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Abstract

We investigated the effects of intermittent theta-burst stimulation (iTBS) on locomotor func-
tion, motor plasticity, and axonal regeneration in an animal model of incomplete spinal cord
injury (SCI). Aneurysm clips with different compression forces were applied extradurally
around the spinal cord at T10. Motor plasticity was evaluated by examining the motor
evoked potentials (MEPs). Long-term iTBS treatment was given at the post-SCI 5th week
and continued for 2 weeks (5 consecutive days/week). Time-course changes in locomotor
function and the axonal regeneration level were measured by the Basso Beattie Bresnahan
(BBB) scale, and growth-associated protein (GAP)-43 expression was detected in brain and
spinal cord tissues. iTBS-induced potentiation was reduced at post-1-week SClI lesion and
had recovered by 4 weeks post-SCl lesion, except in the severe group. Multiple sessions of
iTBS treatment enhanced the motor plasticity in all SCI rats. The locomotor function
revealed no significant changes between pre- and post-iTBS treatment in SCl rats. The
GAP-43 expression level in the spinal cord increased following 2 weeks of iTBS treatment
compared to the sham-treatment group. This preclinical model may provide a translational
platform to further investigate therapeutic mechanisms of transcranial magnetic stimulation
and enhance the possibility of the potential use of TMS with the iTBS scheme for treating
SCls.
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Introduction

Spinal cord injuries (SCIs) lead to changes in motor, sensory, and autonomic functions of the
spinal cord [1]. The effects of an SCI vary depending on the segment of the spinal cord that is
affected [2]. The severity of the primary injury determines the grade of the patient’s neurologic
state and is used as a prognostic tool [3]. In the initial stage (a few seconds to a minute) after
spinal damage occurs, termed the acute phase, the primary injury mechanism leads to physio-
logical alterations, including hemorrhaging, spinal shock, systemic hypotension, cell death,
reduced blood flow, edema, and neurotransmitter accumulation [4]. In the secondary stage
(minutes to weeks) after the spinal cord is damaged, termed the sub-acute phase, necrotic cell
death, edema, electrolyte shifts, free-radical production, delayed calcium influx, and apoptosis
continue to occur [5]. In the last stage (months to years) after spinal cord damage, termed the
chronic phase, apoptosis, demyelination, glial scar formation, and alteration of neuronal cir-
cuits continue to occur [4, 5]. Moreover, cortical areas are invaded which causes axonal disin-
tegration and reductions in the dendritic spine density and angiogenesis, and thus,
information is not conveyed along the central pathway [6].

Most SCI patients experience spasticity, muscle atrophy, and urinary infections, and more
than 80% have neuropathic pain [7]. Thoracic SCIs comprise the largest percentage of SCI
incidences in the United States [8]. Following a thoracic SCI, paralysis of the lower limbs is the
most common symptom [9]. Various rehabilitative approaches have been developed to accel-
erate the recovery of locomotor function, such as shift training, walking training, and balance
exercises. However, those training protocols often cause injuries to SCI patients as a result of
the great efforts they must exert during exercise, and there is no fully therapeutic treatment for
SCI patients [2]. In the clinic, most SCIs are incomplete, rendering stimulation toward the
motor cortex (M1) a strategy to reconnect the brain with the spinal cord below the lesion [10].
Neural activation activated by transcranial magnetic stimulation of the M1 is a current assess-
ment approach to evaluate integration of the descending pathway after an SCI [10, 11].

Previous studies proved that TMS provides information of the motor status of patients with
a deficit in motor function from varying causes and with different degrees of severity [12].
When TMS is applied over M1 at the appropriate intensity, the electromagnetic pulse activates
excitable cells and passes through the corticospinal tract (CST) and the peripheral nerves to
muscles [13, 14]. The excitability of M1 and conduction through the CST, termed motor-
evoked potentials (MEPs), can be recorded with electromyographic (EMG) surface electrodes
[15]. MEP recordings also provide objective information for assessing central motor pathways
and monitoring central motor deficits [13, 15]. Moreover, the MEP amplitude shows the integ-
rity of neuronal axons from M1 to spinal motoneurons and have been used in different neurol-
ogy deficit at subclinical level [14]. An abnormal MEP can be found in patients with any level
of corticospinal dysfunction, while the presence of MEP shows the integrity of the pyramidal
tract [16]. Importantly, TMS has a role in determining the value of pyramidal tract dysfunc-
tion, especially in motor deficit cases, whereas the role of the MEP is unequivocal when there
are associated motor deficits [13]. For instance, after spinal cord damage, white matter loss is
believed to lead to the loss of neurological function among SCI patients [17]. Furthermore, a
good correlation was seen between the MEP size and motor ability in SCI patients, as well as
between the MEP size and radiological lesions in stroke and cervical myelopathy patients [14,
18].

Furthermore, TMS is an accepted approach for neuromodulation and neurostimulation of
the central nervous system (CNS) with beneficial effects reported in various neurologic disor-
ders [19-23]. Repetitive (r)TMS induces a neuro-suppressive effect with a lower frequency
(below 1 Hz) and induces a neurogenic excitatory effect with a higher frequency (above 5 Hz)

PLOS ONE | https://doi.org/10.1371/journal.pone.0252965 June 4, 2021 2/18


https://doi.org/10.1371/journal.pone.0252965

PLOS ONE

Neuromodulatory effects of rTMS in rats with SCI

[24]. Previous studies showed that different rTMS frequencies can be used to reduce spasticity
and neuropathic pain [25-30]. Intermittent theta-burst stimulation (iTBS) is a TMS protocol
that can induce long-term potentiation (LTP) like plasticity at M1 with a few minutes’ stimula-
tions leading to 60 min of facilitated cortical excitability changes [31, 32]. However, few studies
of iTBS have tried to identify therapeutic roles of rTMS in SCIs. A previous clinical study
revealed that iTBS reduced the level of spasticity and altered cortical excitability in subjects
with chronic incomplete SCIs [33-35]. However, relationships between changes in cortical
excitability and motor behavior have yet to be predicted [34].

Different SCI severities in subjects may possibly have discrepant responses to the same
r'TMS rehabilitative protocols. However, few studies have reported on whether the severity of
SCI conditions has a great influence on therapeutic outcomes of rTMS. Since rats have gained
great popularity as primary species for investigating SCIs [36, 37] the present study developed
a clip compression approach that can produce hindlimb lesions in an SCI rat model with mild,
moderate, and severe severities. We utilized this technique because compression affects the
white matter of the spinal cord similar to what occurs in clinical SCIs. In the current study,
SCI rats of all three severities underwent 2 weeks of an rTMS rehabilitative intervention. To
epidurally activate M1, we used iTBS, which was demonstrated to facilitate cortical excitability
[11]. We examined changes in cortical excitability represented by MEPs in hindlimb muscles.
Motor function and biochemical tests were also conducted at multiple time points. These
results may contribute to our understanding of the influence of the severity of SCI conditions
on outcomes of neural plasticity and motor function with rTMS treatment and can serve as a
basis for developing effective strategies for valuable future rehabilitative interventions.

Materials and methods
Animal preparation

All experimental protocols involving the use of animals in this study were approved by the
Institutional Animal Care and Use Committee (IACUC) at Taipei Medical University (TMU)
with approval number (LAC-2018-0402), in accordance with the relevant Guide for the Care
and Use of Laboratory Animals published by the National Institutes of Health. All animal
experiments in this study were carried out in compliance with Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines. Thirty-eight adult male Sprague-Dawley rats (Bio-
LASCO, Taipei, Taiwan) weighing 276~300 g were utilized in the present study. Among them,
20 rats were randomly divided into actual stimulation (separated into healthy controls, mild-
SCI, moderate-SCI, and severe-SCI; n = 4 in each group; Fig 5A) and sham stimulation
(severe-SCI; n = 4; Fig 1A). The remaining 18 rats were used for biochemical testing. All rats
were separated into four equal groups at pre-SCI, and at 24 h, and 1 and 4 weeks after creating
a severe SCI; in addition, two groups underwent either actual or sham stimulation at 6 weeks
after a severe SCI (n = 3 in each group; Fig 1A). The experimental scheme is illustrated in

Fig 1B. Rats were housed in a temperature- and humidity-controlled room (21~23°C) with a
12-h light/dark cycle and ad libitum access to food and water at the animal center of TMU
before the experimental procedures.

