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Abstract

There is no effective treatment for hemiplegia after hypertensive intracerebral hemorrhage. Considering that the branches of L4 nerve roots
in the lumbar plexus root control the movement of the lower extremity anterior and posterior muscles, we investigated a potential method
of nerve repair using the L4 nerve roots. Rat models of hindlimb hemiplegia after a hypertensive intracerebral hemorrhage were established
by injecting autogenous blood into the posterior limb of internal capsule. The L4 nerve root on the healthy side of model rats was transferred
and then anastomosed with the L4 nerve root on the affected side to drive the extensor and flexor muscles of the hindlimbs. We investigated
whether this method can restore the flexible movement of the hindlimbs of paralyzed rats after hypertensive intracerebral hemorrhage. In a
beam-walking test and ladder rung walking task, model rats exhibited an initial high number of slips, but improved in accuracy on the paretic
side over time. At 17 weeks after surgery, rats gained approximately 58.2% accuracy from baseline performance and performed ankle motions
on the paretic side. At 9 weeks after surgery, a retrograde tracing test showed a large number of fluoro-gold-labeled motoneurons in the left
anterior horn of the spinal cord that supports the L4-to-L4 nerve roots. In addition, histological and ultramicrostructural findings showed

axon regeneration of motoneurons in the anterior horn of the spinal cord. Electromyography and paw print analysis showed that denervated
hindlimb muscles regained reliable innervation and walking coordination improved. These findings suggest that the L4-to-L4 nerve root
transfer method for the treatment of hindlimb hemiplegia after hypertensive intracerebral hemorrhage can improve the locomotion of
hindlimb major joints, particularly of the distal ankle. Findings from study support that the L4-to-L4 nerve root transfer method can effectively
repair the hindlimb hemiplegia after hypertensive intracerebral hemorrhage. All animal experiments were approved by the Animal Ethics
Committee of the First Affiliated Hospital of Nanjing Medical University (No. IACUC-1906009) in June 2019.
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Introduction (Ahamed and Sreejit, 2019; Ettenhofer et al., 2019; Fernando

Hypertensive intracerebral hemorrhage (HICH) can cause ©t 3l 2019; Zhu et al., 2020). Patients with limb motor
catastrophic, life-changing damage; it has an annual incidence ~ dysfunction significantly lose their self-help ability, which
of approximately 150 in 100,000 worldwide, and > 81.3% of impedes social engagement and places burden on the family
cases include severe hemiplegia in the contralateral limbs (Rivera-Lara et al., 2018; Chen and Chang, 2020; Perin et al,,

'Department of Neurosurgery, Jintan Hospital, Affiliated Hospital of Jiangsu Vocational College of Medicine, Jintan, Jiangsu Province, China; “Department of
Gastroenterology, Jintan Hospital, Affiliated Hospital of Jiangsu Vocational College of Medicine, Jintan, Jiangsu Province, China; *Department of Neurosurgery,
Changzhou First People’s Hospital, Suzhou University, Changzhou, Jiangsu Province, China; ‘Deparment of Neurobiology, Basic Medical College, Nanjing Medical
University, Nanjing, Jiangsu Province, China; “Department of Neurosurgery, Sir Run Run Hospital Affiliated to Nanjing Medical University, Nanjing, Jiangsu
Province, China; *Department of Neurosurgery, Affiliated Cancer Hospital of Nanjing Medical University, Nanjing, Jiangsu Province, China; ‘Department of
Neurosurgery, First Affiliated Hospital of Nanjing Medical University, Nanjing, Jiangsu Province, China

*Correspondence to: Li-Xin Li, PhD, lilixin2@hotmail.com.

https://orcid.org/0000-0002-9404-5538 (Li-Xin Li)

#Both authors contributed equally to this work.

Funding: This study was supported by the National Natural Science Foundation of China, No. 81171147 (to LXL), “Key Medical Talents of Qiangwei Project”
Research Foundation of Health Department of Jiangsu Province, No. ZDRCA2016010 (to LXL); “Xingwei Project” Key Personal Medical Research Foundation

of Health Department of Jiangsu Province, No. RC201156 (to LXL); Jiangsu Province’s Key Discipline of Medicine, No. Xk201117 (to LXL); the Priority Academic
Program Development of Jiangsu Higher Education Institutions, PAPD (to LXL); the Natural Science Foundation of Jiangsu Province, No. BK20171064 (to BSH).
How to cite this article: Qian TD, Zheng XF, Shi J, Ma T, You WY, Wu JH, Huang BS, Tao Y, Wang X, Song ZW, Li LX (2022) L4-to-L4 nerve root transfer for hindlimb
hemiplegia after hypertensive intracerebral hemorrhage. Neural Regen Res 17(6):1278-1285.

1278 | NEURAL REGENERATION RESEARCH | Vol 17 | No. 6 | June 2022



Research Article

o
NEURAL REGENERATION RESEARCH ¢
www.nrronline.org %Mmf

2020; Schiavo et al., 2020; Niama Natta et al., 2021; Simpson
et al., 2021). Conventional interventions for hemiplegia
after HICH include physical rehabilitation or physiotherapy
(Chiaramonte et al., 2020; Hirano and Nitta, 2020; Park et al.,
2020; Wang et al.,, 2020). Nevertheless, outcomes are usually
dissatisfactory, which has spurred the search for effective
patient-oriented therapies.

