
S-ketamine facilitates motor
function recovery after brachial
plexus root avulsion and
reimplantation in mice
Ronghua Huang1,2†, Bingbiao Lin3†, Lingtai Yu4,5†, Qichen Luo2,
Hongyan Tian2, Chenrui Li1, Naili Wei1, Shaohui Zhuang6,
Jian Chen1* and Yalan Li2,7*
1Department of Neurosurgery, The First Af�liated Hospital of Shantou University Medical College,
Shantou, China, 2Department of Anesthesiology, The First Af�liated Hospital of Jinan University,
Guangzhou, China, 3Department of Radiotherapy, Cancer Hospital of Shantou University Medical
College, Shantou, China, 4Laboratory of Biomaterials and Translational Medicine, Center for
Nanomedicine, Department of Urology, The Third Af�liated Hospital, Sun Yat-sen University,
Guangzhou, China, 5Key Laboratory of CNS Regeneration (Ministry of Education), Guangdong-
Hongkong-Macau CNS Regeneration Institute of Jinan University, Guangzhou, China, 6Department of
Anesthesiology, The First Af�liated Hospital of Shantou University Medical College, Shantou, China,
7Department of Anesthesiology, Guangzhou Concord Cancer Center, Guangzhou, China

Background: Brachial plexus root avulsion (BPRA) often occurs in high-speed
traf�c accidents or shoulder dystocia, resulting in motor dysfunction. S-ketamine,
a clinical anesthetic and antidepressant drug, is an NMDA receptor antagonist that
may be effective against glutamate excitotoxicity after nerve injury. Therefore, we
aimed to elucidate the potential effectiveness of S-ketamine on motor function
recovery after BPRA in mice.

Methods: A mouse model of BPRA and reimplantation was established, and mice
were randomly assigned to either the S-ketamine group or the control group,
receiving a low, subanesthetic dose of S-ketamine or normal saline, respectively.
The restoration of the motor neural circuit—from spinal cord and myocutaneous
nerve to biceps muscle—was evaluated. Fluoro-Gold retrograde tracing was
utilized to assess the connectivity between the central and peripheral nerve
systems. Behavioral tests such as CatWalk, grooming test, and grip strength were
applied to assess motor function recovery. The underlying mechanism was
analyzed by Western blot, and the rescue experiment was assessed via motor
function behavioral tests.

Results: S-ketamine increased motor neuron survival, enhanced central and
peripheral nervous connectivity, promoted axon regeneration and
remyelination, improved the neuromuscular junction integrity, and prevented
muscle atrophy. As a result, motor function recovery was signi�cantly improved,
which was attributed to increased BDNF production via ERK-CREB
phosphorylation. The BDNF receptor antagonist, ANA12, counteracted the
functional recovery induced by S-ketamine.
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Conclusion: S-ketamine increases the BDNF concentration by ERK/CREB
phosphorylation, thereby promoting motor neural circuit repair and facilitating
motor function recovery.
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GRAPHICAL ABSTRACT

Introduction

Brachial plexus root avulsion (BPRA) is a severe form of brachial
plexus injury that typically results from traumatic events such as
high-velocity accidents or shoulder dystocia, with motor traf�c
accidents being the leading cause, particularly in developing
countries (Eggers et al., 2020; Faglioni et al., 2013; Kaijomaa
et al., 2022). BPRA involves the complete detachment of one or
more nerve roots from the spinal cord, leading to signi�cant sensory
and motor de�cits in the affected upper limb. Nerve tissue possesses
limited ability to regenerate following injury, making the functional
recovery of damaged nerves after surgery challenging to accomplish
(Yao et al., 2021; Yao et al., 2024). Moreover, abnormal axonal
regeneration and organization cause neuroma, leading to
hyperpathia or intolerable pain (Yu A.-X. et al., 2023). Currently,
BPRA remains a complex challenge in reconstructive surgery as no
surgical repair technique guarantees the full recovery of motor

function in the hands (Fang et al., 2016; Lundborg and Rosén,
2007). Surgery combined with pharmacological treatment to
improve nerve regeneration may be a novel approach to
overcome the limitations and side effects and, most importantly,
to achieve better outcomes (Hui et al., 2022).