SCI surgery

A compression injury in the SCI group was produced using commercial clamping clips (Micro
Vascular Clip; RS-6470, RS-6472, RS-6474; Roboz Surgical Instrument, Gaithersburg, MD,
USA). A rat was deeply anesthetized with an intraperitoneal (i.p.) injection of tiletamine-zola-
zepam (50 mg/kg, i.p.; zoletil, Vibac, Carros, France) and xylazine (10 mg/kg, rompun, Bayer,
Leverkusen, Germany). A dorsal laminectomy was performed at T10 to expose the spinal cord,
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Fig 1. Schematic of the experimental design in this study. (A) Time-course analyses of motor-evoked potentials (MEPs), the Basso Beattie Bresnahan (BBB) scale, and
a growth-associated protein (GAP)-43 ELISA were conducted. (B) BBB and MEP testing were performed one time pre-spinal cord injury (SCI) and once each at weeks
1, 4, and 6 following the SCI. A GAP-43 ELISA was performed pre-SCI and post-SCI at 24 h, and at weeks 1, 4, and 6 following a severe SCI and after intermittent theta
burst stimulation (iTBS). *PO, postoperative; D, day; W, week; RiTBS, real intermittent theta-burst stimulation; SiTBS, sham intermittent theta-burst stimulation. *PO,
postoperative; W, week; RiTBS, real intermittent theta-burst stimulation; SiTBS, sham intermittent theta-burst stimulation.

https://doi.org/10.1371/journal.pone.0252965.9001

and three different compression clips producing forces of 35, 40, and 60 g were individually
applied for 60 s using an applicator (Micro Clip Setting Forceps; RS 6496; Roboz Surgical
Store, MD, USA) to produce injuries of varying severities, i.e., mild, moderate, and severe [37,
38]. All surgical procedures were performed under aseptic conditions. Rats were monitored
daily, and postoperative care was administered. Each rat’s bladder was squeezed twice daily
until spontaneous voiding occurred, and to prevent infection, an ampicillin (100 mg/kg, sub-
cutaneously (s.c.), Novopharm, Toronto, Canada) injection was administered intramuscularly
for 5 days [38].

MEP assessment

A rat was placed in a stereotaxic apparatus after i.p. anesthetization with tiletamine-zolazepam
(50 mg/kg, i.p.; zoletil) and xylazine (10 mg/kg, rompun) [39]. Monopolar uninsulated 27G
stainless steel needle electrodes (Axon Systems, Hauppauge, NY, USA) were inserted unilater-
ally into the bicep femoris muscle belly of the hindlimb to record EMG activity. The reference
electrode was inserted into a paw, while the ground electrode was inserted into the tail [40].
Signals were recorded with a Biopac MP-36R four-channel system (Biopac System, Goleta,
CA, USA). All TMS protocols were performed using a MagVenture MagPro and Cool-40 Rat
circular coil (Tonica Electronic, Farum, Denmark). The circular coil was fixed such that it was
in slight contact with the scalp surface to elicit MEPs to the hindlimb (locator coordinate AP:
+1.0 mm; ML: +1.25 mm; bregma as the center) [41]. A single-pulse of TMS evoked MEPs to
evaluate cortical excitability after a session in SCI rat models. The minimal intensity of TMSs
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Fig 2. Protocol for motor-evoked potential (MEP) measurements. Placement of the transcranial magnetic stimulation coil and electrodes to record MEPs from rat
models (A). Intermittent theta-burst stimulation (iTBS) consisted of 600 pulses that burst within 192 s; 15 MEPs were recorded every 5 min twice before iTBS and six
times after iTBS (B).

https://doi.org/10.1371/journal.pone.0252965.9002

required to elicit MEPs from the bicep femoris muscle with at least a 20-uV amplitude in five
of ten consecutive trials during muscle relaxation caused by anesthesia was termed the resting
motor threshold (RMT) [40]. The intensity of TMS for the RMT was documented to be 100%
of the machine output percentage which is associated with the maximal strength of the mag-
netic field [40]. The MEP amplitude was recorded every 5 min twice pre-iTBS as the baseline
condition and six times post-iTBS (Fig 2B). The recorded MEP consisted of 15 single pulses at
10-s intervals at 120% RMT. Peak-to-peak amplitudes were analyzed offline.

iTBS protocol

iTBS used in this study consisted of three-pulse bursts at 50 Hz repeated at 5 Hz. A 2-s train of
TBS was repeated every 10 s for 20 repetitions, for 600 pulses in total (Fig 2A) [31]. An 80%
RMT was used as the iTBS intensity [39]. iTBS was administered for 2 weeks at postoperatively
(PO) 5~6 weeks, for 5 consecutive days each week, 10 times in total (Fig 2B). The iTBS proto-
col for the sham stimulation group was the same as that for the actual stimulation group,
except the coil was placed 8 cm above the rat’s head [42].

Basso Beattie Bresnahan (BBB) scoring

The BBB scale is a locomotor scale to assess a rat’s hindlimb function, consisting of 22 points
(normal score, 21; no hindlimb function, 0), and categorized into early (0~7), intermediate
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(8~14), and late stages (15~21) [43]. We placed a rat into the track area we designed to monitor
hindlimb function for 5 min. We used a screening scoring sheet developed by Basso to reduce
subjectivity during the assessment [37, 38, 43, 44].

Biochemical testing: GAP-43 enzyme-linked immunosorbent assay
(ELISA)

The brain and spinal cord from severe-SCI groups were harvested at PO 24 h, and at 4 and 6
weeks in both the actual and sham stimulation groups to check GAP-43 expression, which rep-
resents axonal regeneration. Tissues were homogenized in phosphate-buffered saline (PBS;
1:9) on ice, then centrifuged for 5 min at 5000 xg to obtain the supernatant. Analyses of GAP-
43 levels in tissue samples were carried out in duplicate wells with an ELISA kit (MyBioSource,
San Diego, CA, USA). The standard working solution and a sample were added side by side
into a well (100 pl/well) and incubated for 90 min at 37°C. A biotinylated detection antibody
(Ab) working solution at 100 ul/well was added after removing the liquid from each well, and
further incubated for 1 h at 37°C. Wash buffer (350 pl) was added to each well three times. A
horseradish peroxidase (HRP)-conjugated working solution (100 pl) was added to each well
and incubated for 30 min at 37°C. Wells were washed five times with wash buffer, and 90 ul of
substrate reagent was added. The plate was protected from light and incubated for 15 min at
37°C. Stop solution (50 pl) was added to each well before determining the optical density (OD)
with a microplate reader set to 450 nm. Sample values are expressed as ng/ml and were calcu-
lated from the standard curve of the GAP-43 antigen.

Statistical analysis

All analyses were performed using SPSS vers. 17.0 (SPSS, Chicago, IL, USA) with p < 0.05 con-
sidered significant. All data are presented as the average and standard error of the mean
(SEM). A two-way repeated (RM)-measures analysis of variance (ANOVA) was used to ana-
lyze the iTBS effect performed on the MEP amplitude with group (healthy control, mild-SCI,
moderate-SCI, severe-SCI with actual stimulation, and severe-SCI with sham stimulation) as
the between-subject factor and time (5, 10, 15, 20, 25, and 30 min after iTBS) as the within-sub-
ject factor. A one-way ANOVA was used to analyze the difference in MEP amplitudes between
each time point and the baseline in every group. Multiple comparisons were performed using
a one-way ANOVA with a post-hoc least significant difference (LSD) test to analyze the differ-
ence in BBB scores between all groups and at each time point. Expressions of GAP-43 in the
brain and spinal cord from the severe-SCI group were analyzed at different time points.

Results
Effects of iTBS on MEP

Fig 3 shows that there was a significant enhancement in the MEP amplitude at every time
point post-SCI compared to the pre-SCI baseline. Following an SCI, there was a change in the
MEP amplitude at all three different severities (mild, moderate, and severe). A two-way RM
ANOVA confirmed significant changes in the MEP amplitude at pre-SCI, PO 1W, and PO
4W with the factor time (F; g3 = 7.70, p < 0.001 in the mild-SCI group; F; 3 = 10.17, p < 0.001
in the moderate-SCI group; and F; 43 = 3.33, p = 0.004 in the severe-SCI group) and group fac-
tor (F,9 = 14.81, p = 0.001 in the mild-SCI group but was not significant in either the moder-
ate-SCI group F, ¢ = 0.64, p = 0.55 or severe-SCI group F, o = 1.51, p = 0.27). Fig 4 shows
differences in the MEP amplitude among all groups at PO 4W and 6W. A two-way RM
ANOVA showed that there was no significant difference between each group at PO 4W before
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Fig 3. Single intermittent theta-burst stimulation (iTBS) effect on the motor-evoked potential (MEP) amplitude. Time course of average changes in the MEP
amplitude from the mild-spinal cord injury (SCI) group (A), moderate-SCI group (B), and severe-SCI group (C). Each point corresponds to the mean and standard
error of the MEP amplitude expressed as a ratio to the last block of baseline responses. * p < 0.05, ** p < 0.01, *** p < 0.001, by post-hoc Fisher’s LSD test on the MEP
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https://doi.org/10.1371/journal.pone.0252965.9003

the multiple sessions of iTBS (F 1, = 2.89, p = 0.08). A two-way RM ANOVA at PO 6W
revealed significant differences in MEP amplitudes among the five groups with the factors
time (F7 195 = 23.61, p < 0.001) and group (F4 ;5 = 6.96, p = 0.002). At PO 6W, a one-way
ANOVA confirmed a significant difference in MEP amplitudes among all groups at each time
point (Fy 9 = 3.91, p = 0.02 at 15 min; Fy ¢ = 5.96, p = 0.004 at 20 min; Fy o = 10.07, p < 0.001
at 25 min; and F, ;o = 9.11, p = 0.001 at 30 min). There was no significant difference revealed
by an independent ¢-test between pre- and post-iTBS in the severe-SCI group at PO 4W

(p = 0.24). Nevertheless, an independent ¢-test also revealed a significant difference between
severe-SCI + RiTBS and severe-SCI + SiTBS at PO 6W (p = 0.02).