Many studies conducted in both humans and rodents have
demonstrated that an injured brain cortex can regain control
of the contralateral limbs through neural network remodeling
across the perilesional regions and contralesional hemisphere
after rewiring an afferent circuit (Zheng et al., 2018a, b;
Kikuta et al., 2020; Tuffaha et al., 2020). Recently, peripheral
nerve transfer, which can stimulate compensational cerebral
plasticity, has been reported to rescue partial knee extension
or hand prehension in patients with acute flaccid myelitis or
central nervous system diseases (Yorukoglu and Gurkan, 2018;
Doi et al., 2019; Lee et al., 2019; Nath and Somasundaram,
2019). Although neurotization is still in the early stage for
treatment use and needs to be refined (Pino et al., 2019;
Yu et al., 2020), its demonstrated success has inspired us to
investigate its efficacy for hindlimb paralysis after HICH, and
its potential as a therapeutic candidate to promote functional
recovery.

Currently, there are few data on neurotization for hindlimb
hemiplegia after HICH; only several types of nerve transfer,
such as L6-to-L6, L4-to-L5, and L3-to-L4 in animals, as well
as obturator nerve to femoral nerve in humans, have been
reported to repair paralyzed hindlimbs after central nervous
system disease onset (Lin et al., 2013; Zong et al., 2016; Tiwari
et al., 2019; Bao et al., 2020). Disappointingly, only weak
and rough motions were observed in the proximal major
joints (i.e., hip and knee), with no activity observed in the
distal joints (i.e., ankle). These poor outcomes likely result
from an inadequate option for a source nerve. Anatomically,
fine motor activity requires coordination between flexors
and extensors chiefly composed of antero-posterior muscle
groups (such as, quadriceps femoris, semimembranosus,
gastrocnemius, and tibialis anterior) in the lower extremity.
The L4 root innervates these muscles, which drive distal joint
activity. In brief, the L4 nerve root bifurcates to form both the
femoral and sciatic nerves and is theoretically considered as
an optimal donor nerve. At the spinal cord level, all lumbar
plexus nerve roots are connected through a neural network
composed of intermediate neurons. When one nerve root is
injured or severed, the other intact nerve roots can provide
effective functional compensation to ensure normal operation
of the target organ. However, even if the intrinsic role of the
L4 nerve root before transection can be undertaken by other
lumbar roots after transection, experimental analyses in
rodents and humans are needed to determine the potential of
the L4 nerve root as a therapeutic candidate.

Thus, in the present study, we established the L4-to-L4
transfer prototype in a rat model, in which we investigated
the effects of the neurotization on recovery of the paralyzed
hindlimb after HICH.

Materials and Methods

Ethics statement

We conducted all animal experiments in accordance with
the principles and procedures outlined in the NIH Guide for
the Care and Use of Laboratory Animals (National Academies
Press, 2011), enforced animal procedures approved by the
Institutional Animal Care and Use Committee at Nanjing
Medical University (Nanjing, Jiangsu Province, China; approval
No. IACUC-1906009) in June 2019, and performed all surgical
procedures after rats were anesthetized with 2% pentobarbital
sodium (40 mg/kg; Nanjing Senbeijia Biological Technology
Co., Ltd., Nanjing, Jiangsu Province, China). All attempts were

made to minimize animal suffering.

Animals

Thirty Sprague-Dawley male rats, weighing 250-300 g,
purchased from the Laboratory Animal Center at Nanjing
Medical University (license No. SYXK (Su)-2018-0020), were
included in this study. They were housed three per cage
in a controlled animal facility that was kept at a constant
temperature of 22 £ 1°C and a relative humidity of 60 + 10%
with water and food ad libitum. The animal care unit was
sustained at a 12-hour light/dark cycle with lights on at 7:00
a.m. All rats were randomly assigned into three groups with
10 rats each. The sham-operation group was subjected to
sham operation. The Bi-L4 transection group received bilateral
L4 transection. The L4-L4 transfer group underwent L4-to-L4
root transfer following a hematoma-driven lesion in the
posterior limb of the internal capsule (PLIC). All rats were kept
in a noiseless room.