Glutamate excitotoxicity is a pathological process where
excessive glutamate, the primary excitatory neurotransmitter in
the central nervous system (CNS), overstimulates the neurons
and leads to cell injury or death (Lai et al., 2014; Parsons and
Raymond, 2014). This phenomenon often occurs after neuronal
injury, and it is a major contributor to secondary damage in the
CNS. Excessive release of glutamate to the extracellular space
overactivates the glutamate receptors, such as the N-methyl-D-
aspartate receptors (NMDARs), which are permeable to calcium
ions (Ca2+), and their overstimulation results in a massive in�ux of
Ca2+ into the neurons (Parsons and Raymond, 2014). As a result,
elevated intracellular Ca2+ triggers several harmful biochemical
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pathways and eventually causes neuron death and further glutamate
release, creating a detrimental cycle (Hardingham et al., 2002).

The Ca2+ in�ux via the synaptic NMDAR facilitates the
transmission of neuro-electrochemical signals, activating Ca2+-
dependent calmodulin kinases and the Ras-ERK1/2 pathway.
This promotes the activation of the downstream nuclear
transcription factor, cAMP response element-binding protein
(CREB). Activated CREB further enables the transcription and
translation of target proteins such as BDNF, completing the
signal feedback loop (Hardingham and Bading, 2010;
Hardingham et al., 1999; Wu et al., 2001; Wang et al., 2016).
However, extrasynaptic NMDAR activation may cause the
opposite effect, resulting in neuron death (Parsons and Raymond,
2014; Hardingham et al., 2002; Ivanov et al., 2006).

S-ketamine, a glutamate NMDAR antagonist, is the focus of
recent attention due to its novel, fast-acting pharmacotherapies for
depression (McIntyre et al., 2021; Reif et al., 2023; Daly et al., 2019).
The underlying mechanism is that S-ketamine can serve as an
NMDAR modulator and increase the BDNF concentration in the
prefrontal cortex and hippocampus (Aleksandrova and Phillips,
2021; Zanos and Gould, 2018; Kavalali and Monteggia, 2012).
Therefore, we hypothesized that S-ketamine may treat the
glutamate excitotoxicity and promote recovery after BPRA using
a mouse model (Lai et al., 2014).

Materials and methods

Animals

Animal experiments were performed according to the guidelines
that have been approved by the Ethics Committees of Jinan
University, Guangdong, China (approval number: IACUC-
20220121-02). Animals were housed at 23 °C ± 1 °C under a 12-
h dark/light cycle and provided free access to water and food.

BPRA model

Eight-week-old male C57BL6/J mice were used to establish the
BPRA and replantation models, as previously described (Yu L. et al.,
2023). In brief, the longest spine, T2, was used as an anatomical
marker to locate the C5–7 vertebrae. Following unilateral
hemilaminectomy, the right C5–7 dorsal and ventral roots were
surgically removed. To imitate clinical surgery treatment, the
C6 root was reimplanted into its original location. Mice were
kept on a warm pad to maintain their body temperature until
they woke up.

Treatment

Model mice were randomly divided into the S-ketamine group
or the control group, receiving intraperitoneal injection of
S-ketamine or an equal volume of saline, respectively, for seven
consecutive days after BPRA. In the second set of designs,
mice were randomly divided into the following four groups and
received the corresponding treatment: control (saline), S-ketamine

(10 mg/kg), ANA12 (0.5 mg/kg), and EA (0.5 mg/kg ANA12 +
10 mg/kg S-ketamine).

Behavioral tests

Grooming tests
Water was sprayed on the faces of the mice. A video camera was

used to record the movements of the forelimbs for �ve consecutive
5 minutes. The grooming score of the right forelimb was evaluated
according to the following criteria: 0, no movement; 1, shaking but
not reaching the chin; 2, reaching the chin but not the cheek; 3,
reaching the cheek but not beyond the right eye; 4, reaching the right
eye but not beyond the right ear; and 5, reaching the right ear.

Grip strength tests
The strength of the right forelimb was assessed using a grip

strength meter (NO47200; Ugo Basile; Italy). Mice underwent �ve
testing sessions, with a 10-min interval between each.

CatWalk
Mice were placed in an enclosed glass walkway, and a camera

was positioned 40 cm behind the walkway to record the footprints.
Runs from one side to the other side within 10 s without climbing
were de�ned as completed runs. Data from the completed runs, such
as the velocity, print area, stride length, and swing speed, were
analyzed using Noldus Software (Netherlands).

