidural electrical stimu
lation can promote axon regeneration and functional recovery after 
peripheral nerve injury [9–11]. However, electrical stimulation faces 
significant technical limitations such as relatively poor neuronal types 
targeting and the inconvenient cable connections when used on patients 
[12,13]. Therefore, developing other methods that can achieve the same 
goal is challenging but promising [14].

Some research have been demonstrated that remote activation of 
neurons expressing excitatory design receptors activated by the engi
neered drug (DREADD) hM3Dq by using the receptor’s ligand 
chlorpyrimidine-N-oxide [15] (CNO) can greatly improve retinal gan
glion cell axonal outgrowth after optic nerve crush injury [16,17]. 
Moreover, DREADD-induced specific and continuous stimulation of 
transplanted human induced pluripotent stem cell derived neural 
stem/progenitor cells (hiPSC-NS/PCs) [18] and dorsal root ganglion 
(DRG) neurons [19] can respectively facilitate new synapse formation 
following spinal cord injury and enhance axon grow across the dorsal 
root entry zone after dorsal root crush injury. However, it remains un
known whether enhancing the activity of motoneurons after BPI can 
promote axon regeneration and functional restoration.

Activation of neurons using chemogenetics techniques is a conve
nient and specific approach, as the hM3Dq gene can be specifically 
expressed in any neuron with the help of viral tools, and subsequent 
chronic activation of neurons over a long period of time is simply 
administrated by CNO, which can penetrate the blood–brain barrier 
[15]. Here, we hypothesized that long-term consecutive activation of 
mature motoneurons by hM3Dq expression might be a potential thera
peutic approach for brachial plexus injury. To confirm this hypothesis, 
we first optimized the BPI surgical model from ventral root avulsion to a 
more stable crush surgery model. This model rendered the C6 ventral 
nerve as the sole conduit linking the spinal cord to the biceps for sub
sequent observations, as our previous study had demonstrated [8]. We 
demonstrate that chronic motoneurons activation can remarkably pro
mote motor function restoration of the completely-transected spinal 
nerves, as evidenced by morphological observation of the muscu
locutaneous nerve and biceps, electrophysiological verification and also 
the behavioral tests of injured animal. Our results provide the potential 
effective strategy for treating severe peripheral nerve injuries, promot
ing nerve regeneration and motor function recovery.

2. Materials and methods

2.1. Animals and virus preparation

Young Adult female C57BL/6 mice (20–23 g) provided by the Lab
oratory Animal Center of Sun Yat-sen University were used for the 
present study. All mice were housed under standard temperature- 
controlled conditions with a 12/12-h light–dark cycle with ad libitum 
access to water and food. The animal care and experimental procedures 

of this study were approved by the Laboratory Animal Ethics Committee 
of Sun Yat-sen University (Approval number: SYXK 2017-0081) and are 
in accordance with guidelines for the ethical review of laboratory animal 
welfare (GB/T 35892-2018). Injured animals were randomly assigned to 
cages for follow-up double-blind trials.

The AAV9 virus is produced by Vigene Bioscience (Jinan, China). We 
chose the adeno-associated virus serotype 9 vector (pAV-CMV-P2A-GFP) 
to express the mouse hM3Dq gene, which is controlled by the CMV 
promoter. On the other hand, we used an AAV9 vector expressing GFP as 
a control virus.

2.2. Intraspinal injection of AAV9 virus

Mice were under deep anesthetic state by continuous supplying 1 % 
isoflurane (RWD, Shenzhen, China) and fixed on a stereotaxic apparatus. 
We carefully exposed the C6 spinal cord segment followed by removal of 
cervical vertebra and dura under deep anesthetic state by continuous 
supplying 1 % isoflurane, and then fixed the mouse on a stereotaxic 
apparatus. AAV9-hM3Dq-GFP or AAV9-GFP virus was diluted to the 
same final titer of 6 × 1012 vg/mL and stereotaxically injected into the 
right ventral horn using a fine glass micropipette attached to Nanoject III 
(Drummond Scientific, Broomall, USA). With the aid of a stereotaxic 
apparatus, adjust the needle insertion site, i.e., 0.5 mm lateral to the 
midline and 1.0 mm deep to the spinal cord surface, and then carefully 
insert the glass micropipette into the exposed spinal cord. A total of two 
sites 1 mm apart were injected into the C6 right ventral horn. For each 
site, 500 nL of virus diluents were administrated at the speed of 3 nL/s, 
and the micropipette should be held in ventral horn for another 3 min to 
avoid virus reflux.

2.3. Characterization of AAV9 expression

A weeks after AAV9- hM3Dq-GFP or AAV9-GFP virus injection, we 
harvested C6 spinal cord and then cut it into cross-section at a thickness 
of 20 μm with a Cryostat (Thermo NX50; Thermo Fisher Scientific, 
Massachusetts, USA) and mount on Superfrost Plus slides (CITOTEST, 
Jiangsu, China). Before antibody incubation, the sections were sequen
tially washed with PBS (three times, 5min for each) and 0.3 % PBS- 
Triton-100 (three times, 15min for each). Immediately, sections were 
incubated with goat ChAT antibodies (1:500, Millipore, Burlington, MA, 
USA). After overnight incubation at 4 ◦C, sections were then immuno
stained with secondary antibodies Alexa Fluor 546-conjugated donkey 
anti-goat IgG (1:1000; Thermo Fisher Scientific, Waltham, MA, USA) for 
2 h in room temperature. Images were obtained with fluorescence mi
croscope (Leica DM6B, Leica, Wetzlar, Germany).

2.4. Quantification of ventral horn c-Fos expression induced by CNO 
administration

A week after intraspinal injection of AAV9-hM3Dq-GFP or AAV9- 
GFP, animals were intraperitoneally injected with 1 mg/kg CNO 
(APExBIO Technology LLC, Houston, USA; 1 mg/mL in 0.5 % DMSO/ 
0.9 % saline) and perfused 2 h later. To visualize c-Fos expression, spinal 
cord sections were incubated with rabbit monoclonal c-Fos antibody 
(1:500, cat#2250, Cell Signaling Technology, Massachusetts, USA), an 
established methods to confirm chemogenetic neuronal activation, 
overnight at 4 ◦C followed by incubation with AlexaFluor 546-conju
gated donkey anti-Rabbit secondary antibody (1:1000; Cat# A10040, 
Thermo Fisher Scientific, USA) for 2 h at room temperature. GFP+

neurons that also express c-Fos+ was counted and compared between 
two group. 6 slides of each animal were analyzed.