Establishment of an internal capsule insult

Using published nerve tracings as a guide (Frost et al., 2013;
Song et al., 2017), we created a hematoma-caused lesion in
the posteromedial area of the PLIC. Rats were anesthetized
with 2% pentobarbital sodium intraperitoneally with body
temperature maintained at 37 + 0.5°C using a heating pad.
Briefly, after rats were restrained in a stereotactic frame
(RWD-68025, Shengzheng Biotechnology Co., Ltd., Nanjing,
Jiangsu Province, China), a scalp incision was made along
the midline, hemostasis was performed using a bipolar
electrocoagulator (Johnson & Johnson Medical Devices Co.,
Ltd., Suzhou, Jiangsu Province, China), and then a small
hole was drilled on the skull. Subsequently, a hydraulic
microinjector was gradually inserted perpendicularly into the
target area (anteroposterior, -3.1 from bregma; mediolateral,
+3.3 from the midline; dorsoventral, -7.8; n = 30) (Figure
1A and B). Approximately 180 pL blood or saline was slowly
injected into the target site for 15 minutes at a rate of 12
pL/min through a 30G Hamilton syringe connected to an
UltraMicroPump (WPI, Sarasota, FL, USA). The sham-operation
group received a saline injection, followed by exposure of
only bilateral L4 nerve roots. After surgery, all rats were
transported to a recovery chamber with ketoprofen (2 mg/kg,
i.m.) for analgesia for 3 consecutive days. Seven days after
injection, T2-weighted magnetic resonance imaging (MRI) was
used to locate the affected area (Figure 1C). Both behavioral
and electromyographic tests confirmed the establishment of
the rat model.

Selection of a donor nerve

In a preliminary experiment, 24 naive rats, weighing 250-300
g, were classified into two groups (n = 12 rats/group). In
one group, unilateral L4 root was excised sharply, without
transection of other lumbar roots, whereas in another group,
the L4 root was retained and the other lumbar roots (L2, L3,
L5, and L6) were excised completely. After surgery, all rats
received an intramuscular injection of penicillin (80,000 U per
day) for 3 days, underwent application of lidocaine ointment
to the incision for 5 days, and underwent observations
and measurements in a blinded fashion. Seven days later,
behavioral and electromyographic tests were performed to
confirm eligibility of the L4 nerve root as a donor target.

Behavioral tests

A beam-walking test, ladder rung walking task, and footprint
analysis were performed as per the established protocols at
baseline, 9, 13, and 17 weeks post-operation (Kemp et al.,
2010). At 15 days before the baseline valuations, rats were
trained on each procedure. A schematic illustration of the
corresponding protocol is shown in Figure 1D.

For the beam-walking test, rats (n = 10/group) were trained
before the surgery to cross a horizontal beam. A single run
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was deemed as satisfactory if the animal walked across the
beam continuously at a constant gait. Nine satisfactory runs
for each animal were used to calculate their performance in
a blinded manner by an experienced reviewer. The number
of times that an animal slipped off the ledge with its affected
hindlimb was recorded and then normalized to the sum of
steps taken. Slips onto the ledge were rated as a full slip (given
a score of 1) and a half slip (given a score of 0.5) was scored if
the hindlimb touched one side of the beam. The slipping rate
was designated as the number of slips per the sum of right
hindlimb steps.

For the ladder rung walking task, rats (n = 10/group) were
trained before surgery to travel across a horizontally-placed
ladder from a neutral cage to their home cage. Traveling
across the ladder at a uniform velocity was considered a
satisfactory run, and nine satisfactory runs per animal were
collected for their performance calculations. The slipping rate
was evaluated as the number of slips per the sum of right
hindlimb steps.

For the footprint analysis, rats were trained to walk
straight across a gangway three times for acclimatization.
Subsequently, rats were tested on a gangway covered with
white paper, with a black cage at the end. The right forepaw
and hindpaw were coated with blue and red ink, respectively.
Unclear and partial paw prints were excluded from the
analysis. The rats were placed individually in an open field (90
cm x 150 cm) and observed for 5 minutes to rate hindlimb
activity from 0 to 21 using the Basso, Beattie and Bresnahan
(BBB) rating scale.

L4 nerve root surgery procedures

At 2 weeks after establishment of the rat hemiplegia models,
L4-to-L4 nerve root transfer was performed in the L4-
L4 transfer group, bilateral L4 nerve root transfection was
conducted in the Bi-L4 transection group, and exposure of
bilateral L4 nerve root only was performed in the sham-
operation group. After ether inhalation and anesthesia by an
intraperitoneal injection of 2% pentobarbital sodium, rats were
laid in supine position, shaved, and fixed on the miniature
operation table. A median incision (3—4 cm long) was made
longitudinally in the abdomen, which was centered on the L4
and paralleled the anterior superior iliac spine. Bilateral L4
nerve roots were observed under the operating microscope
(S261, Olympus, Tokyo, Japan). For the L4-to-L4 root transfer,
the left L4 root (intact side) was traced and transected as
distally to the intervertebral foramen as possible, whereas
the right L4 root was severed as proximally as possible. The
proximal stump of the left L4 nerve root was transferred to the
distal stump of the right L4 root using 10-0 Prolene sutures,
with the right proximal stump secured to the ambient psoas
major. In the bi-L4 transection group, the stumps of bilateral
L4 nerve roots were fixed to the muscle to avoid neural
reconnection (Figure 1E and F). An absorbable hemostatic
sponge was carefully stuffed around the operative field before
strict skin closure.

