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Background: Gigantocellular reticular nucleus (GRNs) executes a vital role in locomotor recovery after spinal cord injury. However,
due to its unique anatomical location deep within the brainstem, intervening in GRNs for spinal cord injury research is challenging. To
address this problem, this study adopted an extracorporeal magnetic stimulation system to observe the effects of selective magnetic
stimulation of GRNs with iron oxide nanoparticles combined treadmill training on locomotor recovery after spinal cord injury, and
explored the possible mechanisms.

Methods: Superparamagnetic iron oxide (SPIO) nanoparticles were stereotactically injected into bilateral GRNs of mice with
moderate T10 spinal cord contusion. Eight-week selective magnetic stimulation produced by extracorporeal magnetic stimulation
system (MSS) combined with treadmill training was adopted for the animals from one week after surgery. Locomotor function of mice
was evaluated by the Basso Mouse Scale, Grid-walking test and Treadscan analysis. Brain MRI, anterograde virus tracer and
immunofluorescence staining were applied to observe the tissue compatibility of SPIO in GRNs, trace GRNs’ projections and evaluate
neurotransmitters’ expression in spinal cord respectively. Motor-evoked potentials and H reflex were collected for assessing the
integrity of cortical spinal tract and the excitation of motor neurons in anterior horn.

Results: (1) SPIO persisted in GRNs for a minimum of 24 weeks without inducing apoptosis of GRN cells, and degraded slowly over
time. (2) MSS-enabled treadmill training dramatically improved locomotor performances of injured mice, and promoted cortico-reticulo-
spinal circuit reorganization. (3) MSS-enabled treadmill training took superimposed roles through both activating GRNs to drive more
projections of GRNs across lesion site and rebalancing neurotransmitters’ expression in anterior horn of lumbar spinal cord.
Conclusion: These results indicate that selective MSS intervention of GRNs potentially serves as an innovative strategy to promote
more spared fibers of GRNs across lesion site and rebalance neurotransmitters’ expression after spinal cord injury, paving the way for
the structural remodeling of neural systems collaborating with exercise training, thus ultimately contributing to the reconstruction of
cortico-reticulo-spinal circuit.
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Graphical Abstract
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Introduction

Spinal cord injury (SCI) is a life-altering event, characterized by the disruption of descending fibers between the brain
and spinal cord, resulting in loss of supraspinal control over the lumbar spinal locomotor center. This often leads to
lifelong impairment or paralysis due to the limited capacity of the central nervous system for self-repair and the narrow
options for effective treatment.

Most patients experience anatomically incomplete SCI, leaving some spared or surviving fibers detectable by
anatomical,! imaging® and electrophysiological® tools. However, approximately half of these patients suffer
complete loss of muscle control and sensation below the injury level, indicating that the spared connections are
inactive.* The gigantocellular reticular nucleus (GRNSs) is the origin site of most spared reticulospinal projections
following SCI according to evidence from retrograde tracer techniques,® which relays the output from its
upstream target, the mesencephalic locomotor region (MLR), to the spinal cord.”® GRNs were confirmed to
target ventral spinal laminae in which rhythm- and pattern-generating interneurons reside, and enough to elicit
locomotor behavior upon optogenetic activation.’ In addition to shaping locomotor patterns and rhythms in freely
behaving mice,'”'" GRNs also play a central role in locomotor recovery after spinal cord contusion in rodents,®'*
primates and human patients.'*'* GRNs’ projections mediated the volitional modulation from motor cortex to
spinal cord Vsx2:HoxalO neurons identified by optogenetic single-unit recordings, laying the foundation for
volitional locomotion recovery.'’

Lumbar executive centers that often maintain anatomical integrity can be targeted to induce stepping movement by
electrostimulation,'®!” because of their typically distal location from the lesion site. Nevertheless, surviving fibers alone
are unable to elicit volitional movements in severe spinal cord injuries and contribute to limited amelioration in moderate
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injuries. The reason why those spared descending fibers cannot improve the locomotion further can be explained by
excitatory inhibition of uncontrolled lumbar executive centers due to breakage of descending fibers, and conduction
failure of spared fibers.”'® Thus, how to activate the dormant GRNs’ descending fibers to promote the recovery of motor
function after SCI becomes the problem is what we wanted to explore.

The extracorporeal magnetic stimulation system (MSS),'? a novel neuromodulation technique, consists of targeted
delivery of superparamagnetic iron oxide (SPIO) nanoparticles and an extracorporeal magnetic field designed to activate
the specific regions containing SPIO nanoparticles. This differs from repetitive transcranial magnetic stimulation (rTMS)
therapy, which has demonstrated limited focus and depth of targeted regions.?’ SPIO nanoparticles have shown benign
histocompatibility and can be utilized for neuromodulation.?! Convincing evidence has been provided to support the
effectiveness of MSS. For example, depressive-like symptoms were rapidly improved by MSS activating the left

prelimbic cortex in depressed mice,"”

and locomotor defects were alleviated by MSS stimulating the striatum in
Parkinson’s disease rats,”* even in rats with spinal cord transection.*®

For most of SCI patients, exercise training, such as weight-supported treadmill training, robot-supported training, and
elliptical training,”* remains the most common and accessible options for triggering and maintaining lumbar spinal cord
(LSC) excitability that is required for functional recovery. Treadmill training has been scientifically demonstrated to
enhance spinal cord excitability and facilitate the recovery of motor function following SCI in both clinical and animal
studies.””?” Furthermore, evidence suggests that combining treadmill training with neuromodulation techniques can

. 28,29 1
yield even more favorable outcomes,**: 303

as observed in our groups’ previous findings.

Since most surviving or spared fibers originate from the GRNs,” we hypothesized that stimulating GRNs with MSS
could improve the efficiency of the spared fibers and connections within the LSC, enhancing locomotor functional
recovery. Moreover, MSS-enabled treadmill training can further amplify the functional capacity of spared fibers, leading
to even greater improvements in locomotion. Thus, we confirmed the stability and safety of SPIO nanoparticles in GRNs
first. Depending on intervention of MSS-enabled treadmill training, we next investigated the effect of the intervention
and possible mechanisms. Results indicated that selective MSS intervention of GRNs promote more spared fibers of
GRNSs across lesion site and rebalance neurotransmitters’ expression after spinal cord injury, which paved the way for the
structural remodeling of neural systems collaborating with exercise training, thus ultimately contributing to the recon-
struction of cortico-reticulo-spinal circuit.