BBB score following an SCI and iTBS

Fig 5 presents significant changes in the BBB score pre- and post-SCI at different time points.
A one-way ANOVA with a post-hoc LSD test confirmed significant changes in the BBB score
post-SCI compared to pre-SCI represented by time (F,1; = 467.18, p < 0.001 in the mild-SCI
group; F, 11 = 944.14, p < 0.001 in the moderate-SCI group; and F, ;; = 2523.5, p < 0.001 in
the severe-SCI group). The BBB score was significantly enhanced after RiTBS at PO 6W in the
healthy control group, mild-SCI group, and moderate-SCI group compared to the severe-SCI
group + SiTBS (p < 0.001). Nonetheless, there was no significant difference in the BBB score
between the severe-SCI group stimulated by RiTBS or SiTBS.

Effects of iTBS on GAP-43 expression

Fig 6 presents GAP-43 expressions in tissues (brain and spinal cord) at six different time points
(pre-SCIL, PO 24H, PO 1W, PO 4W, and PO 6W) between the real and sham stimulation
groups following a severe SCI. GAP-43 was detectable at every time point we checked. Yet, a
one-way ANOVA with the post-hoc LSD test confirmed no significant difference in GAP-43
expression in brain tissues among all groups (Fs ;7 = 1.82, p = 0.18). In spinal cord tissues,
there was a significant difference among all groups (Fs 1, = 5.71, p = 0.006). Further, multiple
comparisons revealed there was a significant difference in the severe-SCI + SiTBS group com-
pared to the severe-SCI + RiTBS group (p = 0.043) and compared to the healthy controls

(p = 0.003).
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significantly differed from each other (B). There was no significant difference between MEP amplitudes pre- and post-iTBS in the severe-SCI group at postoperative 4
weeks (PO 4W) (C). There was a significant difference between the MEP amplitude in the severe-SCI group + RiTBS and severe-SCI group + SiTBS at PO 6W (D). *

P <0.05,** p <0.01, *** p < 0.001, by post-hoc Fisher’s LSD test on the MEP size between each time point post-SCI compared to the baseline.

https://doi.org/10.1371/journal.pone.0252965.9g004

Discussion

To our best knowledge, this is the first study to investigate the effects of an rTMS intervention
on modulating neural plasticity and motor functions in rats with an incomplete SCI of differ-
ent severities. In the present study, we successfully conducted one of the human rTMS proto-
cols (iTBS) at three different severities in a rat model of compression SCIs. Impairment due to
a compression injury of different severities was tested by a behavioral investigation. After
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Fig 5. Time course of average changes in Basso Beattie Bresnahan (BBB) scores. In rats with mild (A), moderate (B), and severe spinal cord injury (SCI) (C) and
intermittent theta-burst stimulation (iTBS) treatment. *** p < 0.001, by post-hoc LSD multiple-comparison tests on the locomotor function between different points.

https://doi.org/10.1371/journal.pone.0252965.9005

being treated with RiTBS, the mild-SCI group had better results of motor cortex excitability
compared to the moderate- and severe-SCI groups. Further, changes in GAP-43 expression in
our study were closely related to neural plasticity after the injury, as proven by biochemical
analyses. Neural plasticity induced by actual iTBS increased in the mild-SCI group and
decreased in the most severe SCI group.

iTBS induced changes in the MEP

The MEP elicited by TMS is used to estimate cortical excitability in both healthy and diseased
conditions. Several previous studies mentioned that in addition to neuroimaging results, MEP
produced by TMS can support a clinical diagnosis of SCIs [33, 45, 46]. MEP results provided
information that can possibly be used to assess SCIs based on the injury severity and can esti-
mate long-term outcomes by its application in support of the healing process post-injury [45].
Yet, no change in the MEP within a year indicated a lack of remyelination of the spared path-
ways [47]. Previous TMS studies evaluated the plasticity of SCI cases in clinical and animal
models [33, 46]. In healthy rats, MEP can be consistently activated until 30 min after a single
session of iTBS as reported in a previous study [39]. During the recording of the MEP, we
anesthetized rats from all groups to prevent stress and better control them, while iTBS in a
human study was applied in a conscious condition. However, we found that it was difficult to
induce plasticity in conscious animals compared to unconscious animals [48, 49].

In most SCI studies, elicited MEPs were more easily monitored in an upper limb muscle
than in a lower limb muscle [45, 50]. However, MEPs elicited from both upper and lower
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Fig 6. Time course of average changes in expressions of growth-associated protein (GAP)-43. GAP-43 levels in the brain (A and spinal cord (B) at different time

points. Each different time point in both the brain and spinal cord corresponded to the ratio of GAP-43/total protein. * p < 0.05, ** p < 0.01, by post-hoc LSD multiple-
comparison tests on GAP-43 expression from each time point compared to the severe-spinal cord injury (SCI) + sham intermittent theta-burst stimulation (SiTBS)

group.
https://doi.org/10.1371/journal.pone.0252965.9006

limbs have the potential to allow assessment of the SCI based on the injury severity and predict
outcomes [45, 47, 51]. A single MEP recording consisted of eight measurements in total,
including twice at pre-iTBS and six times every 5 min until 30 min post-iTBS. A level of 120%
RMT was used to evoke MEPs in the present study. Different time points and the RMT we
used were the same as in previous SCI studies by TMS [10, 37, 39, 52, 53]. The iTBS intensity
we used was 80% of the RMT, which was higher than the intensity given to humans. Neverthe-
less, the intensity we used was the same as in previous studies of animal disease models [39,
52], and it did not greatly differ from other studies of SCI rats, which used 90% RMT [11] and
75% RMT [10, 53].

iTBS is expected to increase the MEP amplitude size [31]. As a result of iTBS treatment in
our study, we elicited an MEP amplitude of no less than 20 pV, which indicated that there was
a facilitative effect of iTBS not only in healthy controls but also in all SCI groups. Contrary to
previous SCI animal models, MEP was elicited and showed a facilitative effect of TMS only in
healthy rats but was absent from injured rats [9]. Our MEP results from all SCI groups showed
a smaller facilitative effect of iTBS at PO 1W which gradually improved at PO 4W and 6W.
However, our results revealed that the severe-SCI group had a smaller facilitative effect of
iTBS-induced plasticity compared to the mild- and moderate-SCI groups. From the models in
our study, we revealed that motor plasticity was reduced in SCI rats, especially in the early
stage post-injury.

MEP responses are highly correlated with cortical excitability and the nerve root condition
in disease models [19, 47]. However, iTBS did not alter the MEP amplitude in several diseases,
including multiple-system atrophy [54], Parkinson’s disease [55], and Tourette’s syndrome
[56]. One previous study revealed that single iTBS treatment in SCI patients increased the
MEP in 25% of participants and decreased the MEP in 50% of participants [34]. In another
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study, 52% of SCI participants showed an increase in the MEP amplitude, and 48% of partici-
pants showed suppression of the MEP amplitude [57]. Those previous results revealed an
unclear direction between the MEP amplitude and motor performance [34]. Yet, the SCIs in
our animal study showed a contrary outcome. There was facilitation after iTBS treatment in
motor cortex activation that could be maintained for at least 30 min after stimulation [10, 11,
39, 53]. Due to a lack of SCI studies eliciting MEPs from a hindlimb muscle, our results indi-
cated that iTBS is a promising therapeutic strategy with non-invasive administration, and with
a short duration in a single session, it can elicit a motor response from a hindlimb muscle in
SCI models.

iTBS induced locomotor function following an SCI

The reduction in the MEP amplitude size was also correlated with spasticity as one of the most
common signs in humans with an SCI [58]. Spasticity causes muscle spasms, and increases
muscle tone, hyperreflexia, and involuntary movements. However, the mechanism is still not
completely understood. In patients with an incomplete SCI and spastic muscles, the contribu-
tion of the corticospinal tract was demonstrated by TMS. Results showed that smaller MEP
amplitude sizes over the area of M1 were found in patients with higher spasticity compared to
healthy controls and patients with low spasticity [58]. A previous study showed that a high fre-
quency of rTMS could effectively decrease spasticity in patients with multiple sclerosis and
stroke [59]. In patients with a chronic incomplete SCI, a high frequency of rTMS was also
demonstrated, and the spasticity significantly declined after 1 week of stimulation [25, 26]. In
parallel, the spinal cord pathway is believed to mediate the neuronal mechanism of spasticity,
and TMS is a viable strategy for decreasing spasticity after an SCI [60].

For ethical reasons, cervical injury needs to avoid preventing the loss of locomotor function
of both the forelimbs and hindlimbs [36]. We chose T10 as the affected level to observe loss
and recovery of hindlimb function. Previous SCI studies had difficulties restoring the function
of the lower limbs in both humans and animals. BBB scores are used to assess the performance
of three joints (knee, hip, and ankle) following thoracic injury [61]. BBB might not be applica-
ble to determine the locomotor function for an injury at the thoracic level. One study that cre-
ated a contusion injury in the lumbosacral region revealed that no behavioral changes could be
assessed by BBB scores [62]. Further, the BBB score focuses on joint movement, weight-bear-
ing, coordination between limbs, postural view, and the positions of the tail and feet [43, 61].