2.5. Brachial plexus root crush injury

After AAV9 injection, mice were subjected to C6 spinal ventral root 
crush injury, which was following the same surgical procedure of 
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previously description [8]. First, the mouse is anesthetized using 1 % 
isoflurane (RWD, Shenzhen, China), and then the cervical spinal cord 
will be exposed by using No. 15 scalpel. After that, to better expose the 
right C5-7 spinal nerve, we removed the right lamina of the cervical 
segment using a fine rongeur and opened the dura by using ophthalmic 
scissors. Without damaging the spinal cord, we avulsed the C5 and C7 
ventral root with a homemade fine glass hook, and then completely trim 
away C5 and C7 spinal nerve to prevent extra regeneration. Taking care 
to avoid epineurial rupture, crush the remaining C6 ventral root three 
times at the same site and with the same force (10 s each time). The 
crush site should be as close to the root as possible without injuring the 
spinal cord. After the procedure, muscle and skin were sutured in layer. 
Mice were gently placed on a thermostatic heating pad until they fully 
recover from anesthesia. For that record, our model guarantees that the 
C6 ventral root is the only connection between spinal cord and the 
biceps.

2.6. Grouping and CNO administration

Mice of sham group were received AAV-GFP injection and sham 
surgery, while mice in hM3Dq and GFP groups were received AAV9- 
hM3Dq-GFP or AAV9-GFP injections, respectively, and then these two 
groups of mice were subjected to the same C6 spinal ventral root crush 
surgery. All animals were subjected to intraperitoneal injection of CNO 
(1 mg/kg each time for each mouse) every evening starting the day a 
week post viral injection to the day before sacrifice. In addition, all 
behavioral experiments should be performed prior to that day’s CNO 
administration to exclude post-dose effects.

2.7. Behavioral testing

2.7.1. Terzis grooming test
In general, Terzis grooming test is an important behavioral test used 

to evaluate the recovery of elbow flexion function in the upper limb after 
brachial plexus surgery injury in rodents. Briefly, the mouse was sprayed 
with approximately 2 ml of water on the head and nose to stimulate 
forelimb movement to remove water, and then placed inside a clear glass 
cylinder to observe the movement of its upper limbs. Depending on the 
forepaw position with elbow flexion, recovery of injured upper limb is 
assessed on a 0–5 scale as follows: 0, non-responsive; 1. The elbow is 
flexed, not touching the nose; 2. The elbow is flexed, and the front paw 
can reach the nose; 3. Stretch higher than the nose; 4. Reach out to eyes 
but not the ears; 5. Reach out to ears and beyond (Fig. 8A). All animals 
underwent this experiment prior to surgery, and the results were used as 
a baseline for upper limb motor levels. All injured mice weekly received 
TGT from the day of surgery until the sacrificial endpoint. If the injury is 
complete, all injured mice should be scored at 0 within three days post- 
injury. Otherwise, animals are excluded.

2.7.2. Catwalk analysis
The walking capacity of lesion mice were evaluated and analyzed 

using the Catwalk system (CatWalk XT 9.1, Noldus Information Tech
nology, Wageningen, Netherlands). All tested mice were previously 
habituated to the runway 1h before the experiment started. Footprint 
patterns, maximum contact area, and maximum and average footprint 
intensity were recorded and measured as indicators of walking recovery. 
Each tested mouse requires at least three runs for data analysis.

2.8. Retrograde motoneuron labelling and labeled cells counting

At day 28 and day 56 post-injury, we randomly chose three mice 
from each group to receive retrograde tracing experiments. Firstly, we 
exposed the right musculocutaneous nerve follow by isoflurane anes
thesia. Visualized by a surgical microscope, 0.5 μL of Fluorogold 
(Hydroxystilbamidine, AAT Bioquest Inc., Sunnyvale, USA; 6 % in 
ddH2O) was slowly and carefully injected into the distal 

musculocutaneous nerve (the injection site is located approximately 4 
cm away from the crush point). To allow adequate Fluorogold indicator 
transport to ventral horn motoneurons, all FG-labeled mice were sacri
ficed 4 days after injection. After the dissection, spinal cord segment C6 
of labeled animals were collected and dehydrated in 30 % sucrose for 48 
h. 30 μm cross-section of the C6 cervical spinal cord were cut using 
Cryostat (NX50; Thermo Fisher Scientific, Massachusetts, USA). We use 
a fluorescence microscope equipped with a 405 nm filter to capture 
high-resolution images (Leica DM6B, Leica, Wetzlar, Germany). The 
percentage of FG-labeled motoneurons that also GFP+ in the C6 spinal 
cord segment were calculated on every fourth section.

2.9. Tissue preparation

At day 28 and day 56 post-injury, all mice requiring further immu
nofluorescence staining were first subjected to deep anesthesia using 
isoflurane and then intracardiac perfusion was performed sequentially 
using PBS and 4 % paraformaldehyde fixative solution. After perfusion, 
we next dissected and harvested the C6 spinal cord segments, 6 mm long 
musculocutaneous nerves, and biceps brachii for further analysis. All the 
collected tissue were submerged in a series of gradients of sucrose so
lutions (10 %, 20 %, 30 %, 24 h for each at 4 ◦C) for dehydration, follow 
by at least 3–5 h post fixation. In addition, we need to weigh the biceps 
brachii to assess the wet weight ratio prior to the post-fixation process. 
After that, four series of horizontal sections of biceps brachii were cut 
using a sliding microtome (SM 2010R, Leica, Wetzlar, Germany) at a 
thickness of 40 μm. And then muscle sections were floated in 6-well 
plates filled with PBS for further immunofluorescence staining. Mean
while, we embedded the musculocutaneous nerve tissues with OCT 
compound and kept it in ultra-low temperature freezer. Before immu
nohistochemistry experiments, the tissue embedding blocks were cut 
into longitudinal and transverse sections at a thickness of 5 μm with a 
cryostat (NX50; Thermo Fisher Scientific, Massachusetts, USA).