Materials and Methods

Animals

All experimental procedures were approved by the Animal Ethics Committee of Nanjing Medical University (license No.
TACUC-2211044) and were conducted under the committee’s guidelines. Experiments were performed on adult female
C57BL/6 mice (20-22 g body weight, 8-9 weeks of age) housed at 25 + 2 °C under a 12 h light/dark cycle. Mice were
held five per cage with free access to food and water ad libitum. The entire experiment was divided into two parts,
following the principle of using an optimal number of animals (experimental design shown in Figure 1A-C).

Spinal Cord Contusion Injury and Post-Surgical Animal Care

Before surgery, mice were fasted for 12 hours. The procedure of spinal cord contusion injury was performed by
Louisville Injury System Apparatus (LISA) impactor (Louisville, KY, 014403), as described previously.>* Briefly,
under aseptic conditions and general anesthesia with isoflurane (5% induction, 1-2% maintenance), spinal cord was
exposed at T9-T10 vertebral level, with the spinal column stabilized before laminectomy. Tissue displacements were
controlled at 0.5 mm by impact tip monitored by the laser beam, driving by the pressure of the nitrogen tank at 124 kPa.
After impact, the spinal cord rapidly developed edema and congestion. Following the muscle-skin suture, the mice were
given 1 mL of 0.9% saline subcutaneously, 100 mg/kg ampicillin intraperitoneally to prevent postoperative infection, and
subcutaneous injection of carprofen 5 mg/kg to reduce pain. Ampicillin (100 mg/kg) and carprofen (5 mg/kg) were
provided for 5 and 3 d after surgery, respectively. Manual urination was performed after surgery at least twice per day
until the ability of autonomous micturition recovered.

International Journal of Nanomedicine 2024:19 hetps: 7475
Dove:


https://www.dovepress.com
https://www.dovepress.com

Li et al

Dove
A
MSS simulation Treadmill training
\ \
[ | :
GRNs
B SCI: spinal cord injury (n=10)
T.o obser\{ e the SCI+MSS (-) : spinal cord injury with only injection of SPIO nanoparticles (n=10)
existence time of
SPIO SCI+MSS (+) : spinal cord injury with injection of SPIO nanoparticles in GRNs
and extracorporeal magnetic field intervention (n=10)
Groups '< ~ Sham: laminectomy without spinal cord injury(n=10)
To compare the SCI : spinal cord injury (n=10)
behav1qral, . SCI+MSS (-) : spinal cord injury with only injection of SPIO nanoparticles (n=10)
\_ e¢lectrophysiological
and morphological _< SCI+MSS (+) : spinal cord injury with injection of SPIO nanoparticles in GRNs
changes among all and extracorporeal magnetic field intervention (n=10)
groups
SCI+Tr: spinal cord injury with treadmill training (n=10)
\- SCI+ MSS(+) +Tr: spinal cord injury with MSS-enabled treadmill training (n=10)
C
MSS stimulation/Treadmill training
TI0  SPIO | 1
Aclimmation contusion injection Virus injection Sacrifice
Four mice were used for
I I I I l I l I l I l I long-term observation of SPIO I
2W DO D5 1W 2W 3W 4w S5W 6W TW 8W oW 24W
* * * * * * * * * *
[ L 2 [ [ L J [ [ L 2 L 2 ( 2
o ®
L 4 4
(] [ J
* BMS ® Weight @ Grid-walking @ Treadscan analysis @ Motor evoked potential and H reflex MRI

Figure | Experimental Design. (A) Schematic diagram of the experimental procedure. After injecting SPIO into the GRNs region, mice in SCI+MSS (+) group would be
subjected to extracorporeal magnetic field intervention, and mice in SCI+MSS (+) +Tr group would undergo treadmill training immediately after receiving external magnetic
field intervention. (B) Experimental groups. (C) A timeline of the entire experiment, including the time points of different interventions and related evaluations.

Brain Injection

Delivery of SPIO nanoparticles into the GRNs was performed on the fifth day after SCI. The SPIO nanoparticles were
polyglucose sorbitol carboxymethylether (PSC)-coated y-Fe203 nanoparticles (trade name: Ferumoxytol), manufactured
by Zhengda Tianqing Pharmaceutical Enterprise (China) and approved by the Chinese FDA for clinical use. After
successful anesthesia, the mice were immobilized on a stereotaxic apparatus, with exposure of injection site by
craniotomy. The injection location of GRNs for mice was anteroposterior (AP): —6.5 mm, mediolateral (ML):
+0.3 mm, dorsoventral (DV): —6.1 mm. 1 pL (2 pg/uL) SPIO nanoparticles were bilaterally injected in GRNs (1 ug
per site) using machine-stringed capillary (WPI, 504949, inner diameter=20 um) with 50 nl/min-controlled by Langer
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Figure 2 Injection site of GRNs in the brainstem and its projection patterns in the spinal cord. (A) rAAV anterograde tracing virus (rAAV-hSyn-EGFP-WPRE-hGH pA) was
bilaterally injected at GRNs in the brainstem according to anatomical localization, resulting in neuronal cell bodies expressing green fluorescence at the injection site. (B)
Projections of GRNs tracing along the sagittal plane of the thoracolumbar spinal cord, as shown by green fluorescence. (C) Projections of GRNs distributed in the coronal
plane of the lumbar spinal cord, represented by the green fluorescence image on the left side and the grayscale image on the right side. Bar=1000 pm.

Abbreviations: R, rostral. C, caudal; D, dorsal; V, ventral.

microinjection pump (Longer, TJ-2A, China). The capillary was maintained in place for 10 min before slow retraction to
prevent reversal of the liquid.

An anterograde virus tracer (rAAV-hSyn-EGFP-WPRE-hGH pA) was bilaterally injected in GRNs at four weeks after
SPIO injection, 300 nl per injection site with 30 nl/min (injection site of GRNs and its projection patterns in the spinal
cord shown in Figure 2A—C).