In accordance with our study, at pre- and post-RiTBS times, the healthy control group in
our study had similar BBB scores, while mild- and moderate-SCI groups exhibited a decrease
in the BBB score at 1 day after surgery. A decrease in the BBB score indicates poor mobility
due to paralysis. However, BBB scores had increased at PO 3W in the mild-SCI group and at
PO 4W in the moderate-SCI group indicating improved coordination of the forelimbs and
hindlimbs. The severe-SCI group in our study did not pass the intermediate-phase or even the
late-phase, the same as in a previous study [61]. The hindlimb muscle was flaccid 1 week after
SCI surgery and improved to being spastic as time went by. The average score in that previous
study was never more than 5 until 12 weeks after surgery. In our study, there was no significant
enhancement of the BBB score in any SCI group at PO 6W. This result revealed that there was
no meaningful iTBS effect in improving locomotor function following an SCI. Long-term
stimulation sessions may produce better results in locomotor function.

iTBS induced GAP-43 expression

The role of GAP-43 in the brain of animal models, especially rodents, has been studied and is
involved in synapse formation [63]. Yet, the proper function of GAP-43 is still unclear.
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However, evidence from several studies showed that GAP-43 is highly expressed in mature
axons during regeneration [64, 65]. When GAP-43 is upregulated, it has a high potential to
promote reinnervation and nerve sprouting from a lesioned area [66]. In contrast, downregu-
lation of GAP-43 in disease models in both brain tissues and cerebrospinal fluid (CSF) showed
that nerve growth was delayed [67]. High levels of GAP-43 are found in the limbic system, spe-
cifically in synaptic-contact areas [68-70]. Brain tissues are one such area, while in certain
areas, such as in somatosensory, motor control, and peripheral organs, it is essentially absent
[70].

In the present study, we checked GAP-43 expression in brain and spinal cord tissues. As a
result, GAP-43 was detected, and there were some changes in its expression depending on the
time point related to the recovery process. There were no significant changes in GAP-43 in the
brain among all groups we checked, while there were significant changes of GAP-43 in the
healthy control group and severe-SCI + RiTBS group compared to the severe-SCI + SiTBS
group. A previous study revealed that GAP-43 was reduced in multiple sclerosis and increased
when there was remyelination in the lesioned area [67]. As time went by after SCI surgery, we
found enhancement of GAP-43 levels in both brain and spinal cord tissues. As a result, there
was no significant difference in GAP-43 levels in spinal cord tissues between PO 6W and the
healthy control group. There was a study to check GAP-43 levels in the early stage [71] and
late stage of Alzheimer’s disease and Parkinson’s disease [72, 73] when GAP-43 was mainly
reduced.

Known as a specific marker of axonal regeneration, GAP-43 has a close connection with
axonal elongation and neural reconstruction after an injury occurs [74]. The involvement of
GAP-43 in neural development and regeneration makes this protein crucial for synaptic plas-
ticity [75, 76]. A previous study of GAP-43 in SCI cases showed increased levels in spinal cord
tissues and dorsal root ganglia of neurons after treatment with interleukin (IL)-6 in an SCI
model by a subarachnoid injection [76, 77]. Those results supported our findings of the GAP-
43 ELISA in which we checked all groups in our study, and actual stimulation produced higher
GAP-43 expression compared to the sham-stimulation group in both brain and spinal cord tis-
sues. Results of the present study suggest that RiTBS promotes axonal regeneration via non-
invasive stimulation in SCI models. The molecular mechanism through which RiTBS exerts a
beneficial effect may be attributed to upregulation of GAP-43 expression, and this provides a
new vision for developing TMS protocols as new therapeutic strategies for SCL.

Clinical implications

Our result showed iTBS significantly increased MEPs in healthy rats [39], yet some previous
SCI in human study showed vary in results, probably due to lack significant and neurophysio-
logical status where the biggest pyramidal axon has a normal conduction [78]. On the other
hand, SCI rats may produce better clinical results compared to SCI patients due to the stability
and ability to reduce the discrepancy [79]. For translational studies, it will be meaningful to
examine the effects of TMS in animal models. Many studies have utilized animal models, espe-
cially rats to understand the mechanistic side [42]. Most of those studies focused on cellular
activity, while physiologic responses, such as MEP, have rarely been studied in animal models.
The use of animal models has the potential to boost our understanding of pathophysiological
phenomena, thereby relying on the goal of diagnosing and treating SCIs in further studies tar-
geting synaptic plasticity [39].

Among animal models, iTBS was sensitive enough against the intensity given during stimu-
lation sessions. Changing the intensity can activate different circuits, not only the cortical area,
and with a coil larger than the rat’s brain, it is also possible to activate other areas not only M1
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[80]. As a result, long-term effects of clinical studies particularly depend on the MEP pattern
[31]. Hence, TMS in animal models bridges plasticity studies between animals and humans,
especially for motor pathways. In order to clarify the mechanism, enhance the protocol, and
find effects of changes in intensity, protocols for humans can be manipulated and examined in
animal models [57]. Animal disease models can potentially match findings with SCI in
humans to establish the pathophysiological and therapeutic effects of TMS protocols [39].

Our findings showed that changes in MEPs could be used to evaluate cortical excitability in
patients with motor deficit signs, the same as in a previous study [13, 46]. In healthy rats,
MEDPs can be easily found and increased after a single session of iTBS. Furthermore, the signifi-
cant presence of MEPs can be found with mild severity levels. Since MEPs elicited by TMS can
support clinical findings of any degree of severity and can potentially be used to examine
motor functions before and after stimulation, they parallel previous results that TMS was cor-
related with a patient’s motor status with motor deficit signs from any causes and any degrees
of severity [46].

Some limitations should be acknowledged. Our study created three different SCI severities,
yet the small sample size in each group is the main limitation which may offer less support for
the statistical analyses to find conclusive results. However, all animal models from each group
underwent a surgical procedure at the same level, although with different amounts of force,
and both MEP and BBB were evaluated and showed significant changes in the results. Another
limitation is that we delivered a single iTBS treatment without combined therapy in one treat-
ment session. In addition, 10 days within 2 weeks may be too short of a time to deliver non-
invasive treatment for a chronic SCI. Those reasons may be considered limitations of our
study and need to be improved in future studies.

Conclusions

In the present study, we utilized three different clip forces to create SCIs of different severities
in rats and conducted an iTBS protocol of an rTMS intervention for 2 weeks. Further, we
tested the iTBS-induced motor plasticity of the MEP amplitude, locomotor function, and axo-
nal regeneration. Our results showed that iTBS could potently activate cortical excitability
after an SCI, and reduced iTBS-induced motor plasticity which highly corresponded with the
most-severe SCI condition, especially in the early stage after the SCI. iTBS can be considered a
promising SCI therapy with a short duration and non-invasive delivery. To the best of our
knowledge, this is the first iTBS treatment with three different SCI severities in a rat model
that focused on hindlimb recovery. Nevertheless, long-term stimulation and combined therapy
might be needed to study the mechanism of iTBS in promoting motor plasticity and improv-
ing therapeutic strategies for severe SCI and other neural disorders.

Acknowledgments

The authors would like to acknowledge the staff of the Laboratory Animal Center at Taipei
Medical University, Taiwan, for animal maintenance and outstanding technical support
throughout the study period.

Author Contributions
Conceptualization: Chih-Wei Peng.
Data curation: Siti Ainun Marufa, Tsung-Hsun Hsieh, Chih-Wei Peng.

Formal analysis: Siti Ainun Marufa, Tsung-Hsun Hsieh, Jian-Chiun Liou, Hsin-Yung Chen,
Chih-Wei Peng.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252965 June 4, 2021 13/18


https://doi.org/10.1371/journal.pone.0252965

PLOS ONE

Neuromodulatory effects of rTMS in rats with SCI

Funding acquisition: Chih-Wei Peng.

Investigation: Siti Ainun Marufa, Tsung-Hsun Hsieh, Jian-Chiun Liou, Hsin-Yung Chen,
Chih-Wei Peng.

Methodology: Siti Ainun Marufa, Tsung-Hsun Hsieh, Chih-Wei Peng.

Project administration: Chih-Wei Peng.

Resources: Siti Ainun Marufa, Tsung-Hsun Hsieh.

Software: Siti Ainun Marufa, Tsung-Hsun Hsieh, Jian-Chiun Liou, Hsin-Yung Chen.
Supervision: Chih-Wei Peng.

Validation: Siti Ainun Marufa, Tsung-Hsun Hsieh, Jian-Chiun Liou, Hsin-Yung Chen.
Visualization: Hsin-Yung Chen.

Writing - original draft: Siti Ainun Marufa, Tsung-Hsun Hsieh, Jian-Chiun Liou, Hsin-Yung
Chen, Chih-Wei Peng.