Histology and immuno�uorescence

Spine and biceps muscles were dissected after transcardial
perfusion of PBS and 4% paraformaldehyde (4% PFA) of the
mice. Samples were post-�xed in 4% PFA overnight and then
dehydrated in 10%, 20%, and 30% sucrose, after which they were
cut by a cryostat microtome (Thermo Fisher Scienti�c) into
30 �m/slice.

After being blocked with 3% bovine serum albumin and 10%
donkey serum in 0.3% PBST for 2 h, the slices were incubated
overnight with the primary antibody at 4 °C. After being washed
with PBS three times the next day, slices were incubated with
secondary antibody for 2 h at room temperature. The antibodies
used in this study included anti-ChAT (Sigma, AB144P), anti-Iba1
(Wako, 019-19741), anti-GFAP (Abcam, 4674), anti-NF200 (Sigma,
N0142), �-Bungarotoxin, Alexa Fluor 594 conjugate (Invitrogen,
B13422), Alexa Fluor 488 Donkey Anti-Chicken (Jackson, 112117),
Alexa Fluor 647 Donkey anti-Rabbit (Invitrogen, A-31573), Alexa
Fluor 647 Donkey anti-mouse (Invitrogen, A-31571), and Alexa
Fluor 647 Donkey anti-goat (Invitrogen A-11058).

Western blot

Proteins were extracted using RIPA lysis buffer (Beyotime,
P0013B) with protease and phosphatase inhibitor cocktail
(Beyotime, P1045) on ice, homogenized via ultrasonication, and
centrifuged at 12,000 × g for 15 min at 4 °C. The supernatant was
quanti�ed using a BCA assay kit (Beyotime, P0012). Samples were
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FIGURE 1
S-ketamine ameliorates reactive astrocyte and microglial activation on the injured side of the spinal cord. (A) Immuno�uorescence of the GFAP-
labeled astrocytes of the spinal cord in the control and S-ketamine groups. (B) Quanti�cation of cell densities of GFAP-labeled astrocytes. (C, D) GFAP
protein expression via Western blotting and quanti�cation of the blots. (E, F) Cell density and proliferative rate of microglia in the spinal cords on dpi7. (G,
H) Cell density and proliferative rate of microglia in the spinal cords on dpi56. (I, J) Immuno�uorescence of microglia on dpi7 and dpi56, respectively.
The statistics are shown as the mean ± SEM. ***p < 0.001, **p < 0.01, and *p < 0.05. ns, non-signi�cant; dpi, days post-injury; Ctrl, control;
S-k, S-ketamine.
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then subjected to 8%–12% SDS-PAGE gel (Beyotime, P0012A) and
transferred to polyvinylidene �uoride (PVDF) membranes (Merck
Millipore). Membranes were blocked with 5% BSA in 0.1% TBST
(TBS with 0.1% Tween 20) for 2 h at room temperature and then
incubated with the primary antibodies overnight at 4 °C. After
washes in 0.1% TBST, the membranes were incubated with
secondary antibodies for 2 h at room temperature. The blots
were visualized using a ChemiDoc Touch Imaging System (Bio-
Rad) and quanti�ed using ImageJ.exe. The antibodies used included
CREB (PTM5595), p-CREB (Santa Cruz sc-81486), ERK (CST
4695), p-ERK (CST 4370), BDNF (Abcam 108319), HRP goat
anti-rabbit (1:5000, Abcam, ab6721), and HRP goat anti-mouse
(1:5,000, Abcam, ab6789).

Electron microscopy

Myocutaneous nerves at 8 weeks after BPRA were prepared for
electron microscopy (EM) studies. Brie�y, animals were perfused
with 2.5% glutaraldehyde (Sigma) plus 2% paraformaldehyde, and
then 2-mm distal myocutaneous nerves were collected for post-
�xation at 4°C overnight. Samples were cut into semi-thin sections
and ultrathin sections. Semi-thin (500 nm) transverse sections were
captured under a ×63 oil objective. For ultrastructural analysis, 50-
nm ultrathin sections were prepared and captured
in ×3,000 and ×12,000 objectives using a Philips
400 transmission electron microscope. The number of different-
sized axons and G-ratio (the inner/outer diameter of the myelin
sheath) were measured using ImageJ.