Extracorporeal Magnetic Stimulation

Magnetic pulse sequence was generated by the rotation of a pair of tapered magnets (NdFeB permanent magnet, N45,
Innuovo, China) symmetrically attached to a motor (IKA RW20 Digital, Germany) using a rigid plastic crossbar. The
heads of the experimental mice were placed within the magnetic field. A rotational speed of 600 r/min produced 1200
magnetic pulses at a frequency of 20 Hz, magnetic intervention lasting 20 minutes each time, twice a day and five days
per week for eight weeks. The magnetic field intensity was monitored by gauss meter (HT20, Hengtong, China) to
maintain the same magnetic intensity every time during MSS intervention.

Treadmill Training

One week after SCI, mice of SCI+MSS (+) +Tr group underwent treadmill training on running platform (Anhui
Zhenghua Biological Instrument Equipment Co., LTD) immediately after MSS intervention, 30 min each time, twice
a day and five days per week for weight weeks. The running speed started at a minimum of 3 m/min and gradually
increased with the improvement of locomotion function, reaching a maximum speed of 8—10 m/min.

Behavioral Tests

Basso Mouse Scale, Grid-walking test and Treadscan analysis were conducted at different time points as (8:30 AM to
11:30 AM) shown on the experimental timeline (Figure 1C). 30 min acclimation and bladder emptying were needed
before every evaluation.

Basso Mouse Scale

Motor function was monitored preoperatively and weekly by visual observation in compliance with the Basso Mouse
Scale (BMS) as previously described.*® Briefly, mice were placed on an open-field platform, with free movement. And
they were scored independently by two observers blinded to the group allocation of the animals according to ankle
mobility, coordination, paw posture, trunk stability, and tail posture. The scale ranges from zero to nine (from complete
flaccid paraplegia to normalization, higher scores indicating greater functional recovery).

Grid Walking Test

Grid Walking Test was performed before SCI and at the endpoint of experiment on a horizontal grid, 58 cm length x
20 cm width, 35 cm height, and 1.2 emx1.2 cm per cell for mice free walking, as previously described.** Three-day
adaptive training was needed for the mice to walk on a horizontal grid. Foot drops of 30 steps in both sides on the grid
were recorded three times.
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Treadscan Analysis

The treadscan analysis device includes an enclosed walkway, a cold light high-speed camera (640 x 480, 120 fps, 1/4
CCD), data collection and processing software (Beijing Zhongshi Dichuang Technology Development Co. LTD, ZS-BT
/S, China). With footprint light refraction technology, green fluorescent footprints can be captured by the camera. Gait
parameters, including footprint area, duration, walking speed, stride length and foot pressure were collected and analyzed
by the treadscan system at baseline and the endpoint of experiment.>”

Observation of SPIO Nanoparticles by MRI Scan

Mice were anesthetized with isoflurane (5% induction, 1-2% maintenance) and immobilized in a stereotaxic frame with
a respiration sensor attached to the abdomen. The T2-weighted recordings were performed by 7.0 T magnet (Bruker
BioSpec Horizontal 7.0 T). The imaging parameters were as follows: matrix (MTX): 256 x 256, field-of-view (FOV):
2.30/2.00 cm, slice thickness (SI): 0.7 mm, number of contiguous coronal slices: 18, echo time (TE): 42.4 ms and
repetition time (TR): 3000 ms. In vivo MRI scans were performed at 2d, 2w, 8w and 24w respectively (n=4) after
microinjection of SPIO in the GRNs.

Motor-Evoked Potentials

Motor-evoked potentials (MEPs) of gastrocnemius muscle of different groups were elicited using the previous method*®
at the following time points: pre-operative, 1w and 9w post-operation respectively. Briefly, the mice were anesthetized
and placed on a 37°C blanket. The stimulation needle electrodes were inserted subcutaneously over the skull. The
cathode of the electrode was placed in direct contact with the bone along the midpoint of an imaginary line connecting
the two ears, while the anode was positioned at the base of the nose. The recorded electrode was inserted into the
gastrocnemius muscle, with the ground electrode placed on the base of the tail. A single pulse of electrical stimulation
(10mA, 0.1 ms, 1 Hz) to excite the brain was delivered via electromyography stimulator (Haishen Medical Electronic
Instrument Co., NDI-097, Shanghai, China). The latency and peak-to-peak amplitude of the trace were recorded and
analyzed.

H Reflex

H reflex was induced according to the method of our previous study’' at pre-operation and 9w post-operation, via
electromyography stimulator (Haishen Medical Electronic Instrument Co., NDI-097, Shanghai, China). Stimulus inten-
sity was gradually increased until maximal and stable H-responses were elicited. The latency and amplitude of H waves
were recorded at the following stimulation frequencies of 0.1, 0.5, 1 and 5 Hz respectively.

Tissue Processing

Animals were sacrificed at the endpoint of experiment. After deep anesthesia, cardiac perfusion was performed using
a perfusion pump (Cole-Parmer, USA) with 0.9% sodium chloride solution followed by perfusion with 4% PFA. Brain
and spinal cord tissues were collected and post-fixed in 4% PFA at 4°C overnight, then dehydrated in 20% and 30%
sucrose. Tissues were embedded with OCT and cut into 25 pm slices by a Leica cryostat (Wetzlar, Germany). The slices
were stained for immunochemical test or frozen at —20°C in PBS glycerin for other tests.

TUNEL Assay

Following the manufacturer’s instructions, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick end-labeling (TUNEL) with BrightRed Apoptosis Detection Kit (Vazyme, A113-01) was performed for cell
apoptosis. Briefly, following the fixation and sectioning of brain tissue, sections were permeabilized and incubated
with the TUNEL reaction mixture in a humidified chamber at 37°C for 60 min, and then the tissues were counterstained
with DAPI for 5 min. Two images of each slice were taken at 10 X magnification (six mice per group). The total number
of apoptotic nuclei was counted using Image] software and analyzed by GraphPad Prism 8.0.
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Immunochemistry

Immunostainings of c-Fos were performed on brain slices, vglut2, GAD67 and vesicular GABA transporter on spinal
cord slices according to the routine procedure of immunochemistry. Primary antibodies included: rabbit anti-c-Fos
(Abcam, ab222699, 1:200), mouse anti-Neun (Sigma-Aldrich, MAB377, 1:400), rabbit anti-vglut2 (Invitrogen, PAS-
119621, 1:500), mouse anti-GAD67 (Sigma-Aldrich, MAB5406, 1:500), goat anti-choline acetyl transferase (CHAT)
(Sigma-Aldrich, AB144P, 1:200), rabbit anti-vesicular GABA transporter (vVGAT) (Merck Millipore, AB5062P, 1:1000).
The corresponding fluorescent-conjugated secondary antibodies were applied for 2 h, and the nuclei were stained with
Hoechst (Beyotime, 33342, 1:1000).