Writing - review & editing: Siti Ainun Marufa, Tsung-Hsun Hsieh, Chih-Wei Peng.

References

1. Krassioukov A. Autonomic function following cervical spinal cord injury. Respir Physiol Neurobiol. 2009;
169(2):157-64. https://doi.org/10.1016/j.resp.2009.08.003 PMID: 19682607

2. Fakhoury M. Spinal cord injury: overview of experimental approaches used to restore locomotor activity.
Rev Neurosci. 2015; 26(4):397—405. https://doi.org/10.1515/revneuro-2015-0001 PMID: 25870961

3. Oyinbo CA. Secondary injury mechanisms in traumatic spinal cord injury: a nugget of this multiply cas-
cade. Acta Neurobiol Exp (Wars). 2011; 71(2):281-99. PMID: 21731081

4. Hulsebosch CE. Recent advances in pathophysiology and treatment of spinal cord injury. Adv Physiol
Educ. 2002; 26(1—4):238-55. https://doi.org/10.1152/advan.00039.2002 PMID: 12443996

5. Sekhon LH, Fehlings MG. Epidemiology, demographics, and pathophysiology of acute spinal cord
injury. Spine (Phila Pa 1976). 2001; 26(24 Suppl):S2—12.

6. Freund P, Curt A, Friston K, Thompson A. Tracking changes following spinal cord injury: insights from
neuroimaging. Neuroscientist. 2013; 19(2):116-28. https://doi.org/10.1177/1073858412449192 PMID:
22730072

7. Moreno-Duarte |, Morse LR, Alam M, Bikson M, Zafonte R, Fregni F. Targeted therapies using electrical
and magnetic neural stimulation for the treatment of chronic pain in spinal cord injury. Neuroimage.
2014; 85:1003-183. https://doi.org/10.1016/j.neuroimage.2013.05.097 PMID: 23727533

8. ChenY,HeY, DeVivo MJ. Changing Demographics and Injury Profile of New Traumatic Spinal Cord
Injuries in the United States, 1972—2014. Arch Phys Med Rehabil. 2016; 97(10):1610-9. https://doi.org/
10.1016/j.apmr.2016.03.017 PMID: 27109331

9. Petrosyan HA, Alessi V, Sisto SA, Kaufman M, Arvanian VL. Transcranial magnetic stimulation (TMS)
responses elicited in hindlimb muscles as an assessment of synaptic plasticity in spino-muscular cir-
cuitry after chronic spinal cord injury. Neurosci Lett. 2017; 642:37—42. https://doi.org/10.1016/j.neulet.
2017.01.065 PMID: 28159637

10. Zareen N, Shinozaki M, Ryan D, Alexander H, Amer A, Truong DQ, et al. Motor cortex and spinal cord
neuromodulation promote corticospinal tract axonal outgrowth and motor recovery after cervical contu-
sion spinal cord injury. Exp Neurol. 2017; 297:179-89. https://doi.org/10.1016/j.expneurol.2017.08.004
PMID: 28803750

11.  Song W, Amer A, Ryan D, Martin JH. Combined motor cortex and spinal cord neuromodulation pro-
motes corticospinal system functional and structural plasticity and motor function after injury. Exp Neu-
rol. 2016; 277:46-57. https://doi.org/10.1016/j.expneurol.2015.12.008 PMID: 26708732

12. Hallett M. Transcranial magnetic stimulation and the human brain. Nature. 2000; 406(6792):147-50.
https://doi.org/10.1038/35018000 PMID: 10910346

PLOS ONE | https://doi.org/10.1371/journal.pone.0252965 June 4, 2021 14/18


https://doi.org/10.1016/j.resp.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19682607
https://doi.org/10.1515/revneuro-2015-0001
http://www.ncbi.nlm.nih.gov/pubmed/25870961
http://www.ncbi.nlm.nih.gov/pubmed/21731081
https://doi.org/10.1152/advan.00039.2002
http://www.ncbi.nlm.nih.gov/pubmed/12443996
https://doi.org/10.1177/1073858412449192
http://www.ncbi.nlm.nih.gov/pubmed/22730072
https://doi.org/10.1016/j.neuroimage.2013.05.097
http://www.ncbi.nlm.nih.gov/pubmed/23727533
https://doi.org/10.1016/j.apmr.2016.03.017
https://doi.org/10.1016/j.apmr.2016.03.017
http://www.ncbi.nlm.nih.gov/pubmed/27109331
https://doi.org/10.1016/j.neulet.2017.01.065
https://doi.org/10.1016/j.neulet.2017.01.065
http://www.ncbi.nlm.nih.gov/pubmed/28159637
https://doi.org/10.1016/j.expneurol.2017.08.004
http://www.ncbi.nlm.nih.gov/pubmed/28803750
https://doi.org/10.1016/j.expneurol.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26708732
https://doi.org/10.1038/35018000
http://www.ncbi.nlm.nih.gov/pubmed/10910346
https://doi.org/10.1371/journal.pone.0252965

PLOS ONE

Neuromodulatory effects of rTMS in rats with SCI

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Lanza G, Puglisi V, Vinciguerra L, Fisicaro F, Vagli C, Cantone M, et al. TMS Correlates of Pyramidal
Tract Signs and Clinical Motor Status in Patients with Cervical Spondylotic Myelopathy. Brain Sci. 2020;
10(11). https://doi.org/10.3390/brainsci10110806 PMID: 33142762

Cantone M, Lanza G, Le Pira A, Barone R, Pennisi G, Bella R, et al. Adjunct Diagnostic Value of Tran-
scranial Magnetic Stimulation in Mucopolysaccharidosis-Related Cervical Myelopathy: A Pilot Study.
Brain Sci. 2019; 9(8). https://doi.org/10.3390/brainsci9080200 PMID: 31416150

Rossini PM, Burke D, Chen R, Cohen LG, Daskalakis Z, Di lorio R, et al. Non-invasive electrical and

magnetic stimulation of the brain, spinal cord, roots and peripheral nerves: Basic principles and proce-
dures for routine clinical and research application. An updated report from an I.F.C.N. Committee. Clin
Neurophysiol. 2015; 126(6):1071-107. https://doi.org/10.1016/j.clinph.2015.02.001 PMID: 25797650

Awad Bl, Carmody MA, Zhang X, Lin VW, Steinmetz MP. Transcranial magnetic stimulation after spinal
cord injury. World Neurosurg. 2015; 83(2):232-5. https://doi.org/10.1016/j.wneu.2013.01.043 PMID:
23321378

Yoon EJ, Kim YK, Shin HI, Lee Y, Kim SE. Cortical and white matter alterations in patients with neuro-
pathic pain after spinal cord injury. Brain Res. 2013; 1540:64—73. https://doi.org/10.1016/j.brainres.
2013.10.007 PMID: 24125807

Tsai SY, Tchen PH, Chen JD. The relation between motor evoked potential and clinical motor status in
stroke patients. Electromyogr Clin Neurophysiol. 1992; 32(12):615-20. PMID: 1493776

Kobayashi M, Pascual-Leone A. Transcranial magnetic stimulation in neurology. Lancet Neurol. 2003;
2(3):145-56. https://doi.org/10.1016/s1474-4422(03)00321-1 PMID: 12849236

Wassermann EM, Lisanby SH. Therapeutic application of repetitive transcranial magnetic stimulation: a
review. Clin Neurophysiol. 2001; 112(8):1367—77. https://doi.org/10.1016/s1388-2457(01)00585-5
PMID: 11459676

Rossini PM, Rossi S. Transcranial magnetic stimulation: diagnostic, therapeutic, and research potential.
Neurology. 2007; 68(7):484-8. https://doi.org/10.1212/01.wnl.0000250268.13789.b2 PMID: 17296913

Ridding MC, Rothwell JC. Perspectives—Opinion—Is there a future for therapeutic use of transcranial
magnetic stimulation? Nat Rev Neurosci. 2007; 8(7):559-67. https://doi.org/10.1038/nrn2169 PMID:
17565358

Rossi S, Hallett M, Rossini PM, Pascual-Leone A, Avanzini G, Bestmann S, et al. Safety, ethical consid-
erations, and application guidelines for the use of transcranial magnetic stimulation in clinical practice
and research. Clin Neurophysiol. 2009; 120(12):2008-39. https://doi.org/10.1016/j.clinph.2009.08.016
PMID: 19833552

Maeda F, Keenan JP, Tormos JM, Topka H, Pascual-Leone A. Interindividual variability of the modula-
tory effects of repetitive transcranial magnetic stimulation on cortical excitability. Exp Brain Res. 2000;
133(4):425-30. https://doi.org/10.1007/s002210000432 PMID: 10985677

Kumru H, Murillo N, Samso JV, Valls-Sole J, Edwards D, Pelayo R, et al. Reduction of spasticity with
repetitive transcranial magnetic stimulation in patients with spinal cord injury. Neurorehabil Neural
Repair. 2010; 24(5):435—41. https://doi.org/10.1177/1545968309356095 PMID: 20053952