2.10. Quantification of axon regeneration and MBP+ axons

Longitudinal and transverse sections of musculocutaneous nerves 
can be used directly for the assessment of regenerating axon due to their 
spontaneous green fluorescence. On the other hand, we only used a 
musculocutaneous nerve transverse section of 2 mm proximal to the 
biceps muscle for MBP+ axon measurements. The slices were firstly 
washed with PBS three times, 5 min for each, and then continued rinsed 
with 0.3 % PBS-Triton-100 three times, 15 min for each. Subsequently, 
nerve sections were incubated with rabbit MBP Antibody (1:500, 
Thermo Fisher Scientific, Massachusetts, USA) overnight at 4 ◦C, fol
lowed by AlexaFluor 546-conjugated donkey anti-Rabbit secondary 
antibody (1:1000; Cat# A10040, Thermo Fisher Scientific) for 2 h at 
room temperature. Immunofluorescence images were captured by Leica 
DM6B. Every fourth section from each animal are required for axon 
number calculation.

2.11. Quantification of neuromuscular junctions

Every fourth section of biceps brachii were incubated with Alexa 
Fluor 594-conjugated α-BT (1:500; Invitrogen) for 30 min. Morpholog
ical observation and analysis of motor endplates were performed under a 
fluorescence microscope. Depending on the degree of integration of pre- 
and post-synaptic, motor endplates were rated as denervated, partial 
innervated or full innervated. No overlap between nerve terminal and 
the α-BT+ cluster was regarded as denervated NMJ, whereas full or 
partial overlap was regarded as innervated NMJ. The ratio of the three 
kinds of the NMJs, fully innervated, partially innervated and dener
vated, was compared. Also, total number of reinnervated NMJs in was 
compare among three-grouping animals.
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2.12. Electron microscopy

We applied transmission electron microscopy (TEM) to access mye
lination of axons after injury. Animals were intracardiac perfused with a 
mixed solution of 2.5 % glutaraldehyde (Sigma–Aldrich, USA) and 2 % 
PFA in 0.1 M PB, and then right side of musculocutaneous nerve (2 mm 
proximal to biceps brachialis) were kept at the same fixative for 
embedding and sectioning. The glutaraldehyde-fixed nerve fibers were 

then washed three times in 0.1 M cacodylate buffer and further post- 
fixed in 1 % osmium tetroxide overnight. Subsequently, tissue samples 
were dehydrated in a graded ethanol and infiltrated with a half-acetone 
and half-resin mixture overnight at 4 ◦C. After overnight penetrating at 
4 ◦C, the nerve was embedded in resin at 60 ◦C for 72 h. Ultrathin sec
tions of 100 nm thickness were performed by a vibratome and collected 
in copper mesh, which were then stained with 3 % uranyl acetate and 1 
% lead citrate. And the ultrastructure and myelination of the nerve fibers 

Fig. 1. Intraspinal injection of AAV9- hM3Dq primarily transduces motoneurons and hM3Dq+ motoneurons were activated by CNO treatment. (A) AAV9-hM3Dq- 
GFP and AAV9-GFP was injected into the right C6 spinal ventral horn. One week later, C6 segment of spinal cord and its ventral root fibers were collected and 
immunostained for ChAT. Scale bar: 50 μm. (B) Quantification of percentages of GFP+ motor neurons, “0” indicates the injection point, while “-” indicates rostral side 
and “+” indicates caudal end. Data are expressed as mean ± SD (n = 3), analyzed by one-way ANOVA analysis of variance followed by Bonferroni’s post hoc test. (C) 
Number of GFP+ ChAT+ merge ventral root fibers, data are expressed as mean ± SD (n = 3), analyzed by unpaired t test analysis with two-tailed P-value. (D) The data 
showed intraperitoneal CNO injection chemogenetically activated hM3Dq+ neurons in vivo. Experiment timeline is shown in the right panel. Very few neurons 
transduced with AAV-GFP expressed c-Fos while many hM3Dq+ neurons expressed c-Fos (showed as arrowheads). (E) Quantification of the percentage of GFP+

neurons that are also c-Fos+ after CNO administration. Data are expressed as mean ± SD, analyzed by unpaired t test analysis with two-tailed P-value (n = 6; ****p <
0.0001, vs GFP+).
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were observed and photographed by transmission electron microscope 
(FEI spirit T12, USA).

2.13. Electromyography

Electromyography (EMG) is one of the most important indicators 
used to estimate the functional restoration of the biceps brachii. Briefly, 
at day 28 and day 56 post-injury, we exposed the ipsilateral and 
contralateral sides of musculocutaneous nerve and biceps followed by 
deep isoflurane anesthesia. After inserting the recording electrode into 
the biceps muscle and inserting the grounding electrode into the sub
cutaneous tissue, we gently place the bipolar stimulation electrode on 
the musculocutaneous nerve. The same density of the stimulus (1 mV, 
0.05 ms, 5 Hz) was applied successively to tested animals until at least 
20 stable waveforms were obtained. The response of EMG signals was 
recorded with a multi-channel signal acquisition and processing system 
(BL-420N, Chengdu, China). A minimum of three independent experi
ments of each mouse were tested for further analysis.

2.14. Statistical analysis

All statistical analyses were performed using GraphPad Prism 8.0 
software (GraphPad, San Diego, CA, USA). ImageJ is applied to the 
quantitative statistics of immunofluorescence images. Data are pre
sented as the mean ± standard deviation (SD). Comparisons between the 
two groups were made using two-tailed Student’s t-test. One-way 
analysis of variance followed by the Tukey’s or Bonferroni’s post-hoc 
test was used when more than two groups were compared. Two-way 
analysis of variance followed by the Tukey post-hoc test was used for 
comparing multiple groups at different timepoints. The significant dif
ference level was set to 0.05.