Retrograde tracing

On the 53rd day post injury (dpi53), bilateral myocutaneous
nerves were injected with 1 �L 6% Fluoro-Gold using a Hamilton
microsyringe. C5–7 spinal segments were dissected after 3 days and
cut into 30-�m sections. Fluoro-Gold-labeled neurons were
captured using a Zeiss microscope.

Statistical analysis

The data are presented as the mean ± SEM. After con�rming the
homogeneity of variance with Levene’s test, intergroup comparisons
were performed using two-tailed unpaired Student’s t-tests in
GraphPad Prism (version 8.0.1). P < 0.05 was regarded as signi�cant.

Results

1. S-ketamine ameliorates the reactive astrocyte and microglial
activation on the injured side of the spinal cord.

In response to central nervous system injury, astrocytes become
activated and proliferative, which is known as reactive astrogliosis.
Immuno�uorescence and Western blotting were utilized to assess
the extent of damage after BPRA. The results showed that astrocytes
on the injured side of the spinal cord were signi�cantly activated,

and the number was dramatically increased (Figures 1A, B), along
with the elevated GFAP protein expression compared to that on the
intact side (Figures 1C, D). However, treatment with S-ketamine
effectively reduced reactive astrogliosis, as evidenced by a decrease in
both the astrocyte number and GFAP protein expression compared
to that in the control group.

As the resident immune cells in the CNS, microglia exhibited
amoeboid morphological changes after injury. Moreover,
overactivated microglia can lead to an increase in neurotoxic
astrocytes, further exacerbating neuronal death. In the acute
phase (dpi 7), microglia density on the intact side of the two
groups was 254.6 ± 7.9 cells/mm2 and 225.0 ± 21.8 cells/mm2,
respectively, without signi�cant difference (Figures 1E, I). On the
contrary, both groups exhibited signi�cant microglial activation on
the injured side, with densities increasing by 1.7 ± 0.2 times and 1.5 ±
0.2 times compared to that on the intact side (Figure 1F).
Nevertheless, S-ketamine treatment led to a signi�cant reduction
in microglial cell density on the injured side compared to that in the
control group (553.6 ± 19.4 cells/mm2 vs. 675.4 ± 39.7 cells/mm2, p =
0.03) (Figures 1E, I). These �ndings indicate that S-ketamine could
alleviate the overactivation of microglia after BPRA.

In the chronic recovery phase (dpi 56), both groups of mice still
exhibited a certain level of microglial activation on the injured side
compared to the intact side, but the activation gradually returned to
baseline levels. The S-ketamine-treated group showed better
recovery in microglial activation than the control group
(microglial proliferation rate: 0.764 ± 0.083 vs. 1.074 ± 0.074, p =
0.02) (Figure 1H). Additionally, there was a signi�cant difference in
microglial density on the injured side between the two groups, with
the treatment group showing a marked reduction in spinal cord
microglia compared to the control group (247.6 ± 9.3 cells/mm2 vs.
307.2 ± 22.0 cells/mm2, p = 0.03) (Figures 1G, J). These �ndings
indicate that S-ketamine suppressed the overactivation of microglia.

2. S-ketamine increases the motor neuron survival.

Nerve root injury may cause motor neuron death of the
corresponding segmented spinal cord. During the acute phase,
the motor neurons became swollen, and most underwent death,
though S-ketamine treatment effectively reduced neuron death
(0.637 ± 0.036 vs. 0.380 ± 0.025, p < 0.01) (Figures 2A, E). Only
one-third of the motor neurons in the control group survived
8 weeks after the model surgery, whereas nearly half survived in
the S-ketamine group (0.508 ± 0.035 vs. 0.302 ± 0.025, p < 0.01)
(Figures 2B, F). S-ketamine signi�cantly ameliorates neuron death in
the acute phase, thereby increasing the survival rate of motor
neurons in the long-term period.