Benito J, Kumru H, Murillo N, Costa U, Medina J, Tormos JM, et al. Motor and gait improvement in
patients with incomplete spinal cord injury induced by high-frequency repetitive transcranial magnetic
stimulation. Top Spinal Cord Inj Rehabil. 2012; 18(2):106—12. https://doi.org/10.1310/sci1802-106
PMID: 23459246

Andre-Obadia N, Peyron R, Mertens P, Mauguiere F, Laurent B, Garcia-Larrea L. Transcranial mag-
netic stimulation for pain control. Double-blind study of different frequencies against placebo, and corre-
lation with motor cortex stimulation efficacy. Clin Neurophysiol. 2006; 117(7):1536—44. https://doi.org/
10.1016/j.clinph.2006.03.025 PMID: 16753335

Defrin R, Grunhaus L, Zamir D, Zeilig G. The effect of a series of repetitive transcranial magnetic stimu-
lations of the motor cortex on central pain after spinal cord injury. Arch Phys Med Rehabil. 2007; 88
(12):1574-80. https://doi.org/10.1016/j.apmr.2007.07.025 PMID: 18047871

Kang BS, Shin HI, Bang MS. Effect of repetitive transcranial magnetic stimulation over the hand motor
cortical area on central pain after spinal cord injury. Arch Phys Med Rehabil. 2009; 90(10):1766—71.
https://doi.org/10.1016/j.apmr.2009.04.008 PMID: 19801069

Jette F, Cote |, Meziane HB, Mercier C. Effect of single-session repetitive transcranial magnetic stimula-
tion applied over the hand versus leg motor area on pain after spinal cord injury. Neurorehabil Neural
Repair. 2013; 27(7):636—43. https://doi.org/10.1177/1545968313484810 PMID: 23579183

Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC. Theta burst stimulation of the human motor
cortex. Neuron. 2005; 45(2):201-6. https://doi.org/10.1016/j.neuron.2004.12.033 PMID: 15664172

Wischnewski M, Schutter DJ. Efficacy and Time Course of Theta Burst Stimulation in Healthy Humans.
Brain Stimul. 2015; 8(4):685-92. https://doi.org/10.1016/j.brs.2015.03.004 PMID: 26014214

PLOS ONE | https://doi.org/10.1371/journal.pone.0252965 June 4, 2021 15/18


https://doi.org/10.3390/brainsci10110806
http://www.ncbi.nlm.nih.gov/pubmed/33142762
https://doi.org/10.3390/brainsci9080200
http://www.ncbi.nlm.nih.gov/pubmed/31416150
https://doi.org/10.1016/j.clinph.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25797650
https://doi.org/10.1016/j.wneu.2013.01.043
http://www.ncbi.nlm.nih.gov/pubmed/23321378
https://doi.org/10.1016/j.brainres.2013.10.007
https://doi.org/10.1016/j.brainres.2013.10.007
http://www.ncbi.nlm.nih.gov/pubmed/24125807
http://www.ncbi.nlm.nih.gov/pubmed/1493776
https://doi.org/10.1016/s1474-4422%2803%2900321-1
http://www.ncbi.nlm.nih.gov/pubmed/12849236
https://doi.org/10.1016/s1388-2457%2801%2900585-5
http://www.ncbi.nlm.nih.gov/pubmed/11459676
https://doi.org/10.1212/01.wnl.0000250268.13789.b2
http://www.ncbi.nlm.nih.gov/pubmed/17296913
https://doi.org/10.1038/nrn2169
http://www.ncbi.nlm.nih.gov/pubmed/17565358
https://doi.org/10.1016/j.clinph.2009.08.016
http://www.ncbi.nlm.nih.gov/pubmed/19833552
https://doi.org/10.1007/s002210000432
http://www.ncbi.nlm.nih.gov/pubmed/10985677
https://doi.org/10.1177/1545968309356095
http://www.ncbi.nlm.nih.gov/pubmed/20053952
https://doi.org/10.1310/sci1802-106
http://www.ncbi.nlm.nih.gov/pubmed/23459246
https://doi.org/10.1016/j.clinph.2006.03.025
https://doi.org/10.1016/j.clinph.2006.03.025
http://www.ncbi.nlm.nih.gov/pubmed/16753335
https://doi.org/10.1016/j.apmr.2007.07.025
http://www.ncbi.nlm.nih.gov/pubmed/18047871
https://doi.org/10.1016/j.apmr.2009.04.008
http://www.ncbi.nlm.nih.gov/pubmed/19801069
https://doi.org/10.1177/1545968313484810
http://www.ncbi.nlm.nih.gov/pubmed/23579183
https://doi.org/10.1016/j.neuron.2004.12.033
http://www.ncbi.nlm.nih.gov/pubmed/15664172
https://doi.org/10.1016/j.brs.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/26014214
https://doi.org/10.1371/journal.pone.0252965

PLOS ONE

Neuromodulatory effects of rTMS in rats with SCI

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Nardone R, Holler Y, Brigo F, Orioli A, Tezzon F, Schwenker K, et al. Descending motor pathways and
cortical physiology after spinal cord injury assessed by transcranial magnetic stimulation: a systematic
review. Brain Res. 2015; 1619:139-54. https://doi.org/10.1016/j.brainres.2014.09.036 PMID:
25251591

Fassett HJ, Turco CV, El-Sayes J, Lulic T, Baker S, Richardson B, et al. Transcranial Magnetic Stimula-
tion with Intermittent Theta Burst Stimulation Alters Corticospinal Output in Patients with Chronic Incom-
plete Spinal Cord Injury. Front Neurol. 2017; 8:380. https://doi.org/10.3389/fneur.2017.00380 PMID:
28824536

Gharooni AA, Nair KPS, Hawkins D, Scivill I, Hind D, Hariharan R. Intermittent theta-burst stimulation
for upper-limb dysfunction and spasticity in spinal cord injury: a single-blind randomized feasibility
study. Spinal Cord. 2018; 56(8):762-8. https://doi.org/10.1038/s41393-018-0152-5 PMID: 29895874

Kijell J, Olson L. Rat models of spinal cord injury: from pathology to potential therapies. Dis Model Mech.
2016; 9(10):1125-37. https://doi.org/10.1242/dmm.025833 PMID: 27736748

Rong H, Liu Y, Zhao Z, Feng J, Sun R, Ma Z, et al. Further Standardization in the Aneurysm Clip: The
Effects of Occlusal Depth on the Outcome of Spinal Cord Injury in Rats. Spine (Phila Pa 1976). 2018;
43(3):E126—e31. https://doi.org/10.1097/BRS.0000000000002279 PMID: 28604493

Poon PC, Gupta D, Shoichet MS, Tator CH. Clip compression model is useful for thoracic spinal cord
injuries: histologic and functional correlates. Spine (Phila Pa 1976). 2007; 32(25):2853-9. https://doi.
org/10.1097/BRS.0b013e31815b7e6b PMID: 18246008

Hsieh TH, Huang YZ, Rotenberg A, Pascual-Leone A, Chiang YH, Wang JY, et al. Functional Dopami-
nergic Neurons in Substantia Nigra are Required for Transcranial Magnetic Stimulation-Induced Motor
Plasticity. Cereb Cortex. 2015; 25(7):1806—14. https://doi.org/10.1093/cercor/bht421 PMID: 24451657

Rotenberg A, Muller PA, Vahabzadeh-Hagh AM, Navarro X, Lopez-Vales R, Pascual-Leone A, et al.
Lateralization of forelimb motor evoked potentials by transcranial magnetic stimulation in rats. Clin Neu-
rophysiol. 2010; 121(1):104-8. https://doi.org/10.1016/j.clinph.2009.09.008 PMID: 19900839

Fonoff ET, Dale CS, Pagano RL, Paccola CC, Ballester G, Teixeira MJ, et al. Antinociception induced
by epidural motor cortex stimulation in naive conscious rats is mediated by the opioid system. Behav
Brain Res. 2009; 196(1):63—70. https://doi.org/10.1016/].bbr.2008.07.027 PMID: 18718490

Aydin-Abidin S, Trippe J, Funke K, Eysel UT, Benali A. High- and low-frequency repetitive transcranial
magnetic stimulation differentially activates c-Fos and zif268 protein expression in the rat brain. Exp
Brain Res. 2008; 188(2):249-61. hitps://doi.org/10.1007/s00221-008-1356-2 PMID: 18385988

Basso DM, Beattie MS, Bresnahan JC. Graded histological and locomotor outcomes after spinal cord
contusion using the NYU weight-drop device versus transection. Exp Neurol. 1996; 139(2):244-56.
https://doi.org/10.1006/exnr.1996.0098 PMID: 8654527

Onifer SM, Rabchevsky AG, Scheff SW. Rat models of traumatic spinal cord injury to assess motor
recovery. llar j. 2007; 48(4):385-95. https://doi.org/10.1093/ilar.48.4.385 PMID: 17712224

Curt A, Keck ME, Dietz V. Functional outcome following spinal cord injury: significance of motor-evoked
potentials and ASIA scores. Arch Phys Med Rehabil. 1998; 79(1):81-6. https://doi.org/10.1016/s0003-
9993(98)90213-1 PMID: 9440423