T2-weighted MRI for localization

At 7 days after blood injection, T2-weighted MRI showed
the PLIC lesion on a Bruker Biospec 7-T MRI system (Bruker,
Karlsruhe, Germany). Rats were anesthetized with 5%
halothane and maintained with 2% halothane (in 30% O,:
70% N,O, v/v), and were then intubated and mechanically
ventilated at 65 beats/min. A T2-weighted image of the lesion
obtained at 1 second was acquired.

Electrophysiological evaluation
Electromyographic examination
At 5 days after the left PLIC insult, surface electromyogram
was conducted to verify the rat model. After mild anesthesia
with 2% pentobarbital sodium, rat bilateral lower limbs were
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shaved. A reference electrode and a recording electrode
were placed on the lateral and medial thigh of the hindlimb,
respectively. Rats were stimulated at an increasing intensity
of current from 0.5 mA to 1 mA, with self-adhesive electrodes
in place. Because of the neuroanatomic association in lower
extremities, we performed serial electromyography with a
concentric needle in the anterior-posterior muscle groups 10
days after severing the lumbar root. Myokymic potentials and
positive sharp waves were recorded to locate the muscles
from the L4 nerve root. The data were collected under the
conditions of excision of only the L4 nerve root or retention of
only the L4 nerve root.

At 9, 13, and 17 weeks after transfer, acupuncture
electromyogram was performed to assess the L4-supplied
muscles for early neurogenic or compound muscular action
potential (MUAP) changes, in addition to the denervated
potentials. Additionally, positive sharp waves without
myokymic potentials as a confounding variable were excluded,
neurogenic or myogenic alterations of MUAPs were assessed,
and a reinnervated potential in the investigated muscles was
detected at a scheduled time.

Internal capsule
Bregma -3.1 mm

D rargeted eraining 2

Bascline evaluations — -1

Autologous hematoma [|— o
injo

T2-weighted MRI images

.........
........

)

R L R L

Biateral L4 transection L4-L4 transfer

Sham-operation

Figure 1 | Diagram of establishment of rat models and treatments for
each group.

(A) The coordinates were determined according to an illustration by Paxinos
and Watson (Paxinos et al., 1980). (B) A hole 0.8 mm in diameter was created
in the rat cranium, 3.1 mm posterior to the bregma and 3.3 mm lateral to the
midline. (C) A coronal T2-weighted magnetic resonance imaging (MRI) image
indicates the hematoma in the posterior limb of the left internal capsule (pink
arrow). (D) The experimental outline. (E) Sham-operation was conducted

in the sham-operation group (bilateral L4 nerve roots were not severed
intraoperatively, n = 10). (F) Bilateral L4 nerve roots were sharply transected
in the Bi-L4 transection group (n = 10), and the stumps were secured to the
psoas major muscles or capped with soft tissues. (G) The L4-to-L4 transfer
was performed in the L4-to-L4 root transfer group (n = 10). Contralesional

L4 was resected as distally as possible, and the ipsilesional L4 was severed
proximally. Interrupted suture was applied to anastomosis of stumps. L: Left; R:
right.

H-reflex recording in the gastrocnemius

After the aforementioned preparations, a pair of receiving
electrodes was introduced into the gastrocnemius in the
right hindlimb and a stimulating electrode was placed
transcutaneously behind the medial malleolus. All of the
electrodes were linked with a four-channel electrophysiology
instrument (Galileo NT LineKey, Florence, Italy). The
reinnervated nerve was stimulated using a single pulse (2 ms,
5 Hz) at an initial current of 0.1 mA, with 0.1 mA increments
until reaching the maximum current. The latencies for H-wave
and M-wave were determined.
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Immunofluorescence for regenerated nerves

Rats were intraperitoneally injected with an overdose of 2%
pentobarbital sodium and were transcardially perfused with
600 mL of saline and 400 mL of 4% paraformaldehyde solution.
The regrowing section of the regenerating nerve, 5 mm away
from the coaptation site, was resected rostrally and caudally,
immersed into 4% paraformaldehyde overnight at 4°C, followed
by 30% sucrose in 0.1 M phosphate buffer overnight at 4°C,
and then sliced longitudinally at a thickness of 20 um with
a manual rotary microtome (LEICA CM1905; Leica, Wetzlar,
Germany). Every fourth section (three sections per segment)
was chosen for immunofluorescence. Next, the specimens
were incubated with microtubule-associated protein-2 (MAP-
2; Abcam, Cambridge, MA, USA) diluted at 1:250 in primary
antibody dilution buffer and then placed on a reciprocal shaker
running overnight at 4°C. The primary antibody was skipped in
the negative control. Following MAP-2 incubation, the tissue
sections were carefully washed in 0.01 M phosphate buffered
saline, incubated with Alexa Fluor-693 (1:250; Sigma, St.
Louis, MO, USA) at 37°C for 30 minutes, treated with an anti-
guenching reagent and then quickly photographed under a
fluorescence microscope (LEICA DM2500). The regenerated
connectivity at the anastomosis site can be calculated using
immunofluorescence if the regrowing axons are labeled with
MAP-2 at the point of interest. The connectivity rate was
calculated as the transverse diameter for the regenerated nerve
divided by that for the nerve root at the coaptation point.