3. S-ketamine promotes axon regeneration and remyelination.

Surviving neurons possess a certain capacity for axon
regeneration; therefore, Fluoro-Gold retrograde tracing was
utilized. Three days after bilateral myocutaneous nerve injection
of Fluoro-Gold in dpi53 (Figure 2C), we found Fluoro-Gold-labeled
motor neurons in the C5–7 spinal cord, especially on the intact side,
without signi�cant difference between the two groups (S-ketamine
group 24.5 ± 4.7 cells/section vs. control group 23.8 ± 2.5 cells/
section, p = 0.904) (Figures 2D, G). Meanwhile, on the injured side,
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FIGURE 2
S-ketamine elevates motor neuron survival and strengthens the connectivity between the central and peripheral nerves. (A, B) Immuno�uorescence
of motor neuron on dpi7 and dpi56, respectively. (C) Protocol of Fluoro-Gold retrograded experiment. (D) Fluoro-Gold-labeled neurons in the spinal
cords. (E, F) Survival rate of motor neurons compared to the intact sides of the two groups on dpi7 and dpi56, respectively. (G) Quanti�cation of Fluoro-
Gold-labeled neurons. The statistics are shown as the mean ± SEM. **p < 0.01 and *p < 0.05. dpi, days post-injury.
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few Fluoro-Gold-labeled motor neurons were found, but
signi�cantly more were found in the S-ketamine-treated group
than in the control group (4.8 ± 0.4 cells/section vs. 3.1 ±
0.2 cells/section, p = 0.01) (Figures 2D, G).

Despite axon regeneration, the number of inner axons and
remyelination are crucial for nerve innervation. Semi-thin
sections showed that the myocutaneous nerve became
dramatically atrophied after BPRA, which was reversed by
S-ketamine to some extent (Figure 3A). On one hand, the neural
diameter was 218.0 ± 12.3 �m in the sham group but 142.4 ± 2.7 �m
in the control group; fortunately, the diameter in the S-ketamine

group was slighter larger (155.2 ± 2.5 �m, p < 0.05) (Figure 3B). On
the other hand, the total axon number inside the myocutaneous
nerve was sharply reduced after BPRA although there is a trend that
more axons were found in the S-ketamine group than in the control
group (385 ± 71/section vs. 335 ± 62/section) (Figure 3C). In
addition, we counted the number of axons with different
diameters (Figure 3D). The diameter of all the axons in the sham
group was larger than 1 �m, and most of the axon diameters were
2–3 �m. On the contrary, most of the axon diameters in the control
and S-ketamine groups were smaller than 1 �m. However, in
diameter ranges greater than 1 �m, the number of axons was

FIGURE 3
S-ketamine promotes axon regeneration and remyelination. (A) Morphology of myocutaneous nerve and internal axons. (B) Neural diameter. (C)
Axon number per section. (D) Internal and external diameter and thickness of the myelin sheath. (E) Morphology of myelin sheath via electron
microscopy. (F) Number of axons in different ranges of the diameter. (G) G-ratio of the myelin sheath. *** and ###, p < 0.001; ** and ##, p < 0.01; and * and
#, p < 0.05. ns, non-signi�cant.
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FIGURE 4
S-ketamine reverses muscle atrophy and preserves NMJ integrity. (A) Representative photographs of biceps muscles. (B) Weight of the biceps. (C)
Ratio of the ipsilateral muscle weight to that of the contralateral sides. (D) De�nition of the fully and partially occupied NMJs. (E) Immuno�uorescence of
NF200 and �-BT-labeled NMJs inside the biceps on the injured sides. (F) Number of different types of NMJs. (G) FT ratio (fully occupied NMJs to total-
occupied NMJs) and FA ratio (fully occupied NMJs to all NMJs) of the two groups. NMJ, neuromuscular junction. *p < 0.05.
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greater in the S-ketamine group than in the control group, especially
with signi�cance in the 3–4 �m range.

Ultrathin sections revealed the remyelination of the
regenerated axon (Figure 3E). Compared to that of the sham
group, both the inner and outer diameters of the nerve �ber
and myelin thickness were signi�cantly thinner after BPRA.
Meanwhile, the inner diameter, which revealed the axon
diameter, was remarkably larger in the S-ketamine group than
in the control group (3.523 ± 0.154 �m vs. 2.701 ± 0.244 �m, p <
0.05) (Figure 3F). Referring to the ef�ciency of nerve conduction,

the G-ratio of the myocutaneous nerve in the sham group was
0.762 ± 0.006, which is similar to other researchers’ reports (Duval
et al., 2017; Benninger et al., 2006). A signi�cant reduction in the
G-ratio was found after BPRA (control: 0.649 ± 0.008, p < 0.001;
S-ketamine: 0.694 ± 0.008, p < 0.01), though the G-ratio of the
nerve in the S-ketamine group was closer to that of the sham group
(p < 0.05) (Figure 3G).