Di Lazzaro V, Oliviero A, Profice P, Ferrara L, Saturno E, Pilato F, et al. The diagnostic value of motor
evoked potentials. Clin Neurophysiol. 1999; 110(7):1297-307. https://doi.org/10.1016/s1388-2457(99)
00060-7 PMID: 10423196

Petersen JA, Spiess M, Curt A, Dietz V, Schubert M, Group E-SS. Spinal cord injury: one-year evolution
of motor-evoked potentials and recovery of leg motor function in 255 patients. Neurorehabil Neural
Repair. 2012; 26(8):939-48. https://doi.org/10.1177/1545968312438437 PMID: 22460611

Froc DJ, Chapman CA, Trepel C, Racine RJ. Long-term depression and depotentiation in the sensori-
motor cortex of the freely moving rat. J Neurosci. 2000; 20(1):438—45. https://doi.org/10.1523/
JNEUROSCI.20-01-00438.2000 PMID: 10627619

Trepel C, Racine RJ. Long-term potentiation in the neocortex of the adult, freely moving rat. Cereb Cor-
tex. 1998; 8(8):719-29. https://doi.org/10.1093/cercor/8.8.719 PMID: 9863699

Lewko JP, Tarkka IM, Dimitrijevic MR. Neurophysiological assessment of the motor and sensory spinal
pathways in chronic spinal cord injury. Restor Neurol Neurosci. 1995; 7(4):225-34. https://doi.org/10.
3233/RNN-1994-7405 PMID: 21551793

Calancie B, Alexeeva N, Broton JG, Suys S, Hall A, Klose KJ. Distribution and latency of muscle
responses to transcranial magnetic stimulation of motor cortex after spinal cord injury in humans. J Neu-
rotrauma. 1999; 16(1):49-67. https://doi.org/10.1089/neu.1999.16.49 PMID: 9989466

Hsieh TH, Huang YZ, Chen JJJ, Rotenberg A, Chiang YH, Chien WSC, et al. Novel Use of Theta Burst
Cortical Electrical Stimulation for Modulating Motor Plasticity in Rats. J Med Biol Eng. 2015; 35(1):62-8.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252965 June 4, 2021 16/18


https://doi.org/10.1016/j.brainres.2014.09.036
http://www.ncbi.nlm.nih.gov/pubmed/25251591
https://doi.org/10.3389/fneur.2017.00380
http://www.ncbi.nlm.nih.gov/pubmed/28824536
https://doi.org/10.1038/s41393-018-0152-5
http://www.ncbi.nlm.nih.gov/pubmed/29895874
https://doi.org/10.1242/dmm.025833
http://www.ncbi.nlm.nih.gov/pubmed/27736748
https://doi.org/10.1097/BRS.0000000000002279
http://www.ncbi.nlm.nih.gov/pubmed/28604493
https://doi.org/10.1097/BRS.0b013e31815b7e6b
https://doi.org/10.1097/BRS.0b013e31815b7e6b
http://www.ncbi.nlm.nih.gov/pubmed/18246008
https://doi.org/10.1093/cercor/bht421
http://www.ncbi.nlm.nih.gov/pubmed/24451657
https://doi.org/10.1016/j.clinph.2009.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19900839
https://doi.org/10.1016/j.bbr.2008.07.027
http://www.ncbi.nlm.nih.gov/pubmed/18718490
https://doi.org/10.1007/s00221-008-1356-2
http://www.ncbi.nlm.nih.gov/pubmed/18385988
https://doi.org/10.1006/exnr.1996.0098
http://www.ncbi.nlm.nih.gov/pubmed/8654527
https://doi.org/10.1093/ilar.48.4.385
http://www.ncbi.nlm.nih.gov/pubmed/17712224
https://doi.org/10.1016/s0003-9993%2898%2990213-1
https://doi.org/10.1016/s0003-9993%2898%2990213-1
http://www.ncbi.nlm.nih.gov/pubmed/9440423
https://doi.org/10.1016/s1388-2457%2899%2900060-7
https://doi.org/10.1016/s1388-2457%2899%2900060-7
http://www.ncbi.nlm.nih.gov/pubmed/10423196
https://doi.org/10.1177/1545968312438437
http://www.ncbi.nlm.nih.gov/pubmed/22460611
https://doi.org/10.1523/JNEUROSCI.20-01-00438.2000
https://doi.org/10.1523/JNEUROSCI.20-01-00438.2000
http://www.ncbi.nlm.nih.gov/pubmed/10627619
https://doi.org/10.1093/cercor/8.8.719
http://www.ncbi.nlm.nih.gov/pubmed/9863699
https://doi.org/10.3233/RNN-1994-7405
https://doi.org/10.3233/RNN-1994-7405
http://www.ncbi.nlm.nih.gov/pubmed/21551793
https://doi.org/10.1089/neu.1999.16.49
http://www.ncbi.nlm.nih.gov/pubmed/9989466
https://doi.org/10.1371/journal.pone.0252965

PLOS ONE

Neuromodulatory effects of rTMS in rats with SCI

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Yang Q, Ramamurthy A, Lall S, Santos J, Ratnadurai-Giridharan S, Lopane M, et al. Independent repli-
cation of motor cortex and cervical spinal cord electrical stimulation to promote forelimb motor function
after spinal cord injury in rats. Exp Neurol. 2019; 320:112962. https://doi.org/10.1016/j.expneurol.2019.
112962 PMID: 31125548

Suppa A, Marsili L, Di Stasio F, Latorre A, Parvez AK, Colosimo C, et al. Primary motor cortex long-term
plasticity in multiple system atrophy. Mov Disord. 2014; 29(1):97—104. https://doi.org/10.1002/mds.
25668 PMID: 24114982

Suppa A, Marsili L, Belvisi D, Conte A, lezzi E, Modugno N, et al. Lack of LTP-like plasticity in primary
motor cortex in Parkinson’s disease. Exp Neurol. 2011; 227(2):296-301. https://doi.org/10.1016/j.
expneurol.2010.11.020 PMID: 21145888

Wu SW, Gilbert DL. Altered neurophysiologic response to intermittent theta burst stimulation in Tourette
syndrome. Brain Stimul. 2012; 5(3):315-9. https://doi.org/10.1016/j.brs.2011.04.001 PMID: 22037119

Hamada M, Murase N, Hasan A, Balaratnam M, Rothwell JC. The role of interneuron networks in driving
human motor cortical plasticity. Cereb Cortex. 2013; 23(7):1593-605. https://doi.org/10.1093/cercor/
bhs147 PMID: 22661405

Sangari S, Perez MA. Imbalanced Corticospinal and Reticulospinal Contributions to Spasticity in
Humans with Spinal Cord Injury. J Neurosci. 2019; 39(40):7872—81. https://doi.org/10.1523/
JNEUROSCI.1106-19.2019 PMID: 31413076

Mori F, Koch G, Foti C, Bernardi G, Centonze D. The use of repetitive transcranial magnetic stimulation
(rTMS) for the treatment of spasticity. Prog Brain Res. 2009; 175:429-39. https://doi.org/10.1016/
S0079-6123(09)17528-3 PMID: 19660671

Tazoe T, Perez MA. Effects of repetitive transcranial magnetic stimulation on recovery of function after
spinal cord injury. Arch Phys Med Rehabil. 2015; 96(4 Suppl):S145-55. https://doi.org/10.1016/j.apmr.
2014.07.418 PMID: 25175159

Basso DM, Beattie MS, Bresnahan JC. A sensitive and reliable locomotor rating scale for open field
testing in rats. J Neurotrauma. 1995; 12(1):1-21. https://doi.org/10.1089/neu.1995.12.1 PMID:
7783230

Wen J, Sun D, Tan J, Young W. A consistent, quantifiable, and graded rat lumbosacral spinal cord injury
model. J Neurotrauma. 2015; 32(12):875-92. https://doi.org/10.1089/neu.2013.3321 PMID: 25313633

Gnanapavan S, Yousaf N, Heywood W, Grant D, Mills K, Chernajovsky Y, et al. Growth associated pro-
tein (GAP-43): cloning and the development of a sensitive ELISA for neurological disorders. J Neuroim-
munol. 2014; 276(1-2):18-23. https://doi.org/10.1016/j.jneuroim.2014.07.008 PMID: 25175067

Jacobson RD, Virag |, Skene JHP. A Protein Associated with Axon Growth, Gap-43, Is Widely Distrib-
uted and Developmentally Regulated in Rat Cns. J Neurosci. 1986; 6(6):1843-55. https://doi.org/10.
1523/JNEUROSCI.06-06-01843.1986 PMID: 3712014

Skene JH, Willard M. Changes in axonally transported proteins during axon regeneration in toad retinal
ganglion cells. J Cell Biol. 1981; 89(1):86—-95. https://doi.org/10.1083/jcb.89.1.86 PMID: 6164682

Aigner L, Arber S, Kapfhammer JP, Laux T, Schneider C, Botteri F, et al. Overexpression of the neural
growth-associated protein GAP-43 induces nerve sprouting in the adult nervous system of transgenic
mice. Cell. 1995; 83(2):269-78. https://doi.org/10.1016/0092-8674(95)90168-x PMID: 7585944