Retrograde tracing of the motoneurons to the quadriceps
femoris

At 9, 13 and 17 weeks after transfer, the quadriceps femoris
on the paretic side in parallel with severance of other lumbar
roots (i.e., L2, L3, L5 and L6) was surgically exposed and 1 uL
4% fluoro-gold (UE-F4040) was injected at three locations.
After saline washes, the incision was finally closed. In naive
rats, an equal amount of 4% fluoro-gold was injected into the
quadriceps femoris in the intact hindlimb for a control. Seven
days later, the lumbar spinal cord from the L4-to-L4 nerve
root was sectioned at 20 um thickness and photographed
using confocal microscopy (Zeiss LSM880 with NLO &
Airyscan, Manchester, UK). Soma and partial dendritic arbors
labeled with fluoro-gold were photographed. Using a 10x
objective lens and 50-um photograph separation, the labeled
motoneurons were captured at a 480-nm wavelength. Z-stack
was used to reconstruct the optical sections.

Ultrastructural assessment for the regrowing nerve

To examine the reinnervated dynamics, the regrowing roots,
3 mm from the coaptation site, were transected rostrally and
caudally for ultrastructural evaluation at 9, 13 and 17 weeks.
Briefly, the nerve sections were fixed in 2.5% glutaraldehyde,
dehydrated in both graded ethanol and propanone, and
permeated with resin. Next, the specimens were subjected to
longitudinal and transverse ultrathin slices and stained with 3%
uranyl acetate-lead citrate. Ultrastructure of the regenerated
axons was captured at various resolutions using FEI (Tecnai
Spirit Biotwin, Waltham, MA, USA). The g-ratio was calculated
as the axon diameter divided by the fiber diameter as an index
of the regenerated size. Multiple calculations were made per
axon and the G-ratio was considered a reliable parameter
reflecting axon remyelination.

Statistical analysis

All data were analyzed with SPSS 21.0 software (IBM, Armonk,
NY, USA) and Image] software (1.52p, National Institutes
of Health, Bethesda, MD, USA) and expressed as the mean
+ SEM. Differences between groups were calculated using
repeated-measures analysis of variance and one-way analysis
of variance followed by least significant difference post hoc
test. The statistical significance value was set at a P value of
0.05 or lower.
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Identification of a right hindlimb paralysis

At 7 days after injury to the dorsomedial area of PLIC, rats
began to exhibit reduced activity in the right lower extremity
and galloped in circles centered on the right hindlimb. In
the walking tasks, there was a > 85% slip rate in the right
hindlimb compared with the left hindlimb (Figure 2A and B).
In the footprint analysis, the forepaw and hindpaw prints on
the paretic side were non-overlapping for at least 6 months,
with a spacing of 19.2 £ 0.7 mm (Figure 2D). In contrast, the
spacing on the intact side had a very small interval 1.2 + 0.1
mm (Figure 2C).

Additionally, denervated MUAPs in the hemiplegic hindlimb
had a lengthened duration and shortened amplitude (Figure
2F) compared with those in the left hindlimb (Figure 2E),
which is consistent with the results of the footprint analysis.
The results imply a successful establishment of a rat model of
hemiplegia after HICH.

Eligibility of L4 nerve root as a donor nerve

Anatomically, a nerve root that controls flexors and extensors
is usually considered as an optimal donor candidate. We
performed initial experiments to screen a donor nerve.
At 10 days after transection of L4 only, acupuncture
electromyography showed that myokymic potentials
and positive sharp waves were prominently detected
in the quadriceps femoris, moderately detected in the
semimembranosus and gastrocnemius, slightly detected in
the tibialis anterior, and hardly detected in the biceps femoris
(Figure 3A). In contrast, in the condition of retention of the
L4 nerve root and excision of other lumbar roots, normal
potentials were observed in the corresponding muscles,
particularly in the quadriceps femoris, semimembranosus,
gastrocnemius, and tibialis anterior (Figure 3B). The maximum
BBB scores were 20 and 13 for transection of the right L4
nerve root only and retention of the right L4 only, respectively
(Figure 3C). The BBB scores suggested that under the
condition of retention of the L4 nerve root only, the hindlimb
function might recover to approximately 70% of a naive state
within 2 weeks. Electromyography indicated that the muscles
controlled by L4 could perform flexion and extension for major
joints in the hindlimb, especially for the ankle. These results
demonstrated eligibility of the L4 nerve root as a source nerve.

Behavioral assessment

The right forepaw and hindpaw prints from the footprint
analysis of a naive rat and model rat are shown in Figure 4A,
and the intervals between the forepaw and hindpaw prints on
the affected side are shown in Table 1. In the L4-L4 transfer
group, the interval between the forepaw and hindpaw prints
during L4-to-L4 root transfer significantly diminished over time
until an overlapping status emerged at 17 weeks after surgery
(Figure 4B). In the beam-walking test and ladder rung walking
task, the overall slip rate for the bilateral hindlimbs did not
statistically differ between the bilateral (Bi)-L4 transection and
L4-L4 transfer groups and attained 90% at baseline (Figure 4C
and D).