Quantification of GRNs’ Projections
With lesion site as the center, a 10 mm spinal cord specimen was prepared for sagittal sectioning on a Leica cryostat.
Starting from the central canal of the spinal cord, sections were taken from both sides every 6 sections for staining
analysis. A total of twenty-four sections were selected from six mice in each group. Defining the lesion site as the zero
point (0 um), the fluorescence integrated density (IntDen) of the tracer GFP was then quantified at 700 pm (rostral end of
the lesion), 0 pm, =700 pm, and —1400 um (caudal end of the lesion).

Lumbosacral enlargement was coronally sectioned to analyze the distribution of GRNs’ projections in LSC. One
section was selected from every 10 sections for staining analysis. Three sections of each animal were chosen and a total
of eighteen sections were collected from six mice of each group.

Statistical Analysis

All data involved in this experiment are represented by mean £ SD. GraphPad Prism 8.0 software was used for data
analysis. Two-way repeated-measures analysis of variance (ANOVA) was employed to examine data of the BMS score,
latency of H reflex and Hmax/Mmax ratio. One-way ANOVA was performed to assess data of the remaining behavioral
tests and immunochemistry. A non-parametric test (Kruskal-Wallis test) was used and Dunn’s Test for further multiple
comparisons if statistical data did not conform to a normal distribution and in case of homogeneity of variance. P < 0.05
indicated that the difference was statistically significant.

Results
Stability and Safety of SPIO Nanoparticles in GRNs

Considering that magnetic effects are related to iron content, the doses and concentrations selected according to the
results of previous studies were demonstrated to be safe and effective.'”?**” According to the experimental timeline
(shown in Figure 1C), after delivery of SPIO nanoparticles to GRNS, the distribution and existence was dynamically
monitored by MRI (Figure 3A). Images of MRI showed that SPIO nanoparticles were stable and degraded slowly,
existing at least 24 weeks. Furthermore, there was no obvious difference in the stability of SPIO nanoparticles between
SCI+MSS (-) and SCI+MSS (+) group. It meant that MSS intervention did not interfere in the stability of SPIO
nanoparticles in the brain. Next, we used TUNEL assay to evaluate in vivo safety of SPIO. Similar to previous
studies,'” there was no significant difference in percentages (%) of TUNEL-positive cells in GRNs between groups
(Figure 3B and Supplementary Figure 1A). SPIO nanoparticles had no short- or long-term influences on the survival

quality of mice because there were no significant changes in weight loss at one week after injection and at 9 weeks after
SCI between groups (Supplementary Figure 1B). Overall, SPIO nanoparticles delivered to the GRNs were relatively

stable and exhibited almost no toxicity on local neurons.

Enhanced Locomotor Recovery with MSS-Enabled Treadmill Training

Anterograde tracing virus was injected into bilateral GRNs of intact mice to observe the trajectory and distribution of
descending fibers in LSC (Figure 2A—C). Consistent with previous reports,”® GRNs’ descending fibers traveled along the
ventral and lateral funiculus in spinal cord, and their terminals were mainly distributed in the intermediate and ventral
zones of LSC, which received command of movements from supraspinal control and implemented voluntary locomotion.
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Figure 3 Stability and safety of SPIO nanoparticles in GRNs. (A) In vivo coronal MRI images of SPIO nanoparticles in GRNs. After injecting SPIO into the GRNs region, mice
in SCI, SCI+MSS (-) and SCI+MSS (+) groups were evaluated by MRl in vivo at 2 days, 2 weeks, 8 weeks and 24 weeks post-injection. The red dashed box indicates the region
of SPIO injection. n=4; Bar=5mm. (B) TUNEL staining of GRNs region. Representative images of TUNEL-positive nuclei (red color) (x|0 magnification) were shown at SCI,
SCI+MSS (-) and SCI+MSS (+) groups after 8 weeks of SPIO injection. The white arrows indicate TUNEL-positive cells. Bar=100 um; n=6.

Abbreviations: MRI, Magnetic resonance imaging; SPIO, superparamagnetic iron oxide; GRNs, gigantocellular reticular nucleus.
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To explore the effects of different interventions on recovery of motor function after SCI, mice were divided into
Sham, SCI, SCI+MSS (-), SCI+MSS (+), SCI+Tr and SCI+ MSS (+) +Tr group (Figure 1B). Mice exhibited flaccid leg
paralysis immediately after the injury and some spontaneous motor function recovery occurred at 1 week after injury,
characterized by some ankle movements without weight support. All injured mice displayed varying degrees of
improvement in locomotion function at nine weeks after SCI, in comparison to one-week post-SCI (Figure 4A). There
were no obvious differences in BMS scores between SCI group and SCI+MSS (-) group at each time point, with scores
tending to plateau around 7 weeks. The delayed effects of MSS intervention on motor function recovery were observed,
with visible improvements appearing at four- or five-weeks post-injury, and statistically significant improvements were
observed at six weeks post-injury in the SCI+MSS (+) group, compared with SCI group. Treadmill training expedited
improvement in locomotor performance evidenced by statistically significant increases in BMS score after three weeks’
training, compared with SCI group (P<0.05). Although treadmill training alone seemed to be superior to single MSS
intervention, there were no statistically significant differences in BMS scores found between two interventions. However,
mice in the SCI+ MSS (+) +Tr group exhibited the better locomotor improvement among the groups with consistent and
coordinated plantar stepping. The grid walk test was used to assess limb movements related to sensorimotor functions,
such as precise walking, coordination, and accurate placement of paws.*® There were no significant differences in foot
drops between the SCI and SCI+MSS (-) groups (Figure 4B). Both MSS intervention and treadmill training individually
showed a positive effect on alleviating foot drops, compared to SCI group. Excitingly, the mice in SCI+ MSS (+) +Tr
group showed the lowest foot drops among those groups except Sham group. Meanwhile, we conducted an unbiased
Treadscan analysis to measure locomotion according to more detailed parameters, including footprint area, footprint
strength and swing speed (Figure 4C—E). Compared with SCI group, regarding occasional plantar stepping, the footprint
area, strength and swing speed improved significantly both in SCI+MSS (+) and SCI+Tr group which displayed
consistent plantar stepping. But there were no statistically significant differences observed in those parameters between
treadmill training and MSS intervention groups. Compared with SCI+MSS (+) and SCI+Tr group, the mice in SCI+ MSS
(+) +Tr group showed the greater performance in swing speed, footprint area and footprint strength (Figure 4F and G).