3. Results

3.1. AAV9- hM3Dq virus primarily transduces motoneurons and CNO 
administration activates mature, hM3Dq+ motoneurons in vivo

Since the mature motoneurons are the primary neurons that send 
axons to innervate terminal muscles. We first wanted to determine if the 
hM3Dq viral could transduced adult motoneurons in the spinal ventral 
horn. A week after intraspinal injection of AAV9- hM3Dq or AAV9-GFP 
into the right ventral horn of the C6 segment, we calculated the trans
duced GFP positive neurons and theirs extended fiber double-stained 
with the motoneuron marker, ChAT. The results showed that both 
AAV9- hM3Dq and AAV9-GFP virus can primarily transduce C6 ipsi
lateral ventral horn motoneurons (Fig. 1A), with about 85 % of ChAT+

motoneurons that also labeled by GFP at the injection spot (Fig. 1B and 
C). Statistically, no significant difference in infection efficiency between 
AAV9- hM3Dq and AAV9-GFP transduced mice (p > 0.05).

To further affirm if the hM3Dq transduced motoneurons could acti
vated by CNO treatment, we administer CNO intraperitoneally to the 
mice received virus injection a week ago. After a 2-h activation, the mice 
were sacrificed. And then C6 spinal cord sections were collected and 
stained with c-Fos. The result showed that CNO administration robustly 
induce c-Fos expression in hM3Dq+ neurons. About 71 % of the hM3Dq+

motoneurons expressed c-Fos, but only 11 % of the GFP+ motoneurons 
expressed c-Fos. The difference of the c-Fos positive neurons in C6 
ventral horns between the two groups was statistically significant 
(Fig. 1D and E; p < 0.0001). It suggested that the majority of the 
hM3Dq+ adult spinal motoneurons can be activated by the CNO.

3.2. Chronic chemogenetical activation increased the regeneration of the 
spinal motoneurons injured by ventral root crush

After confirmation of hM3Dq+ motoneurons could be activated by 
CNO administration, we then sought to determine if the activation could 

increase the number of regenerative motoneurons. At day 28 and day 56 
after C6 ventral root crush injury, we carried out retrograde tracking 
experiments on injured mice and counted the numbers of FG-labeled 
neurons in the ventral horn of C6 spinal cord. We found the regenera
tion of injured motoneurons proceeded with time, showing by the in
crease of the FG-labeled motoneurons from 38 % at day 28 to 66 % at 
day 56 in GFP group (Fig. 2C). Importantly, with chronic chemo
genetical activation, more motoneuron regeneration occurred in the 
hM3Dq+ group, with FG-labeled motoneurons 60 % at day 28 increasing 
to 75 % at day 56 post-injury. Statistically analysis showed a signifi
cantly greater number of FG-labeled motoneurons in the hM3Dq group 
than that in the GFP group at day 28 post-injury, but not occurred at day 
56 post injury. However, even with 8 weeks chemogenetical activation, 
the FG-labeled motoneurons were still significantly lower than 90 % of 
the sham group (Fig. 2B and C). The results suggested that chronic 
chemogenetic activation promote the majority of the C6 ventral horn 
motoneurons regeneration after root crush.

3.3. CNO-induced activated hM3Dq+ motoneurons accelerates axon 
extensions after root crush injury

Since axon regeneration is one of the important morphological in
dicators to measure the recovery of brachial plexus injury, we next 
investigated whether hM3Dq+ neuronal activation induced by CNO 
administration increase the number of regenerating axons. At day 28 
and day 56 post injury, the GFP+ axons within the distal musculocuta
neous nerves were counted and measured in 8 mice of each group. As 
could be found in Fig. 3, more GFP+ axons were observed in hM3Dq 
animals than in GFP at day 28 post injury, but there was no significant 
difference between the two groups at day 56 (Fig. 3B and C). Although 
the number of regenerating axons increased over time, the number of 
regenerating axons in injured animals still did not reach the level of 
healthy mice (Fig. 3C). It can be seen from the results that chronic 
chemogenetical motoneuronal activation does not guarantee axonal 
regeneration in injured animals as in healthy animals, it can accelerate 
axon regrowth in the early stage of injury repair, which may have pos
itive potential for alleviating target organ atrophy.

In addition, we continued to figure out if the growing axons from 
CNO-activated, hM3Dq+ neurons successfully make their way to the 
target organ. To determine this, we collected the biceps brachii from 
three groups and calculated the regenerating axon fibers at the entrance 
side of the muscle. Only a few GFP+ fibers were found in the GFP group 
at day 28 post injury, while the number of nerve fibers was significantly 
increased in hM3Dq mice (Fig. 4A and C). However, there are no sig
nificance different among three groups at day 56, but the number of 
regenerating fibers of hM3Dq mice tended to be closer to healthy mice 
than the GFP mice (Fig. 4C). The above two results are consistent, which 
means that chronic motoneuronal activation is not only able to accel
erate axon regeneration but also make it reach the biceps successfully at 
first 4 weeks of injury.