Table 1 | Interval between forepaw and hindpaw prints on the affected
side (mm)

9 wk after 13 wk after 17 wk after
Group transfer transfer transfer
Sham-operation 19.5+0.7 19.2+0.9 18.9+0.5
Bi-L4 transection 22.310.4 20.8+0.5 19.6£0.3
L4-L4 transfer 20.3+0.8" 14.74¢0.9" 5.6%0.2

Data are expressed as the mean + SEM (n = 10; repeated-measures analysis of
variance). #P < 0.05, vs. 17 wk after transfer. Bi: Bilateral.
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At 1 week, the slip rate in the Bi-L4 transection group drastically
declined to 44-56% as compared with that of the L4-L4 transfer
group. At 3 weeks, rats in the sham-operation group achieved
approximately 95% accuracy, in contrast to approximately 57%
accuracy in the Bi-L4 transection group and approximately 13%
accuracy in the L4-L4 transfer group. At 5 weeks, in the Bi-L4
transection and L4-L4 transfer groups, behavioral improvement
was observed, with greater improvement observed in the Bi-
L4 transection group. From 9 weeks onward, rats in the L4-
L4 transfer group displayed greater reductions in the slip rate
than did those in the Bi-L4 transection group. Although an
increase in accuracy was observed after 9 weeks, rats in the Bi-
L4 transection and L4-L4 transfer groups did not improve to the
level of the sham-operation group at any time point. The BBB
score in the L4-L4 transfer group was significantly higher at 17
weeks than at 9 and 13 weeks (Figure 4E). The data suggest
effective motor function recovery of the hemiplegic hindlimb
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80 80
S 60 S0
S s
o 40 2 40 D
@ @
20 20
0 0
1 3 5 1 3 5
Time (wk) Time (wk)

after L4-to-L4 root transfer.

Electrophysiological evaluation of contralateral L4 transfer
In the L4-to-L4 root transfer group, the reinnervated MUAPs
could be elicited with concentric needles in the quadriceps
femoris, semimembranosus, lateral gastrocnemius and tibialis
anterior of the right hindlimb in 4 out of 10 rats (40%) at 9
weeks, in 7 rats (70%) at 13 weeks, and in 9 rats (90%) at 17
weeks after surgery (Figure 5A and B). Also, the denervated
MUAPs detected in the target muscles markedly decreased
over time. In H-reflex recordings, the M/H-wave latency for
the right gastrocnemius was remarkably longer at 9 weeks
than that at 17 weeks (P < 0.05) (Table 2 and Figure 5C). The
latency shortened over time until it reached an approximately
normal level (P > 0.05). Together, the results suggested that
the L4-to-L4 nerve root transfer efficiently reinnervated the
targeted end-organs (Figure 5).
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Figure 2 | Behavioral and electromyographic assessments confirming establishment of the rat model.

(A and B) In the beam-walking test and ladder rung walking task, a > 85% slip rate was observed in the right hindlimb (affected side), compared with that in the
left hindlimb (intact side). Data were expressed as the mean + SEM (n = 10; repeated-measures analysis of variance). ***P < 0.001. (C) Superposed forepaw
and hindpaw prints, characteristic of a naive rat, were presented as a reference. (D) A contralateral detached state was present in rats with an injury to the
posteromedial area of posterior limb of the internal capsule. In this case, normal muscular action potentials (E) were replaced with the denervated ones (F).
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Figure 4 | Behavioral improvements following the L4-to-L4 transfer.
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Figure 3 | Availability of L4 as a source nerve.
(A) Positive waves or denervated potentials
occurred in the QF, SM, TA, and GC. (B) Normal
muscular action potentials were recorded from
the same target muscles. (C) BBB scores differed
between the two treatments. Data are expressed

4 6 8 10 12
Time (d) as the mean + SEM (n = 10; repeated-measures
analysis of variance). BBB: Basso, Beattie and
Bresnahan rating scale; GC: gastrocnemius; QF:
quadriceps femoris; SM: semimembranosus; TA:
tibialis anterior.
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(A) Representative forepaw and hindpaw prints for a naive rat (A1) and model rat (A2). (B) Data at 9 weeks (B1), 13 weeks (B2), and 17 weeks (B3) after L4-to-L4
nerve root transfer indicate that the nonoverlapping status was gradually pulled into an overlap post-procedure. (C, D) In the beam-walking test (C) and ladder
rung walking task (D), there was no significant difference in accuracy at baseline between the bilateral (Bi)-L4 transection and L4-L4 transfer groups. With time,
a larger decline in slip rate on the affected side was observed in the L4-L4 transfer group than in the Bi-L4 transection group. In the L4-L4 transfer group, there
was also a relatively higher slip rate on the intact side compared with that in the sham-operation group, owing to body imbalance. Improvement in accuracy

was observed at later time points. (E) Eventually, at 17 weeks after transfer, rats in

the L4-L4 transfer group scored approximately 13 on the BBB scale. These

results suggest a positive effect of the intervention on motor function. Data were expressed as the mean + SEM (n = 10; C, D: repeated-measures analysis of
variance; E: one-way analysis of variance followed by the least significant difference post hoc test). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5 | Electromyographic assessment demonstrating reinnervation of
the denervated muscles.