4. S-ketamine reversed biceps atrophy and improved
neuromuscular junction (NMJ) morphology.

FIGURE 5
S-ketamine promotes motor function recovery after BPRA and reimplantation in mice. (A) Weekly grooming test score. (B) 3D representation of
footprint intensity charts. (C– F) Quanti�cation of the stride length, swing speed, print area, print length, and print width of the injured sides between the
two groups. (G) Footprint of the mice in the control and S-ketamine groups on dpi56. (H) Peak force of the forelimbs. (I) Ratio of the peak force of the
injured forelimb to that of the intact side. **p < 0.01 and *p < 0.05.
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FIGURE 6
S-ketamine elevates the BDNF concentration by reversing ERK/CREB phosphorylation. (A, B) Western blot of BDNF, p-ERK, ERK, p-CREB, CREB,
tubulin, and quanti�cation of the blots. (C) Weekly grooming test scores of the mice in each group. (D– G) Quanti�cation of the stride length, swing speed,
print area, print length, and print width of the injured side in each group. (H) Footprints of the mice in each group on dpi56. (I) Peak force of the forelimbs
in each group. (J) Ratio of the peak force of the injured forelimb to that of the intact side in each group. **, p < 0.01 and * and #, p < 0.05. Ctrl, control;
S-k, S-ketamine.
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Without nerve innervation after BPRA, the biceps on the injured
side became atrophied, as the wet weight was much lower than that
of the intact side. S-ketamine treatment elevated the wet weight of
the biceps and reduced the atrophy degree (R/L ratio of biceps
weight: control 0.81 ± 0.00 vs. S-ketamine 0.93 ± 0.00, p = 0.025)
(Figures 4A–C).

Furthermore, NMJs were labeled using NF200 (nerve marker)
and �-BT (motor end-plate (MEP) marker). According to the
innervation degree of NF200, all MEPs were classi�ed as fully
occupied, partially occupied, and non-occupied MEPs
(Figure 4D). Figure 4E revealed more integrated NMJs in the
S-ketamine group, and different types of MEPs were quanti�ed
(Figure 4F). In addition, total-occupied MEPs were de�ned as both
fully and partially occupied MEPs, and the total number included all
types of MEPs. There is a trend that more fully-occupied MEPs were
found in the S-ketamine group. Moreover, the FT ratio (fully-
occupied/total-occupied MEPs) (0.609 ± 0.053 vs. 0.413 ± 0.026,
p < 0.01) and the FA ratio (fully-occupied/all MEPs) (0.449 ±
0.087 vs. 0.235 ± 0.031, p = 0.03) were higher in the S-ketamine
group than in the control group (Figure 4G).

5. S-ketamine facilitates the function of the biceps after
BPRA in mice.

The grooming test was used to assess the functional recovery of
the elbow �exion (Figure 5A). Previous studies have shown that the
grooming scores of mice can reach more than two points after
BPRA. In our study, both groups of mice exhibited increasing scores
after BPRA and reimplantation, reaching a plateau at 7 weeks post-
injury. The grooming score in the control group was 2.167 ±
0.307 points at dpi49. In contrast, the S-ketamine treatment
group showed a signi�cantly higher grooming score of 3.333 ±
0.211 points (p = 0.011). Furthermore, starting from week 3 post-
injury, the treatment group consistently demonstrated signi�cantly
higher grooming scores than the control group.

In addition, CatWalk recording was performed to analyze
spontaneous movement (Figure 5G). The palm and �nger prints
of the left intact forepaws were clearly identi�ed in both groups,
as shown in the three-dimensional (3D) footprint intensity
charts (Figure 5B). The prints of the forepaws in the control
group were not as easily recognized as those in the S-ketamine
group. In addition, the stride length was signi�cantly shorter and
the swing speed was markedly slower in the control group than
those in the S-ketamine group, whereas the print length, print
width, and print area showed no signi�cant differences
(Figures 5C–F).

Finally, we utilized the grip strength test to validate the
comprehensive ability of the injured forelimb on days 7, 14, 28,
and 56 post-injury. A sharp reduction in strength was found on the
injured sides compared to the intact sides. Fortunately, mice in the
S-ketamine group showed higher strength than those in the control
group on dpi56 (35.767 ± 3.087 g vs. 28.111 ± 1.935 g, p = 0.049)
(Figure 5H). Consistently, the right-side peak force over the left-side
ratio was much greater in the S-ketamine group (0.493 ± 0.031 vs.
0.413 ± 0.014, p = 0.03) (Figure 5I).