Teunissen CE, Dijkstra CD, Jasperse B, Barkhof F, Vanderstichele H, Vanmechelen E, et al. Growth-
associated protein 43 in lesions and cerebrospinal fluid in multiple sclerosis. Neuropath Appl Neuro.
2006; 32(3):318-31. https://doi.org/10.1111/j.1365-2990.2006.00730.x PMID: 16640650

Oestreicher AB, Zwiers H, Schotman P, Gispen WH. Immunohistochemical localization of a phospho-
protein (B-50) isolated from rat brain synaptosomal plasma membranes. Brain Res Bull. 1981; 6
(2):145-53. https://doi.org/10.1016/s0361-9230(81)80040-8 PMID: 6451259

Oestreicher AB, Dekker LV, Gispen WH. A radioimmunoassay for the phosphoprotein B-50: distribution
in rat brain. J Neurochem. 1986; 46(5):1366-9. https://doi.org/10.1111/j.1471-4159.1986.tb01748.x
PMID: 2937882

Benowitz LI, Perrone-Bizzozero NI, Finklestein SP, Bird ED. Localization of the growth-associated
phosphoprotein GAP-43 (B-50, F1) in the human cerebral cortex. J Neurosci. 1989; 9(3):990-5. https:/
doi.org/10.1523/JNEUROSCI.09-03-00990.1989 PMID: 2466968

Kerschensteiner M, Bareyre FM, Buddeberg BS, Merkler D, Stadelmann C, Bruck W, et al. Remodeling
of axonal connections contributes to recovery in an animal model of multiple sclerosis. J Exp Med.
2004; 200(8):1027-38. https://doi.org/10.1084/jem.20040452 PMID: 15492125

de la Monte SM, Ng SC, Hsu DW. Aberrant GAP-43 gene expression in Alzheimer’s disease. Am J
Pathol. 1995; 147(4):934-46. PMID: 7573369

Sjogren M, Davidsson P, Gottfries J, Vanderstichele H, Edman A, Vanmechelen E, et al. The cerebro-
spinal fluid levels of tau, growth-associated protein-43 and soluble amyloid precursor protein correlate

PLOS ONE | https://doi.org/10.1371/journal.pone.0252965 June 4, 2021 17/18


https://doi.org/10.1016/j.expneurol.2019.112962
https://doi.org/10.1016/j.expneurol.2019.112962
http://www.ncbi.nlm.nih.gov/pubmed/31125548
https://doi.org/10.1002/mds.25668
https://doi.org/10.1002/mds.25668
http://www.ncbi.nlm.nih.gov/pubmed/24114982
https://doi.org/10.1016/j.expneurol.2010.11.020
https://doi.org/10.1016/j.expneurol.2010.11.020
http://www.ncbi.nlm.nih.gov/pubmed/21145888
https://doi.org/10.1016/j.brs.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22037119
https://doi.org/10.1093/cercor/bhs147
https://doi.org/10.1093/cercor/bhs147
http://www.ncbi.nlm.nih.gov/pubmed/22661405
https://doi.org/10.1523/JNEUROSCI.1106-19.2019
https://doi.org/10.1523/JNEUROSCI.1106-19.2019
http://www.ncbi.nlm.nih.gov/pubmed/31413076
https://doi.org/10.1016/S0079-6123%2809%2917528-3
https://doi.org/10.1016/S0079-6123%2809%2917528-3
http://www.ncbi.nlm.nih.gov/pubmed/19660671
https://doi.org/10.1016/j.apmr.2014.07.418
https://doi.org/10.1016/j.apmr.2014.07.418
http://www.ncbi.nlm.nih.gov/pubmed/25175159
https://doi.org/10.1089/neu.1995.12.1
http://www.ncbi.nlm.nih.gov/pubmed/7783230
https://doi.org/10.1089/neu.2013.3321
http://www.ncbi.nlm.nih.gov/pubmed/25313633
https://doi.org/10.1016/j.jneuroim.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25175067
https://doi.org/10.1523/JNEUROSCI.06-06-01843.1986
https://doi.org/10.1523/JNEUROSCI.06-06-01843.1986
http://www.ncbi.nlm.nih.gov/pubmed/3712014
https://doi.org/10.1083/jcb.89.1.86
http://www.ncbi.nlm.nih.gov/pubmed/6164682
https://doi.org/10.1016/0092-8674%2895%2990168-x
http://www.ncbi.nlm.nih.gov/pubmed/7585944
https://doi.org/10.1111/j.1365-2990.2006.00730.x
http://www.ncbi.nlm.nih.gov/pubmed/16640650
https://doi.org/10.1016/s0361-9230%2881%2980040-8
http://www.ncbi.nlm.nih.gov/pubmed/6451259
https://doi.org/10.1111/j.1471-4159.1986.tb01748.x
http://www.ncbi.nlm.nih.gov/pubmed/2937882
https://doi.org/10.1523/JNEUROSCI.09-03-00990.1989
https://doi.org/10.1523/JNEUROSCI.09-03-00990.1989
http://www.ncbi.nlm.nih.gov/pubmed/2466968
https://doi.org/10.1084/jem.20040452
http://www.ncbi.nlm.nih.gov/pubmed/15492125
http://www.ncbi.nlm.nih.gov/pubmed/7573369
https://doi.org/10.1371/journal.pone.0252965

PLOS ONE

Neuromodulatory effects of rTMS in rats with SCI

74.

75.

76.

77.

78.

79.

80.

in Alzheimer’s disease, reflecting a common pathophysiological process. Dement Geriatr Cogn Disord.
2001; 12(4):257—-64. https://doi.org/10.1159/000051268 PMID: 11351137

Grasselli G, Mandolesi G, Strata P, Cesare P. Impaired sprouting and axonal atrophy in cerebellar
climbing fibres following in vivo silencing of the growth-associated protein GAP-43. PLoS One. 2011; 6
(6):€20791. https://doi.org/10.1371/journal.pone.0020791 PMID: 21695168

Chidlow G, Wood JP, Ebneter A, Casson RJ. Interleukin-6 is an efficacious marker of axonal transport
disruption during experimental glaucoma and stimulates neuritogenesis in cultured retinal ganglion
cells. Neurobiol Dis. 2012; 48(3):568—81. https://doi.org/10.1016/j.nbd.2012.07.026 PMID: 22884876

Hakkoum D, Stoppini L, Muller D. Interleukin-6 promotes sprouting and functional recovery in lesioned
organotypic hippocampal slice cultures. J Neurochem. 2007; 100(3):747-57. https://doi.org/10.1111/j.
1471-4159.2006.04257.x PMID: 17144903

Yang G, Tang WY. Resistance of interleukin-6 to the extracellular inhibitory environment promotes axo-
nal regeneration and functional recovery following spinal cord injury. Int J Mol Med. 2017; 39(2):437—
45. https://doi.org/10.3892/ijmm.2017.2848 PMID: 28075461

Lanza G, Cantone M, Puglisi V, Vinciguerra L, Fisicaro F, Vagli C, et al. "Mute" plantar response: does
the cortico-spinal tract "speak"? Brain Stimulation: Basic, Translational, and Clinical Research in Neuro-
modulation. 2019; 12(6):1579-80. https://doi.org/10.1016/j.brs.2019.07.008 PMID: 31362869

Morgante F, Espay AJ, Gunraj C, Lang AE, Chen R. Motor cortex plasticity in Parkinson’s disease and
levodopa-induced dyskinesias. Brain. 2006; 129(Pt 4):1059-69. https://doi.org/10.1093/brain/awl031
PMID: 16476674

McAllister SM, Rothwell JC, Ridding MC. Selective modulation of intracortical inhibition by low-intensity
Theta Burst Stimulation. Clin Neurophysiol. 2009; 120(4):820-6. https://doi.org/10.1016/}.clinph.2009.
02.003 PMID: 19303810

PLOS ONE | https://doi.org/10.1371/journal.pone.0252965 June 4, 2021 18/18


https://doi.org/10.1159/000051268
http://www.ncbi.nlm.nih.gov/pubmed/11351137
https://doi.org/10.1371/journal.pone.0020791
http://www.ncbi.nlm.nih.gov/pubmed/21695168
https://doi.org/10.1016/j.nbd.2012.07.026
http://www.ncbi.nlm.nih.gov/pubmed/22884876
https://doi.org/10.1111/j.1471-4159.2006.04257.x
https://doi.org/10.1111/j.1471-4159.2006.04257.x
http://www.ncbi.nlm.nih.gov/pubmed/17144903
https://doi.org/10.3892/ijmm.2017.2848
http://www.ncbi.nlm.nih.gov/pubmed/28075461
https://doi.org/10.1016/j.brs.2019.07.008
http://www.ncbi.nlm.nih.gov/pubmed/31362869
https://doi.org/10.1093/brain/awl031
http://www.ncbi.nlm.nih.gov/pubmed/16476674
https://doi.org/10.1016/j.clinph.2009.02.003
https://doi.org/10.1016/j.clinph.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19303810
https://doi.org/10.1371/journal.pone.0252965