(A1) At 9 weeks after transfer, many positive sharp waves were observed (P
>0.05). (A2) Muscular action potentials began to appear and positive sharp
waves disappeared. (A3) Numerous muscular action potentials were detected
(P>0.05). (B) The reinnervated potentials were prominently detected in the
QF, moderately detected in the SM and QC, and slightly detected in the TA
(P>0.05). (C) H-reflex was evoked in a naive rat as a control. At 9, 13, and 17
weeks after transfer, the H-reflex was markedly elicited in the gastrocnemius
of the affected hindlimb, the latency of which shortened over time and
reached an approximately normal latency. GC: gastrocnemius; QF: quadriceps
femoris; SM: semimembranosus; TA: tibialis anterior.

Table 2 | Latencies (ms) for M-wave and H-wave in the right
gastrocnemius at different groups

9 wk after 13 wk after 17 wk after
Parameters  Control transfer transfer transfer
M-wave 2.09+0.19 3.26+0.21 2.78+0.16 2.1140.19"
H-wave 7.49+0.24 13.7940.37 13.4540.35 10.78+40.26"

Data are expressed as the mean + SEM (n = 10; repeated-measures analysis of
variance). #P < 0.05, vs. 17 wk after transfer.

Fluorogold-labeled motoneurons in the ventral horn from
the L4-to-L4 root

In the ventral horn, many fluorogold-labeled motoneurons
were observed (Figure 6A). At 9, 13, and 17 weeks (Figure
6B—E), the number of labeled motoneurons increased over
time, in contrast to the contralateral side at the same time
points (P < 0.05 for each time point). These results showed
that an increasing number of regenerated axons reinnervated
the motor endplates.
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Figure 6 | Retrograde tracing showed fluoro-gold-labeled motoneuron
number increased over time.

To assess the ability of the L4-to-L4 nerve root to transmit signals, a control
group (A) was designed for quantitative comparison. At 9 weeks (B), 13
weeks (C), and 17 weeks (D) after transfer, many labeled motoneurons were
observed in the ventral horn, and the labeled area increased over time. (E)
Quantification of fluoro-gold-labeled motoneurons. Data were expressed as
the mean + SEM (n = 10; one-way analysis of variance followed by the least
significant difference post hoc test). *P < 0.05.

Immunofluorescence staining and ultrastructure of the
reinnervated nerve root

At the coaptation site, regrowing axons were observed, with
MAP-2-labeled axons accounting for 25.61 + 5.18% at 9 weeks,
38.52 + 3.64% at 13 weeks, and 57.89 * 6.25% at 17 weeks
(Figure 7) of all axons. Additionally, reinnervation between
the stumps increased at each time point until reaching nearly
complete reinnervation at 17 weeks (P > 0.05). Myelinated
and unmyelinated axons were observed with ultrastructural
analysis, further indicating progressing axon regeneration over
the three time points (P < 0.05) (Figure 8). Over time, the G-ratio
for regrowing axons declined, in parallel with an elevation of
myelinogenesis. Additionally, more reinnervated axons were
observed in a realigned and rearranged manner. The results
demonstrated effective regeneration of nerve fibers.
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Figure 7 | Immunofluorescence showed axon regeneration.

Varying levels of immunostaining were observed in the reinnervated nerve
roots collected at three time points after MAP-2 labeling. Dotted boxes
indicate axon regeneration at the anastomosis site. Only partial regenerative
reconnection occurred at the early stage after surgery (A and B). However,
almost complete reconnection was observed at 17 weeks (C) after transfer.
(D) The regenerated connectivity at the coaptation site. Data are expressed
as the mean + SEM (n = 10; one-way analysis of variance followed by the
least significant difference post hoc test). *P < 0.05, **P < 0.01. MAP-2:
Microtubule associated protein-2.
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Figure 8 | Ultrastructure demonstrating axon regrowth and remyelination.
Varying levels of regeneration and myelinogenesis were observed at three
time points. At 9 weeks, obvious axon necrosis or myelin sheath cell apoptosis
was observed (white arrow). Marked remyelination (green arrow), vast axon
regrowth (red arrow), and alignment of regenerated axons were observed at
17 weeks, in comparison with those at 9 and 13 weeks after transfer. Data are
expressed as the mean + SEM (n = 10; one-way analysis of variance followed
by the least significant difference post hoc test). *P < 0.05, **P < 0.01, ***P <
0.001. The G-ratio declined over time.