6. S-ketamine increases the BDNF concentration by reversing
ERK/CREB phosphorylation.

The reactive increase in BDNF is one of the neuronal self-rescue
mechanisms after injury. As expected, the BDNF concentration was
much higher on the injured sides of the spine than on the intact
sides, and S-ketamine further elevated the BDNF concentration of
the injured side (Figure 6A).

Extrasynaptic NMDAR activation may silence ERK/CREB
signaling. We found that ERK/CREB phosphorylation was
inhibited in the injured spinal cord. However, S-ketamine
reversed ERK/CREB phosphorylation, which signi�cantly
supported neuron survival (Figures 6A, B).

To validate the role of BDNF in S-ketamine’s effect on neuronal
injury, we used ANA12, the antagonist of the BDNF receptor TrkB.
As shown in Figures 6C–J, ANA12 counteracted the motor function
recovery using S-ketamine alone. The grooming score and grip
strength in the S–A group were reduced compared to those in the
S-ketamine group. Moreover, the stride length was signi�cantly
shorter and the swing speed was markedly slower in the S–A group.

Discussion

In this experiment, we used a mouse model to mitigate brachial
plexus root avulsion and reimplantation after injury, and mice
successfully displayed abnormalities in the affected limbs. Motor
function showed little recovery after reimplantation in the control
group. With S-ketamine administration, behavioral de�cits
observed in the grooming test, grip strength, and CatWalk
analysis were improved compared to those in the control
group. We further validated that this effect was due to the
elevation of the BDNF concentration mediated by ERK/CREB
phosphorylation. To our knowledge, the effect of S-ketamine on
BPRA injury is an innovative �nding.

Nerve regeneration after trauma is a complex biological process
in�uenced by various biological and environmental factors,
including nerve cell survival, the rate of axonal regeneration, the
integrity of the NMJ, the degree of de-innervation and muscle
atrophy, the patient’s age, and adherence to rehabilitation
(Lundborg and Rosén, 2007). The motor function recovery relies
on the restoration of the motor neural circuit’s integrity, for which
neuron survival serves as the cornerstone. Interventions capable of
boosting neuro-restorative processes and adaptive neuroplasticity
play a pivotal role in long-term disability prevention and functional
recovery enhancement (Pisarchik et al., 2024). Previous studies
revealed that the motor neuron survival range was approximately
30%–35% after BPRA and reimplantation (Guo et al., 2019; Chen
et al., 2019; Tang et al., 2019), similar to our result in the control
group (30.2%). However, S-ketamine signi�cantly elevated neuron
survival to 50.8%, probably due to the relief of astrocyte and
microglia overactivation. Moreover, axon regeneration and
remyelination were promoted with S-ketamine administration as
the myocutaneous nerve was appeared thicker and contained more
axons than in the control group, especially in the 2–3 �m axon range,
and the G-ratio of the myelin was closer to the normal value. In
addition, Fluoro-Gold retrograde tracing revealed that more Fluoro-
Gold-labeled motor neurons were found in the S-ketamine group,
indicating the tighter connectivity between the central and
peripheral nervous systems. Finally, with nerve reinnervation,
muscle atrophy was alleviated and the neuromuscular junctions
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were improved. On the whole, S-ketamine treatment achieved the
structural enhancement of the motor neural circuit after BPRA in
mice. As a result, mice in the S-ketamine group behaved better in the
grooming test, CatWalk, and grip strength test.

The importance of ERK/CREB signaling via synaptic NMDARs
is well-known for neuron survival and signal transduction under
physical conditions, but it was silenced under pathological
conditions due to the activation of extrasynaptic NMDARs at the
same time (Parsons and Raymond, 2014; Hardingham et al., 2002).
We demonstrated a reduction in ERK/CREB phosphorylation after
BPRA in the control group and a reversal of this effect in the
S-ketamine group.