3.4. Chronic chemogenetic activation improves axonal remyelination and 
enlarges axon size of the root crush-mice

We next investigated whether the regenerating axon has a healthier 
structure after recurrent activation of chemogenetic motoneurons. For 
that, we evaluated the diameter and myelin sheath thickness of regen
erating axons under the transmission electron microscopy and measured 
the number of myelinated axons by Myelin basic protein (MBP) staining. 
As observed in electron micrographs, hM3Dq mice have the significantly 
bigger average axon size in the distal musculocutaneous nerve than that 
in GFP mice at day 28 post injury and also the resemble tendency was 
shown at day 56 time point (Fig. 5A and B). Notably, there was no 
significant difference in axon diameter between the hM3Dq group and 
the sham group at day 56 post surgery, which means that the diameter of 
regenerating axons after neuronal activation can grow as well as normal 
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Fig. 2. Chronic activation of adult hM3Dq+ motoneurons increases the number of FG retrograde labeled regenerative motoneurons in vivo (A, B) Representative 
images of FG-labeled ventral horn motoneurons at day 28 (A) and day 56 (B) post-injury. More FG-labeled motoneurons were observed in AAV9- hM3Dq transfected 
mice. Scale bar: 100 μm. (C) Quantitative analysis of FG-labeled motoneuron number in C6 spinal segment at day 28 and day 56 post-injury. Data are expressed as 
mean ± SD, analyzed by one-way ANOVA analysis of variance followed by the Tukey post hoc test. (n = 3; ***p = 0.0003 vs. hM3Dq, ****p < 0.0001 vs. GFP, **p =
0.0018 hM3Dq vs. GFP; ^ p = 0.0111 vs. hM3Dq, ^^ p = 0.0012 vs. GFP, ns p = 0.1092 hM3Dq vs. GFP).
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Fig. 3. Chronic chemogenetic activation of hM3Dq+ motoneurons in C6 spinal ventral horns promotes crush-injured axon regeneration (A) Representative images of 
GFP+- axons in horizontal sections of the 5 mm musculocutaneous nerve at day 28 and day 56 post-injury. Scale bars: 500 μm in upper row; 100 μm in lower row. (B) 
Representative images of GFP+ axons in cross sections of the injured distal musculocutaneous nerve at day 28 and day 56 post-injury. Scale bars: 100 μm. (C) 
Quantification of GFP+ axons at day 28 and day 56 post-injury. Data are expressed as mean ± SD, analyzed by one-way ANOVA analysis of variance followed by the 
Tukey post hoc test. (n = 8; ****p < 0.0001 Sham vs. hM3Dq or GFP, **p = 0.0027 hM3Dq vs. GFP; ^^^^ p < 0.0001 Sham vs. hM3Dq or GFP, ns p = 0.2880 hM3Dq 
vs. GFP).
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mice. Furthermore, axons with different diameters were subdivided and 
compared among three groups. The result showed more large caliber 
axons found over time, and diameter distribution of hM3Dq group is 
more like that of sham mice (Fig. 5C).

The myelin sheath thickness of axons, were also measured and 
compared. The results indicated that hM3Dq mice have thicker myelin 
sheath than that of GFP animals at both timepoints (Fig. 5D and E). 
Besides, the measurement of MBP+ axon numbers further verify 
neuronal activation have positive effect to regenerating axons. In 
hM3Dq mice, an average of 144.38 ± 24.28 MBP + axons was present, 
which is significant higher than 84.81 ± 11.80 of GFP mice at day 28 
post injury. Moreover, the same trend was observed at day 56, hM3Dq 
mice have remarkably more MBP+ axons than that of GFP mice (Fig. 5F 
and G). Combined, these data illustrate that chronic chemogenetic 
activation of injured mature motoneurons could lead to development 
and maturation of the regenerating axons.

3.5. Chronic chemogenetical activation facilitates newly NMJs formation 
of adult motoneurons injured by ventral root crush

To explore whether chronic chemogenetical activation leads to 
promoted distal target muscle reinnervation, we next investigate the 
formation of the new NMJs in the biceps brachialis by immunolabeling 
with Alpha-bungarotoxin (α-BT), which specifically binds to acetyl
choline receptors [20]. According to the degree of overlap between 
nerve terminal and Acetylcholine Receptor (AChR) clusters, we divide 
the observed NMJs into three categories, denervated, partially 

innervated, or fully innervated. The NMJ distributions in three groups 
are shown in Fig. 6C. After counting the double-labeled endplates, we 
found that numerous fully innervated NMJs in sham animals, more 
partially innervated and denervated NMJs in the injured animals. With 
chronical chemogentical activations, total number of re-innervated 
motor endplates increases greatly in the later stage of recovery.

At day 28, higher proportion of re-innervated (including partially 
innervated and fully innervated, totally 52.96 %) motor endplates were 
observed in hM3Dq group, but only 35.92 % of those in GFP group 
(Fig. 6A and C). At day 56, there are more denervated NMJs in GFP 
(28.46 %) than that in hM3Dq (17.26 %) (Fig. 6B and C). As for the 
calculation of total number of NMJs, no matter at day 28 or 56 post 
injury, there was no significant difference between hM3Dq mice and 
sham mice, while the number of NMJs in GFP mice was significantly less 
(Fig. 6D). Therefore, it suggested that chronic chemogenetic activation 
of adult motoneurons can significantly promote NMJ reinnervation, 
thus, facilitating the motor unit repair after ventral root crush injury.

3.6. CNO-induced chemogenetic neuronal activation reduces muscle 
atrophy and promotes electrophysiological recovery of motor unit

To determine the effect of chemogenetic neuronal activation on lo
comotor function, electrophysiological experiments and target muscle 
fibers analysis were performed at day 28 and 56 after surgery. After 
dissection, the left (intact) and right (lesion) biceps brachii of each group 
of mice were photographed and weighed to access the extent of muscle 
atrophy following spinal root injury (Fig. 7A and C). Wet weight ratios of 