Discussion

Given the large number of people affected by HICH and the
unsatisfactory outcomes, new interventions are needed
for limb hemiplegia (Herweh et al., 2017; Chamudot et al.,
2018; Fan et al., 2020; Jovanovic et al., 2020). The rationales
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behind the C7-to-C7 transfer for the paretic upper limb are
beginning to be accepted and understood as scalable (Fox
et al., 2019; Yu et al., 20193, b; Li et al., 2020; Yang et al.,
2020). Reinnervation of the denervated muscles, y-circuit
interruption, and establishing a new pathway remarkably
contribute to motor recovery after transfer (Sananpanich
et al., 2018; Afshari et al., 2019). Contralateral lumbar
neurotization engaging similar mechanisms was considered
as an option for lower limb paresis after central neurological
injury. Thus, in this study, we investigated the effect of L4-
to-L4 transfer for hindlimb hemiplegia in rats.

There are several reasons why the L4 nerve root was identified
as an optimal source nerve. First, transecting the L4 nerve
root may not impair lower extremity motion, as shown by the
BBB score, because of compensation from neighboring roots.
Second, biomechanically, coordination between flexors and
extensors leads to stable and refined movement. Anatomically,
L4 simultaneously drives anteroposterior muscle groups,
initiating robust flexion and extension in the hindlimb. Third,
given the muscles innervated by L4, including the quadriceps
femoris, semimembranosus, gastrocnemius, and tibialis
anterior, it was inferred that L4 may not only control proximal
joint activity but also distal joint motion in the lower limb.
Thus, L4 as a donor nerve may have the best potential as a
therapeutic candidate for functional recovery following nerve
transfer, in comparison with other lumbar nerves.

In our study, we severed the efferent pathway via damage
to the posteromedial area of PLIC to establish a successful
rat model, as indicated by electromyography and paw print
tests. Only slight or no spasm was observed in the model rat.
We also investigated the potential of the L4-to-L4 transfer
for motor recovery. A denervated muscle may atrophy if a
nerve fiber fails to reinnervate within a certain time, i.e., 3 to
6 months. The results from H-reflex and retrograde tracing
indicate that the regenerated axons had strongly reinnervated
the target muscles. Additionally, the shortened latency
for the M/H-wave and g-ratio over time led us to strongly
speculate that nearly all regrowing fibers were myelinated
and functional. Finally, we observed increasing regeneration
between stumps, which we believe suggests that an increasing
number of regenerated fibers reached the motor end-organ
to generate better functional outcomes. Together, these
findings suggest that after surgery, the axons regenerated
and reinnervated the target muscles before muscle atrophy
occurred.

We also observed distinct differences between the L4-to-L4
transfer and other previously published transfer modalities.
After contralateral L4 transfer, rats could conduct large-range,
dexterous, and strong activity in the distal major joints, such
as the hip and knee joints. Additionally, in the ankle joint, full
flexion and extension were often seen at the early stage, as
indicated by the beam-walking test and ladder rung walking
task. In contrast, in previous studies of other types of lumbar
nerve transfer (such as L5-to-L6, L6-to-L6 and L4-to-L5),
only rough motion in the proximal joints was observed, and
skilled activities were barely observed for the major joints in
the paretic hindlimb (Bao et al., 2020; Yang et al., 2021). A
possible explanation for the different outcomes is that the
L4 root controls the anteroposterior muscle groups, and is
responsible for flexion and extension for the major joints in
the hindlimb, whereas other lumbar nerves are not.

Central neurological injuries commonly cause motor control
deficits in the whole leg, particularly in fine motor control. To
achieve skilled locomotion, rats balance their weight and place
limbs rapidly. Hence, fine muscle control, leg coordination,
and the ability to achieve weight-bearing stepping movements
are required for a successful performance in the beam-
walking test and ladder rung walking task. Because of these
coordinating factors, movement accuracy and gait were
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provisionally negatively impacted in the intact leg in addition
to the paretic leg. Nevertheless, a relatively long recovery
time, i.e., the period ranging from post-transfer to achieving
skilled locomotion, was observed after the contralateral L4
transfer. Also, in the intact hindlimb, loss of motor function
was observed after transecting L4, although it did not impair
locomotion. Despite these shortcomings, neurotization still
appears to be a promising approach (Saffari et al., 2020), and
future studies should investigate if these effects on the intact
limb could be overcome by advanced rehabilitation training
and regeneration-promoting electrical stimulus (Hou et al.,
2020; Wang et al.,, 2021).

Several limitations of this study need to be addressed in the
future. In particular, no significant motion was observed
in the digits post-intervention. It is possible that the short
experiment duration did not allow enough time for this
recovery. Additionally, the exact number of L4 nerve fibers on
the intact side innervating the contralateral muscles and the
ratios to other lumbar nerve roots were not quantified. Finally,
as rats are quadrupeds, lower limbs are more frequently
implicated in skilled motion in rats than in humans. Slight
motor degradation tends to be more detectable in rats.
However, the concept of the present study still applies to
clinical practice.

In summary, contralateral L4 neurotization enabled motor
recovery in the distal joint and improved performance in
the proximal joints in a rat model of HICH. The findings
suggest that this approach may be a therapeutic option for
hindlimb paralysis secondary to HICH, which is supported
by its feasibility and availability. Further research into the
mechanisms underlying axonal regeneration and cortical
plasticity in hindlimb recovery would be beneficial.
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