Overall, these findings indicated that both MSS intervention and treadmill training individually could make slight
improvements in motor function. However, MSS-enabled treadmill training facilitated more greater improvements in
locomotor functional recovery.

MSS-Enabled Treadmill Training Reorganized Cortico-Reticulo-Spinal Circuit and
Modulated Motor Neuron Excitability

Given that GRNs relayed the commands from the MLR*® and motor cortex’ to LSC center, the excellent locomotor
recovery observed in the SCI+ MSS (+) +Tr group was presumed to be contributed from cortico—reticulo—spinal
circuit reorganization. We evaluated MEPs which reflected the integrity of motor pathways.*' Consistent elicitation
of MEPs was observed before SCI, whereas MEPs were absent one week after injury among groups except Sham
group (Supplementary Figure 1C). At 9 weeks post-injury, MEPs failed to be elicited in both SCI and SCI+MSS (-)
groups, even in SCI+MSS (+) and SCI+Tr groups despite some locomotor improvement (Figure 5A). Amazingly,
SCI+MSS (+) +Tr group did successfully induce MEPs, albeit with smaller amplitude (Sham vs SCI+MSS (+) +Tr,
9.55+ 1.0928 mV vs 0.70959+ 0.57379 mV) and longer latency periods (4.305+£0.188 ms vs 23.085+1.60 ms)
compared to intact mice. The percentage of MEPs evoked in SCI+ MSS (+) +Tr group was 60% (6 out of 10 mice)
(Figure 5B).

H reflex is commonly used to examine motor neuron excitability and spasticity in both clinical and animal studies. All

groups showed rate-dependent depression of Hmax/Mmax ratio, with stimulation frequency of 0.1, 0.5, 1 and 5 Hz
(Figure 5C). The ratio in SCI group was higher at same stimulation frequency than other groups. A significant reduction
in Hmax/Mmax ratio was observed both in the SCI+ MSS (+) +Tr group and SCI+Tr group compared to SCI group,
especially at stimulation frequencies of 0.1 Hz (P<0.0001). Hmax/Mmax ratio of SCI+ MSS (+) group also exhibited
non-statistical decreases compared to SCI group at every stimulation frequency. It was worth noting that the latency of
H reflex became prolonged with stimulation frequency increased between groups (Figure 5D). In Sham group, H-waves
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Figure 4 Locomotor recovery was enhanced prominently by MSS-enabled treadmill training. (A) BMS scores were analyzed (n = |0 mice per group at each time point). fRepresented
a comparison between the SCI group and SCI+MSS (+) group (1P < 0.05; TP < 0.001); “represented a comparison between the SCI group and SCI+Tr group (P < 0.05; P < 0.001);
*represented a comparison between the SCI group and SCI+ MSS (+) +Tr group (***P < 0.0001). Two-way repeated-measures ANOVA with Fisher’s LSD. (B) Grid walking test was
performed in the same six groups (n = 10 mice per group at each time point) by two-way ANOVA with Tukey’s test. P < 0.05; **P < 0.01, ****P < 0.0001. (C-E) The footprint area,
footprint strength and swing speed of the hindlimbs respectively were evaluated in the same six groups (n = 10 mice per group at each time point) by Dunn’s Test for multiple
comparisons. *P < 0.05; *P < 0.01, **P < 0.001, ***P < 0.0001. (F) Representative images of footprint area were shown in each group exported by Treadscan device. (G)
Representative images of footprint strength were shown in each group exported by Treadscan device. Data are presented as means * SD.

Abbreviations: LF, left foot; LH, left hand; RF, right foot; RH, right hand.
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Figure 5 Motor neuron excitability was modulated by MSS and cortico-reticulo-spinal circuit was reorganized by MSS-enabled treadmill training. (A) Cortico—reticulo—
spinal circuit reorganization was reflected by evocation of MEP only in mice of SCI+MSS (+) +Tr group after SCI could be successfully evoked. The amplitude of MEP in Sham
group was 9.55 % 1.0928 mV, and in SCI+MSS (+) +Tr group, it was 0.70959 * 0.57379 mV. It was shown in left side. The evoked rate of MEP, shown at right side, was 100%
in Sham group (10 out of 10), and 60% in SCI+MSS (+) +Tr group (6 out of 10). (B) Representative images of MEP in each group. Except for the Sham group and the SCI
+MSS (+) +Tr group, none of the other four groups were able to induce MEP after SCI. Although the MEP amplitude and latency were lower and longer, respectively, in the
SCI+MSS (+) +Tr group compared to the Sham group, this represents a reorganization of the cortico-reticulo-spinal circuit. (C and D) Motor neuron excitability was
reflected by H reflex. Statistical analysis of the Hmax/Mmax and latency of H reflex in different groups (n = 10) at 0.1 Hz, 0.5 Hz, | Hz and 5 Hz was shown in (C and D),
respectively. TRepresented a comparison between the SCI group and SCI+MSS (+) group (P < 0.05; 1P < 0.01; T11TP < 0.0001); "represented a comparison between the SCI
group and SCI+Tr group (*'P < 0.01; **'P < 0.001; **"P < 0.0001); *represented a comparison between the SCI group and SCl+ MSS (+) +Tr group (**P < 0.01; ¥#p <
0.0001). Two-way repeated-measures ANOVA with Fisher’s LSD. (E) Representative electromyogram signal of eliciting H reflex in different groups at 0.1 Hz.

were less observable with significantly delayed latency at 5 Hz stimulation, whereas it still appeared in SCI group.
Interestingly, MSS intervention distinctly increased the latency of H-waves at each stimulation frequency compared to
SCI group. However, treadmill training alone did not significantly prolong the latency of the H reflex. In SCI+ MSS (+)
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+Tr group, the latency of H reflex was delayed with no significant difference compared with Sham group (representative
H reflex at 0.1 Hz shown in Figure 5E).