Fig. 4. hM3Dq+ activation accelerates regenerating motor axons extending into the musculocutaneous nerve to innervate the biceps brachialis. (A, B) Representative 
images of GFP+ regenerating axons in the musculocutaneous nerve ending in the muscle fibers of the biceps brachialis and their enlarged image at day 28 (A) and day 
56 (B) post-injury. Scale bars: 1 mm in the lower magnification on the left column; 200 μm in the higher magnification on the right column (M: muscle fibers of 
biceps; n: musculocutaneous nerve ending). (C) Quantification of numbers of GFP+ fibers. Data are expressed as mean ± SD (n = 5 in sham group at day 28, n = 8 in 
all other groups; **p = 0.0062 vs. hM3Dq, ****p < 0.0001 vs. GFP, *p = 0.0406 hM3Dq vs. GFP), analyzed by one-way ANOVA analysis of variance followed by the 
Tukey post hoc test.
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Fig. 5. Chemogenetic activation of adult motoneurons improves axonal myelination and enhances cross section area of the regenerative axons after spinal ventral 
root injury (A) Electron micrographs of distal musculocutaneous nerve. Scale bars: 2 μm in the lower magnification on the left column; 200 nm in the higher 
magnification on the right column. (B) Quantification of axon diameter of distal musculocutaneous nerve. hM3Dq group show larger axon diameter than GFP (n = 5, 
**p = 0.0016 vs. hM3Dq, ****p < 0.0001 vs. GFP, *P = 0.0353 hM3Dq vs. GFP; ns p = 0.9319 vs. hM3Dq, ^ p = 0.0127 vs. GFP, ^ p = 0.0242 hM3Dq vs. GFP). (C) 
Statistical analysis of the proportion of different axonal diameter in injured musculocutaneous nerve at day 28 and day 56 post-injury. (D) Quantification of myelin 
sheath thickness (n = 5, **p = 0.0057 vs. hM3Dq, ****p < 0.0001 vs. GFP, *P = 0.0408 hM3Dq vs. GFP; ns p = 0.9606 vs. hM3Dq, ^ p = 0.0178 vs. GFP, ^ p = 0.0289 
hM3Dq vs. GFP). (E) G-ratio analysis of distal musculocutaneous nerve. (More than 180 axons were measured in all group; ****p < 0.0001; ^^^^ p < 0.0001, ns p =
0.0812 sham vs. hM3Dq). (F) Cross sections of distal musculocutaneous nerve (stained with MBP, red). Scale bars: 50 μm in the lower magnification on the left; 10 μm 
in the higher magnification on the right. (G) Number of MBP+ axons (n = 4 in sham groups, n = 7 in all other groups; ****p < 0.0001 vs. hM3Dq, vs. GFP, ***p =
0.0004 hM3Dq vs. GFP; ns p = 0.1135 vs. hM3Dq, ^^^ p = 0.0003 vs. GFP, ^^ p = 0.0075 hM3Dq vs. GFP). Data are expressed as mean ± SD, analyzed by one-way 
ANOVA analysis of variance followed by the Tukey post hoc test.
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biceps brachii from the right upper limbs to those from the left were 
calculated. The ratios were significantly increased in hM3Dq mice, as 
compared to that in GFP mice at the same time points, suggesting serious 
muscle atrophy due to inferior nerve recovery in these cases. Impor
tantly, we found that there was no different in wet-weight ratio between 
hM3Dq group and sham group at day 56, which implying muscle atro
phy of hM3Dq injured mice is mild, similar to that of normal animals 
(Fig. 7C).

We subsequently evaluate the recovery of biceps brachii by per
forming HE staining. Cross-sectional areas of myofibers were measured 
among three groups, the hM3Dq group was almost identical to the Sham 
group in terms of the distribution of the cross-sectional areas in the later 
stage of recovery, while it was not happened in the GFP group (Fig. 7D). 
The quantification of average cross-sectional areas of myofibers also 
demonstrated the consistent conclusion that neuronal activation does 
have better effect on muscle recovery. At day 56, no different between 
sham and hM3Dq was found with average cross-sectional areas of 
423.79 μm2 ± 42.09 μm2 or 416.50 μm2 ± 63.45 μm2 in each groups, 
respectively, while the area in the sham group was significantly larger 
than 347.14 μm2 ± 41.27 μm2 in the GFP group (Fig. 7E). Taken 
together, these data indicate that severe muscle atrophy can be reduced 
by chemogenetics motor neuron activation.

To further determine the electrophysiological function of reinner
vated motor unit, we conducted electrophysiological experiments and 
recorded compound muscle action potentials (CMAP) in animals at day 
28 and day 56 after surgery. The CMAP amplitude of injury mice can’t 

achieve to the same level of sham mice, but hM3Dq mice show better 
recovery than GFP mice. Both at day 28 and day 56 after injury, the P–P 
values of the action potential response in hM3Dq mice were almost twice 
as high as those in GFP mice, suggesting that chemogenetic neuronal 
activation led to a remarkably increase in the physiological function of 
motor units (Fig. 7B and F). Combined, the data further validate the 
functional recovery of regenerating motor nerves could be improved by 
our CNO-triggered neuronal activated approach.

3.7. Motor functional recovery was improved by chemogenetic neuronal 
activation

Motor functional rehabilitation is the goal in any therapy for brachial 
plexus injury. Therefore, we applied Terzis grooming test and catwalk 
experiment to explore whether chemogenetic neuronal activation can 
promote the motor function of the upper limbs after cervical spinal root 
crush injury during the 8 weeks regeneration period. Firstly, the Terzis 
grooming test [21] was used to evaluate the elbow flexion function of 
the injured upper limb, and the grading criteria were shown in Fig. 8A. 
All animals were scored at zero right after they underwent surgery, 
indicating complete loss of elbow flexion function in the injured animal, 
whereas they had normal elbow flexion function before surgery. Ac
cording to the statistical analysis there are signs of recovery within a 
week in all injured mice, however, the averaged grooming scores of 
hM3Dq mice began to increase remarkably at 14 days after surgery, and 
this progression continued until 42 days after surgery, compared with 

Fig. 6. Chronic activation of hM3Dq+ motoneurons induced by CNO treatment facilitates reinnervation of NMJs at day 28 and day 56 post-injury (A, B) Repre
sentative images of NMJs labeled by α-bungarotoxin (red) and GFP (green) on the biceps brachialis at day 28 (A) and day 56 (B) post-injury. Scale bar: 100 μm. (C) 
Statistical analysis of the proportion of denervated, partially innervated, and fully innervated NMJs at day 28 and day 56 post-injury. (D) Total number of the NMJs 
on the biceps brachialis. Data are expressed as mean ± SD (n = 8, ns p = 0.1976 vs. hM3Dq ***p = 0.0002 vs. GFP, *p = 0.0106 hM3Dq vs. GFP; ns p = 0.4545 vs. 
hM3Dq, ^^^ p = 0.0023 vs. GFP, ^ p = 0.0365 hM3Dq vs. GFP), analyzed by one-way ANOVA analysis of variance followed by the Tukey post hoc test.
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the GFP group (Fig. 8B). Notably, there are 75 % of hM3Dq with high 
score (≥4), implying a good restoration, much higher than 8 % of GFP 
mice at day 28 after surgery operation.