Previous studies found that BDNF is a key element in neural repair
after injury. In a rat facial nerve axotomy model, the transcription and
translation levels of BDNF and its receptor TrkB signi�cantly increased
immediately after injury. BDNF expression levels increased several-fold
within 24 h and reached the peak within 5–7 days after injury
(Kobayashi et al., 2006). In addition, in a unilateral ventral funiculus
cut rat model, the mesenchymal stem cells can increase the expression
of BDNF at the injury site, thereby enhancing neuronal survival and
promoting axonal regeneration, along with alleviating the excessive
activation of astrocytes, with more pronounced effects on long-term
neurological recovery (Spejo et al., 2018). In addition, the injection of
the TNF�/TNF receptor-binding inhibitor R7050 can enhance ganglion
cell survival by increasing BDNF levels, but its effect is still inferior to
that of BDNF injected alone in the optic nerve injury model (Lucas-Ruiz
et al., 2019). Finally, BDNF secretion could in�uence the effect of the
therapeutic electrical stimulation for sciatic nerve transection and repair
in rats (Kennedy et al., 2025). It is evident that BDNF is a key factor in
neuronal survival, axonal regeneration, and the recovery of neurological
function, playing a crucial role in the repair of the nervous system after
injury. To verify that BDNF is a key factor in S-ketamine treatment of
BPRA injury, we utilized ANA12, the antagonist of the BDNF receptor
TrkB. Our results show that ANA12 counteracted the motor function
recovery of S-ketamine treatment alone. The above evidence proves that
BDNF plays an irreplaceable role in S-ketamine’s effect on BPRA injury.

Ketamine is a racemic mixture composed of (S)-ketamine
(S-ketamine) and (R)-ketamine, while S-ketamine is the right-
handed enantiomer. Ketamine is regarded as an immunomodulator
due to its anti-in�ammatory effects. A single subanesthetic dose of
ketamine injection could effectively reduce the in�ammatory factor
level after surgery (Beilin et al., 2007). Ketamine can inhibit the
production of pro-in�ammatory cytokines induced by immune
responses, such as nuclear factor kappa B (NF-�B), tumor necrosis
factor alpha (TNF�), interleukin-6 (IL6), C-reactive protein, and nitric
oxide synthase (iNOS) (Beilin et al., 2007; Larsen et al., 1998; Kawasaki
et al., 1999; Kawasaki et al., 2001; Lankveld et al., 2005; Yang et al.,
2005). In addition, ketamine was reported as a neuroprotector. NMDA
receptor antagonists, such as MK-801, CQNX, and ketamine, can
inhibit the increase in nitric oxide-dependent cyclic guanosine
monophosphate (c-GMP) levels in rat cortical neurons induced by
glutamate or glutamate analogs (Gonzales et al., 1995). Both racemic
ketamine and S-ketamine can enhance the survival rates of neurons
exposed to glutamate and those subjected to axonal transection injury,
with S-ketamine also promoting axonal regeneration (Himmelseher
et al., 1996). Further studies have shown that S-ketamine offers greater
protective effects against glutamate exposure than racemic ketamine,
primarily due to its ability to alleviate the dramatic decline in

growth-associated protein-43 (GAP-43) and synaptosomal-associated
protein 25 (SNAP-25) levels (Himmelseher et al., 2000). S-ketamine can
increase hemoglobin oxygen saturation in cortical neurons, thereby
reducing neuronal death after ischemic stroke in a rat model
(Proescholdt et al., 2001). Additionally, S-ketamine exerts
neuroprotective effects in rats with spinal cord injury (SCI) by
lowering the level of subacute lipid peroxidation (LPO) (Kose et al.,
2012). In our experiment, we have con�rmed the protective effect of
S-ketamine on spinal cord neurons after BPRA, mainly via the increase
in the BDNF concentration.

S-ketamine, an anesthetic and psychoactive drug, is frequently
associated with adverse effects such as headache, dissociation, and
nausea in clinical use (Singh et al., 2016). However, there are no
criteria to assess such symptoms in mice. Therefore, clinical human
research studies focusing on the adverse effects of subanesthetic use
of S-ketamine are needed in the future. Moreover, we have not paid
attention to whether the mice exhibited head-nodding behaviors
similar to those observed after ketamine abuse. Finally, the effective
and safe range of a subanesthetic dose of S-ketamine on neural
protection has not yet been investigated. Therefore, further
considerate work is required in the future.

Conclusion

S-ketamine increases the BDNF concentration by reversing
ERK/CREB phosphorylation; therefore, it promotes motor neural
circuit repair and facilitates motor function recovery.
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