In brief, these findings indicated that MSS-enabled treadmill training may reduce excitability of motor neurons and
alleviate spasticity of SCI animals by decreased Hmax/Mmax ratio and delayed latency of H reflex, which supported
reorganization of cortico-reticulo-spinal circuit and reintegration of motor pathway reflected by successful eliciting of
MEPs.

MSS Intervention Fired More GRNSs’ Projections Across the Lesion Site

c-Fos protein, as a marker of neuronal activity,** was examined to verify the activation of GRNs. The results showed that
MSS intervention induced more c-Fos expression in neurons located within the GRNs compared with Sham, SCI, SCI
+MSS (-) and SCI+Tr groups (Figure 6A and D). It meant that local neurons in GRN could produce biological responses
to MSS intervention.

Further, we investigated whether MSS intervention could change GRNs’ projections at morphological level. At four
weeks after MSS intervention, anterograde virus tracer (rAAV-hSyn-EGFP-WPRE-hGH pA) was injected into GRNs to
trace the GRNs’ projections into the spinal cord (Figure 2A—C). To quantify the projections of GRNs above and below
the lesion site, four sites were taken in sagittal sections referring to the center of lesion site, 700 um above center, 0 um
(center), and —700 um, —1400 pm below center respectively (Figure 6B). Compared with Sham group, fluorescent images
showed spinal cord contusion resulted in a significant loss of GRNs’ projections below the injury site. However, MSS
intervention drove more GRNs’ fibers across the injury site, compared to SCI and SCI+MSS (-) groups in the sagittal
sections of spinal cord. Treadmill training also drove some fibers through the lesion site compared to SCI group. Except
for the Sham group, SCI+MSS (+) +Tr group presented larger number of GRN projections at 700 um and 0 um than
other groups (Figure 6E). According to the coronal section of LSC, GRNs’ projections were distributed into the ventral
and ventrolateral columns, with high-density projections in the anterior horn enriched around motor neurons (Figure 6C).
Similar to the trend in sagittal sections, the SCI+MSS (+) group showed a distinctly higher distribution of GRNs’ fibers
in the coronal plane of the spinal cord, compared to SCI and SCI+MSS (-) groups (Figure 6F). Compared with SCI+MSS
(+) and SCI+Tr groups, SCI+MSS (+) +Tr group owned the largest distribution of GRNs’ projections on the coronal
plane.

MSS Intervention Rebalancing Neurotransmitters’ Expression at Spinal Anterior Horn
Considering that modulating expression of neurotransmitters at spinal anterior horn was found to be critical for
improving motor output and training outcomes after SCI,*>** expression of excitatory and inhibitory neurotransmitters
were all examined. Vglut2, a classic maker of excitatory glutamatergic neurotransmitter in LSC, was extremely low at
spinal anterior horn in SCI group (Figure 7A). However, both MSS intervention and treadmill training increased the
expression of vglut2 in the anterior horn in contrast with SCI group, which was linked to the improvement of spinal cord
excitability (Figure 7D). The expression levels of GAD67 and vGAT, the markers of inhibitory neurotransmitters, were
found to be upregulated in the spinal anterior horn following SCI (Figure 7B and C), which aligns with previous
studies.* With MSS intervention, there was a pronounced decrease in GAD67 and vGAT expression at the anterior horn
when compared to SCI group (Figure 7E and F). Nevertheless, treadmill training alone had little effect on the expression
of GAD67 and vGAT, suggesting a limited regulation of treadmill training on inhibitory neurotransmissions. Notably,
SCI+ MSS (+) + Tr group, which showed excellent motor function recovery, exhibited decreased expression of vglut2,
GADG67 and vGAT similar to the levels of Sham group (Figure 7A-F). These results implied that remarkable motor
function recovery may be due to the rebalancing of the expression of different neurotransmitters to the intact level in
anterior horn, which can be achieved by MSS-enabled treadmill training. Then, we investigated the molecular properties
of the GRNs’ projections. It is currently known that GRNs contain intermingled neuronal subpopulations.’*® Since
glutamatergic neurons in the GRN region have been extensively studied for their involvement in motor processes and the
recovery of motor function after SCI,'%"'? we initially assessed vglut2. Unexpectedly, despite higher expression of vglut2
and more GRNs’ projections at LSC in the MSS (+) group, few downward fibers co-labeled with vglut2 (Figure 7A). Just
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Figure 6 MSS intervention fired more GRNSs’ projections across the lesion site. (A) Representative images of c-Fos positive cells at GRNs region in each group, c-Fos (red)
counterstaining with Neuron marker (green), with the size (Unit Converted) 636.396 um *636.396 um. Statistical analysis of the numbers of c-Fos positive cells was
performed in the same six groups (n = 6 mice per group) by Dunn’s Test for multiple comparisons, shown at (D) (***P < 0.001; ***P < 0.0001). Bar=100 um. (B)
Representative images of GRNs’ projections (green) across the lesion site in sagittal sections, as well as higher magnification views at the lesion center, both above and below
the center in each group (corresponding to the white dashed box). Quantification of GRNSs’ projection at four sites in sagittal sections (taking the images with the lesion
center as the reference site, one above the center, another two below the center, 700 pm, 0 pm, =700 pum, and —1400 pm respectively) was shown at (E). TRepresented
a comparison between the SCI group and SCI+MSS (+) group (P < 0.05; TT1TP < 0.0001); “represented a comparison between the SCI group and SCI+Tr group (""'P <
0.0001); *represented a comparison between the SCI group and SCI+ MSS (+) +Tr group (****P < 0.0001). Two-way repeated-measures ANOVA with Fisher’s LSD. Scale
bar: 100 pm, n=6. (C) Representative images of GRNs’ projections (green) at the lumbar spinal cord according to coronal sections and statistical analysis of GRNs’
projections at coronal sections was performed by Dunn’s Test for multiple comparisons, shown at (F). Scale bar: 100 pm, n=6.
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Figure 7 MSS intervention rebalancing neurotransmitters’ expression of spinal anterior horn. (A—C) Representative images of GRNs’ projections (GFP) co-stained with
vglut2 (red), GAD67 (purple) and vGAT (red) at anterior horn in the lumbar spinal cord, respectively. Higher magnifications depicted in the white box. (D-F) Statistical
analysis of vglut2, GAD67and vGAT expression levels was performed by Dunn’s Test for multiple comparisons, respectively (*P < 0.05; **P < 0.01; ****P < 0.0001). Bar=50
um. n=6. (D) Representative images of GRNs’ projection (GFP) co-stained for CHAT (purple), vGAT (red) of anterior horn in lumbar spinal cord. (H-J) Statistical analysis of
VGAT, GFP and GFP/VGAT expression levels was performed by Dunn’s Test for multiple comparisons, respectively (****P < 0.0001). Bar=50 pm. n=6.
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like vglut2, few GADG67 co-labeled with downward GRNs’ fibers (Figure 7B). Surprisingly, more than half of GRNs’
projections co-labeled with vGAT in SCI+MSS (+) group (Figure 7C).