Meanwhile, we also performed Catwalk experiments throughout the 
whole rehabilitation process to visualize the walking ability recovery of 
the mice suffering from spinal ventral root injury, followed by quanti
fication of the footprint data. The footprint and its three-dimensional 
reflection were shown as Fig. 8C and D, which we can find clear fore
paws shape in the sham and hM3Dq mice. On the contrary, although the 
footprints of the injured upper limbs of the GFP group could be recog
nized at day 28 post-surgery, they were vague and weak. We then 
measured the R/L ratios of maximum contact area, maximum intensity 
and mean intensity as index of walking capacity recovery. Based on the 
statistical analysis results, although all injured mice have a gradual re
covery in walking ability during the regeneration period, hM3Dq mice 
still performed better than GFP mice, especially in the middle stage of 
recovery, i.e., at day 21 to day 42 after injury (Fig. 8E–G). These results 
evidenced that ideal functional recovery of injured mice indeed relate to 
repeated activation of adult motoneurons, and more importantly, our 
neuronal activation approach has great potential for the repair of nerve 
injury.

4. Discussion

Brachial plexus injury is a severe proximal nerve lesion, resulting in a 
significant functional loss in the affected limb. In previous studies, we 
and others have developed a variety of treatments that are effective in 
improving functional recovery after brachial plexus injury, such as 
administration of small molecule peptide and the delivery of neuro
trophic factor [6,8,22]. Most of the studies have focused on systemic 
pharmacological treatments, and measures that directly and precisely 
control the regenerating capacity of motoneurons are rarely mentioned. 
Notably, neuronal activity has been reported to profoundly affect the 
functional recovery after both central and peripheral nerve system in
juries [23,24]by promoting sprouting of spared projections [25,26], 
enhancing regenerative axonal growth [27,28], improving remyelina
tion [29] and facilitating synaptic formation [30,31]. Numerous tools 
have been developed to modulate the activity of neurons, including 
electrical stimulation [32], optogenetic modulation [33], 
nanomaterial-mediated magnetic [34] and acoustic modulation [35]. 
While these methods are undoubtedly effective in activating neurons, 
each method has its own drawbacks. For example, electrical and 
acoustic approaches have poor capacity to address specific cells and 
optogenetic methods have short tissue penetration and require an 
invasive implantation of optical fiber into the organ. Whereupon, the 
consecutive chemogenetic stimulation is another promising means to 
modulate neuronal activity in a relatively convenient fashion due to its 
specific neuronal selectivity and controllable drug activation.

In the present study, we investigated whether chemogenetic 
neuronal activation can improve regeneration and motor function 
restoration after cervical spinal ventral root injury. Cervical root injury 
results in neuronal death within the injured segment, and the surviving 
neurons must possess robust regenerative capacity to achieve long- 
distance regeneration and reinnervate target organ [36,37]. We found 
that chemogenetic motoneuronal activation increase the number 
regenerating motoneurons and their extending axon at the early stage of 

regeneration. Meanwhile, neuronal-activation stimulated recovery of 
elbow flexion and walking ability of injured mice almost throughout the 
whole regeneration period. We believed that these motor function im
provements were related to an enhance reinnervation of the biceps 
during the critical recovery stage. Our investigation marks a vital step in 
demonstrating that modulating neuronal activity can elicit functional 
benefits following a severe proximal nerve injury.

One of the key reasons for poor regeneration after severe ventral root 
injury is the gradual degeneration of motoneurons and their attached 
nerve fiber within a limited time window. In our study, more regener
ated neurons were observed at the early stage of recovery, i.e., at the 4- 
week time point, after neuronal activation according to the result of 
retrograde labeling experiments, whereas there was no significant dif
ference in the late recovery period, i.e., at the 8-week time point (Fig. 2). 
Moreover, the regenerating axons from those motoneurons exhibited 
robust growing ability following motoneuronal-activation, with more 
fibers extending into the biceps at 4-week after injury, while this effect 
was not observed at 8-week (Fig. 4). However, our results are contrary to 
a previous study [19] that showed no axon regeneration at 4-week post 
dorsal root crush injury while significant regeneration was observed 
after 12 weeks. We assumed that this difference is due to the fact that 
their research focuses on the regeneration of the central branches of 
DRG neurons [38,39], whose functional recovery required the fibers 
access into the spinal cord, is more difficult to achieve compared to our 
peripheral branches. Another explanation for this improvement in the 
early regeneration stage after motor neuron activation is that Schwann 
cells are supportive for axon regeneration [40,41]. As observed in our 
results, more myelinated axons were found in hM3Dq mice, and more 
importantly, these myelinated axons had larger diameters and thicker 
myelin sheaths (Fig. 5). Our study shows that long-term chronic 
neuronal activation can accelerate axon regeneration in the early stages 
of brachial plexus injury, which may effectively prevent muscle atrophy 
caused by prolonged denervation.

More axons entering a muscle does not mean that more functional 
synapses are formed [42]. Therefore, the positive effects of chronic 
motoneuronal activation in our research cannot be limited to enhancing 
axon regrowth, but also involve rebuilding healthier neuromuscular 
junctions to maintain long-term motor function. Some studies have 
shown that neural activity facilitates synaptic formation and plays a key 
role in the maintenance of precise synaptic connections [18,33]. Inter
estingly, our chemogenetic activation of hM3Dq+ motoneurons exhibit 
similar conclusions. We noticed an improvement of reinnervation in 
hM3Dq mice at both 4-week and 8-week after injury, supported by ev
idence of an increased number of neuromuscular junctions (Fig. 6), a 
reduction in muscle atrophy, and improved electrophysiological func
tion (Fig. 7). It is worth noting that our results showed no significant 
difference in axon regeneration at the 8-week timepoint, but a signifi
cant difference in neurological functional improvement. We believe that 
this may be due to the fact that the GFP control group exhibited poor 
axonal regeneration capacity in the early recovery period, and even 
though the number of regenerating axons in the later period increased, it 
was difficult to form a functional neuromuscular junction after pro
longed denervation of the muscles. In a previous study, evoked EMG 
responses by neuronal activation were observed as early as 2 weeks after 
sciatic nerve transection, and its amplitude reached the level of intact 
animal at 4-week time point, which was sufficient to support a good 