Next, given that vGAT was primarily distributed in the region motor neurons were located in, we co-stained VGAT
with the motor neuron marker CHAT. A notable upregulation of GRNs’ projections co-labeled with vGAT on the
membrane surface of motor neurons was found in SCI+ MSS (+) group, compared with SCI, SCI+Tr group (Figure 7G).
MSS intervention combined with treadmill training resulted in higher GRNs’ projections co-labeled with vGAT on the
membrane surface of motor neurons, similar to the Sham group. However, there was no difference in overall vGAT
expression in the motor neuron region among the groups (Figure 7H). Similar to the distribution of GRNs’ projections in
the coronal plane at LSC (Figure 6F), the number of GRNs’ projections around motor neurons increased after MSS
intervention (Figure 71). GFP/vGAT ratio expression had the same increasing trend (Figure 7J). It is plausible that the
increased GRNs’ projections co-labeled with vGAT may contribute to the modulation of inhibitory signaling and synaptic
transmission on the membrane surface of motor neuron, leading to alleviation of H-reflex and locomotion dysfunction
(Figures 4A and 5C).

These converging pieces of evidence indicated that MSS intervention played an important role in promoting
locomotion recovery by rebalancing of neurotransmitters’ expression at anterior horn of spinal cord. MSS-enabled
treadmill training produced superimposed effects on functional recovery after SCI through both reorganization of motor
pathway and decreased motor neuron excitability of spinal cord.

Discussion

To date, more research confirms the contribution of spared fibers to locomotion functional recovery following
SCI. However, due to the majority of spared fibers being in a dormant state, their full utilization in the recovery
of motor function after SCI remains limited. This study used a moderate contusion SCI mice model and activated
GRNs by MSS intervention, demonstrating that (1) SPIO persisted in GRNs for a minimum of 24 weeks almost
without any apoptosis of GRNs cells, and degraded slowly over time. (2) MSS-enabled treadmill training
dramatically improved locomotor performances of SCI mice, and promoted cortico-reticulo-spinal circuit reorga-
nization. (3) MSS-enabled treadmill training took superimposed roles through both activating GRNs to drive
more projections of GRNs across lesion site and rebalancing neurotransmitters’ expression in anterior horn
of LSC.

Contribution of GRNs to Recovery of Spinal Cord Injury

Gene editing and function-ON/Off experiments have revealed that medullary reticulospinal tract (RetST) contributes to
the initiation, coordination, and regulation of locomotion.*7#® Moreover, accumulating evidence has shown that RetST
plays an important role in functional locomotion improvement in rodents and primates after SCI, even enhancing
voluntary functional recovery in SCI patients.'>** GRNs’ descending fibers, as a primary component of the RetST,
have been identified as a crucial source of the spared reticulospinal projections after SCI. These GRNSs play a pivotal role
in relaying commands from motor cortex neurons to the LSC evidenced by optogenetic stimulation, modulating the
activity of leg muscles during locomotion.>'> However, despite the presence of spared reticulospinal projections
following SCI, their functionalities can be compromised due to conduction failure. Interestingly, cooling of the lesion
site can increase recruitment of these dormant projections and improve behavioral function,'® indicating that activation of
silent fibers is indeed crucial for promoting function.

Strategies to boost conduction of those dormant fibers can be classified into two types. One approach is targeting the
area above the lesion to enhance conduction of spared descending fibers, including MLR-DBS,”*>! cortical electrical
stimulation,”® and TMS.>® Another one is to act on the area below the lesion, including epidural electrical stimulation and
treadmill training. The goals of these approaches are to enhance the functional state of the LSC circuit, allowing it to
respond to supraspinal and/or sensory input. Otherwise, the LSC circuitry will remain in inhibited state and then be
unable to react effectively to signals transmitted through residual fibers.
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Effects of MSS Intervention

The extracorporeal magnetic stimulation system (MSS) utilizes the targeted delivery of SPIO nanoparticles and an
extracorporeal magnetic field.'” This approach elevates magnetic susceptibility of the local tissue, enabling the magnetic
effect to act on deep brain structures and enhance the selective magnetic stimulation in targeted region. In this study, we
demonstrated that SPIO nanoparticles exhibited relative stability within GRNs, and showed minimal toxicity on local
neurons. Additionally, the MSS intervention successfully activated neurons in GRN region with a high level of precision.
These findings are consistent with another study,'® in which MSS rapidly relieved depression-like symptoms in mice by
activating the left prelimbic cortex. Similar to this study, MSS intervention promoted the expression of c-Fos in local
neurons.