Fig. 7. Chronic chemogenetic neuronal activation reduces muscle atrophy and enhances EMG amplitude of re-innervated muscles (A) Representative images of 
bilateral biceps brachialis (the injured side (R) to the contralateral (L) side) and cross sections of the muscles stained with HE. Scale bars: 2 mm in left column; 100 
μm in right column. (B) Representative images of EMG response and its individual action potentials. Scale bars: 5 mV in both sides, 500 ms and 2 ms in left and right 
side respectively. (C) Statistical analysis of the wet weight R/L ratios of biceps (n = 6; ***p = 0.0004 vs. hM3Dq, ****p < 0.0001 vs. GFP, *P = 0.0248 hM3Dq vs. 
GFP; ns p = 0.4839 vs. hM3Dq, ^^ p = 0.0039 vs. GFP, ^ p = 0.0405 hM3Dq vs. GFP). (D) Distribution of the cross-sectional areas of the muscle filaments in different 
groups. (E) Quantification of the cross-sectional areas of the muscle filaments (n = 6; **p = 0.0044 vs. hM3Dq, ****p < 0.0001 vs. GFP, *P = 0.0345 hM3Dq vs. GFP; 
ns p = 0.8407 vs. hM3Dq, ̂  p = 0.0245 vs. GFP, ns p = 0.0719 hM3Dq vs. GFP). (F) Averaged P–P value of the lesion side (n = 7 in sham groups, n = 8 in other groups; 
***p = 0.0001 vs. hM3Dq, ****p < 0.0001 vs. GFP, *P = 0.0378 hM3Dq vs. GFP; ̂ ^ p = 0.0018 vs. hM3Dq, ̂ ^^^ p < 0.0001 vs. GFP, ̂  p = 0.0449 hM3Dq vs. GFP). Data 
are expressed as mean ± SD, analyzed by one-way ANOVA analysis of variance followed by the Tukey post hoc test.
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Fig. 8. Chronic activation of motoneurons enhances functional recovery of elbow flexion and walking ability post-injury (A) Positions of the forelimbs and cor
responding scores (0–5) in the Terzis grooming test (TGT). (B) TGT scores pre- and post-injury (n = 12 in each group; *P < 0.05, **p < 0.01 hM3Dq vs. GFP). (C, D) 
Footprints of the upper limb at day 28 and day 56 post-surgery, RF: right front footprint, LF: left front footprint. (E–G) Percentage of R/L max contact area, R/L max 
intensity and R/L mean intensity from day 0 to day 56 post injury (n = 10 in each group; #P < 0.05 Sham vs. hM3Dq; ^P < 0.05 Sham vs. GFP; *P < 0.05 hM3Dq vs. 
GFP at the same time point). Data are expressed as the mean ± SD, analyzed by two-way ANOVA analysis of variance followed by the Tukey post hoc test.
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recovery of motor function [43]. Whereupon, our results indicate that 
although the EMG amplitude was significantly improved in the hM3Dq 
group at the 4-week time point, it still did not reach the level of normal 
animals and was closer to normal animals until 8 weeks, while the GFP 
control group showed a worse electrophysiological response throughout 
the recovery period (Fig. 7). This slight discrepancy can be attributed to 
the fact that sciatic nerve injury is a distal nerve lesion and brachial 
plexus injury is a severe proximal nerve injury, so the former appears to 
recover more quickly. In any case, the conclusions of the two studies are 
relatively consistent, showing that a strong EMG response can support 
the recovery of motor function.

Although our study provides multiple evidence to support that 
motoneuron activation can increase axon regeneration and improve 
motor function recovery, it still lacks of mechanistic investigation. Ac
cording to how chemogenetics technology works, hM3Dq alters 
neuronal activity by activating the Gq signaling pathway and increasing 
the intracellular Ca2+ concentration [15]. As Ca2+ play an important 
role in nerve regeneration, it is generally believed that the neural 
regeneration caused by neuronal activation is largely related to the 
enhancement of intracellular calcium concentration [18,33]. We have 
come to the same conclusion through in vitro DRG explant culture ex
periments, but this data has not yet been published. Another mechanism 
is to focus on the functionality of mTOR. mTOR is known to regulate the 
interaction of dynamic microtubules, which also has positive effect on 
axonal assembly [44,45]. A previous study has confirmed that DRG 
neuronal activation can increase mTOR expression to promote axon 
regeneration [19], but it remains unknown whether motor neurons 
share the same mechanism. We look forward to further mechanism 
exploration.

It is widely recognized that the ultimate goal of basic research is to 
facilitate clinical translational applications. In this context, we will 
address the clinical application value of our research from two key 
perspectives: neuronal activation and the use of adeno-associated virus 
(AAV) vectors. A substantial body of basic research has demonstrated 
that neuronal activation can facilitate the repair of nervous system in
juries, delay the progression of neurodegenerative diseases, and alle
viate neuropathic pain [18,46]. However, technical limitations 
associated with neuronal activation have impeded the advancement of 
this research area. On the other hand, AAV serves as a gene therapy 
vector with high efficiency, low immunogenicity, and tissue specificity, 
and has demonstrated potential for clinical applications in various dis
eases [47,48]. Our study leverages AAV vectors to achieve specific 
neuronal activation, thereby mediating the repair of nerve injury and 
offering a novel perspective for clinical research on these diseases. 
Therefore, future research will need to enhance the performance of AAV 
vectors through multidisciplinary collaboration and technological 
innovation, in order to advance the clinical application of neuronal 
activation.

5. Conclusion

In summary, we have developed a chronic chemogenetic approach to 
activate hM3Dq+ motor neurons following brachial plexus injury, 
thereby accelerating axonal regeneration and promoting functional re
covery. This strategy holds promise as a clinical therapeutic approach 
for treating nervous system injuries.
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