Through MSS intervention to activate GRNs which relay commands between the motor cortex/MLR and LSC, we
observed motor function recovery in mice with spinal cord contusion. The majority of supraspinal neuromodulation
techniques used to treat SCI are focused on the MLR, an evolutionary conserved motor control region and upstream of
GRNs.>*% Considering the location of GRNs in the brainstem, the central hub of life-sustaining functions, the
manipulation of this region faces technical challenges, such as electrode implantation. Therefore, in order to clarify
the effect and mechanism of direct stimulation on spared descending fibers of GRNs, we chose stereotactic targeted
delivery of SPIO to GRNs. Due to the fact that GRNs are downstream of the MLR and the clinical feasibility of DBS in
the MLR region,”' subsequent research will explore MSS intervention in MLR for its potential clinical applications.
Meanwhile, this study demonstrated the safety and feasibility of SPIO injection to the brainstem, paving the way for
future investigation of other brainstem nuclei, particularly in the fields of respiratory and circulatory control.>®

MSS has also been utilized in Parkinson’s disease (PD) and been proven to enhance feeding behavior, gait, and
postural stability in PD rats via stimulation of the striatum.?* Even in rats with spinal cord transection, MSS intervention
has been shown to alleviate oxidative stress of local lesion and promote functional recovery.?® In our results, SCI mice
showed poorer motor function with higher Hmax/Mmax ratio and shorter latency of H reflex in lower extremity. As
reported in a previous study, overexcitability of motor neurons or hypertonia of muscles could seriously impair the
process of motor function recovery. Studies have confirmed that decreased Hmax/Mmax ratio and prolonged latency of
reflex is associated with modulated motor neuron excitability and reduced spasticity.”” Thus, the positive effect of MSS
alone in this study was related to the modulation of H-reflex in SCI mice. Spinal cord contusion causes the disruption of
descending supraspinal projections including fibers of GRNs, which was also proved by the study of Asboth et al.’
However, MSS intervention pushes more descending fibers of GRNs across the lesion, similar to how CNF-DBS
promotes more CNE’s projections to the GRNs.”® It is emphasized that even though MSS intervention facilitates an
increase of GRNs’ projections below the site of injury, MEPs representing integrity of CST have not shown any recovery.
It is supposed that the lack of exercise intervention, especially lack of task-oriented exercise training resulted in: 1)
a majority of the increased projections from GRNs have not formed functional connections with the LSC; 2) the
command connectivity between the cortex and GRNs is not tightly established. These speculations were proved by the
further results that MEPs were successfully induced after intervention of MSS-enabled treadmill training. So, it meant
that MSS and treadmill training produce superimposed effects on functional recovery after SCI.

Unexpectedly, a large portion of GRNs’ projections co-labeled with vGAT, which were concentrated in the nerve
endings of GABAergic neurons or in glycinergic nerve endings.’® Considering that spasticity was caused by hyperexcit-
ability of motor neurons®® and this excessive excitability could be reduced by GABA agonist Baclofen,®' we hypothe-
sized that modulation of H-reflex is associated with an increased presence of VGAT-GRNSs’ projections to the motor
neuron induced by MSS intervention. Consistent with other studies,** SCI resulted in decreased expression of the
excitatory neurotransmitter vglut2 and increased expression of the inhibitory neurotransmitter GAD67. However, MSS
intervention promoted the expression of vglut2 in spinal anterior horn, reduced the expression of GAD67, and increased
the excitability of the spinal cord. This may be associated with a mixed role of excitatory and inhibitory neuronal
subpopulation in GRNs.*® In addition, neurotransmitter phenotypes can switch between excitatory and inhibitory neurons
in response to environmental influences, evidenced by the technologies of gene editing, in situ hybridization and
immunohistochemistry.***? Further research will be needed to investigate the specific nuclei of GRNs from which the
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descending vGAT-projections originate and the predominant muscle (flexor or extensor) that the vGAT-projections are
primarily connected to. Pharmacological studies have demonstrated that the regulation of excitation-inhibition (EI)
balance in circuits below the injury site is a crucial mechanism that determines the motor capacity of cats and rodents
with SCI, irrespective of the age of the injury.®>®* These findings suggest that the potential mechanism underlying the
improvement of motor function by MSS intervention may be related to neurotransmitters’ rebalancing at LSC.

Effects of MSS-Enabled Treadmill Training

Exercise training is often prescribed for SCI patients to improve muscle strength and quality, increase spinal cord
plasticity, and enhance cardiovascular fitness,®> though purely exercise-based training has a few limitations in improving
voluntary motor function.®®®” Therefore, in clinical practice, exercise training is mostly combined with task-oriented
approaches or neuromodulation techniques, such as robotic-assisted treadmill training incorporating high repetitions of
task-oriented practice, TMS and functional electrical stimulation.®® In the current study, while treadmill training alone
and MSS intervention alone showed some degree of motor function recovery, it was not as pronounced as that seen with
MSS-enabled treadmill training. Notably, only MSS-enabled treadmill training was accompanied by successful elicitation
of MEPs. Although the elicitation of MEPs exhibited lower amplitudes and longer latencies, which may be related to
polysynaptic conduction of cortico—reticulo -spinal cord signals rather than monosynaptic transmission via the corti-
cospinal tract. However, the presence of MEPs indicated the integrity of cortical-reticular-spinal signaling pathway.
Additionally, treadmill training alone did promote the expression of the excitatory neurotransmitter vglut2 at spinal cord
ventral horn, but did not significantly decrease the expression of GAD67 and vGAT. Meanwhile, in the MSS-enabled
treadmill training group, significant improvement in motor function was accompanied by a decrease in the expression of
excitatory and inhibitory neurotransmitters, giving the impression of reduced “activity” in spinal neurons. This phenom-
enon was also supported by a clinical trial.'"> Researchers utilized positron emission tomography with 18F-
fluorodeoxyglucose uptake to measure the impact of walking before and after the application of EES on metabolic
activity of LSC during neurorehabilitation. The results revealed that EES applied during neurorehabilitation led to
a reduction of metabolic activity in LSC. To some extent, this phenomenon supported the decrease of c-Fos expression in
spinal cord with the recovery of motor function.®” This reduced neuronal activity in LSC may be associated with activity-
dependent selection of specific neuronal subpopulations,'” reflecting the energy-efficient working modality of the spinal
cord under healthy physiological conditions.

Conclusion

These results indicate that intervention of GRNs by MSS may be a novel strategy to drive more spared fibers across the
lesion site and rebalance neurotransmitters’ expression of anterior horn at lumbar spinal cord after SCI, empowering the
structural foundation for exercise training, to achieve reorganization of cortico-reticulo-spinal circuit.
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