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Abstract

Transcranial electrically stimulated motor-evoked potentials (tcMEPs) are widely used to

evaluate motor function in humans and animals. However, the relationship between tcMEPs

and the recovery of paralysis remains unclear. We previously reported that transplantation

of mesenchymal stem cells to a spinal cord injury (SCI) rat model resulted in various

degrees of recovery from paraplegia. As a continuation of this work, in the present study, we

aimed to establish the longitudinal electrophysiological changes in this SCI rat model after

mesenchymal stem cell transplantation. SCI rats were established using the weight-drop

method. The model rats were transvenously transplanted with two types of mesenchymal

stem cells (MSCs), one derived from rat cranial bones and the other from the bone marrow

of the femur and tibia bone, 24 h after SCI. A phosphate-buffered saline (PBS) group that

received only PBS was also created for comparison. The degree of paralysis was evaluated

over 28 days using the Basso–Beattie–Bresnahan (BBB) scale and inclined plane task

score. Extended tcMEPs were recorded using a previously reported bone-thinning tech-

nique, and the longitudinal electrophysiological changes in tcMEPs were investigated. In

addition, the relationship between the time course of recovery from paralysis and reappear-

ance of tcMEPs was revealed. The appearance of the tcMEP waveform was earlier in MSC-

transplanted rats than in PBS-administered rats (earliest date was 7 days after SCI). The

MEP waveforms also appeared at approximately the same level on the BBB scale (average

score, 11 points). Ultimately, this study can help enhance our understanding of the relation-

ship between neural regeneration and tcMEP recording. Further application of tcMEP in

regenerative medicine research is expected.
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Introduction

Motor-evoked potentials (MEPs) are used to evaluate the function of the descending motor

pathway by stimulating the motor cortex. Recent studies have indicated that the transcranial

electrically stimulated MEP (tcMEP) is a useful tool for evaluating the function of the descend-

ing motor pathway and neurological dysfunction in an animal model of central nervous sys-

tem (CNS) disorder [1–4]. The tcMEP has also been applied in clinical research in humans,

particularly for intraoperative monitoring [5, 6] during neurosurgery [7, 8], spinal surgery [9,

10], and aortic surgery [11]. Moreover, the tcMEP has been reported as a predictor of postop-

erative neurological complications following aneurysm clipping surgery [7, 8] and neurologic

outcomes in spine deformity surgery [10]. Reports on intraoperative monitoring revealed that

a reduced MEP amplitude can be used to predict postoperative paralysis [12, 13]. Furthermore,

some studies have provided mechanistic insights into changes in MEP expression after spinal

cord injury (SCI), including studies in rats [14, 15]. However, it is not clear whether tcMEP

recording can indicate recovery from paralysis in humans or other animals. Moreover, the cor-

relation between the MEP waveform and degree of paralysis in rats has not been fully clarified.

We previously established a technique to record tcMEPs in rat models [16]. However,

tcMEPs must be recorded in rats with varying levels of paralysis to investigate the above corre-

lation over a relatively short period. We also reported that the transplantation of rat bone mar-

row-derived mesenchymal stem cells (rbMSCs) or rat cranial bone-derived mesenchymal stem

cells (rcMSCs) to rat models of acute SCI enables the observation of the course of improve-

ment in paralysis over time [17]. This previous study further showed that the waveform of

tcMEPs disappears immediately after SCI and reappears with the recovery of motor function

within a short period of 28 days [17]. Based on these findings, in the present study, we exam-

ined the relationship between the longitudinal electrophysiological changes and recovery from

paralysis after the transplantation of MSCs in an SCI rat model.

Materials and methods

Ethics statement

All study protocols were approved by the Animal Experiment Committee of Hiroshima Uni-

versity, Japan, conducted under Project License A19-73. All methods have been reported in

accordance with the ARRIVE guidelines (https://arriveguidelines.org), the ethical guidelines of

the International Council for Laboratory Animal Science, and the Regulations for Animal

Experiments, Hiroshima University.

Animals

In the present study, we used female rats to account for the risk of bladder injury after SCI.

Adult female Sprague–Dawley rats (10–11 weeks old, specific pathogen-free) with a mean

body weight of 270 g (range, 250–300 g) were provided by Hiroshima University Animal

Research Committee.

Breeding colonies were maintained in individually ventilated cages (Tecniplast, Buguggiate,

Italy). The maximum caging density was three rats per cage. The rats were provided ad libitum
access to food and water and were housed in a room with a 12-h/12-h light/dark cycle with

controlled temperature (21˚C–25˚C) and humidity (40%–60%). Per the guidelines, animal

husbandry and care were conducted in accordance with the current best practice, and all indi-

viduals involved in the care and use of the animals were trained and skilled to an acceptable

level of competency. Euthanasia was performed according to the current best practice. Fur-

thermore, appropriate anesthesia and analgesia were used to minimize pain and distress.
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Isolation and culture of rbMSCs and rcMSCs

rbMSCs and rcMSCs were isolated and cultured according to the methods described in our

previous studies [18, 19]. Briefly, we collected the femur, tibia, and cranial bones of adult

female Sprague–Dawley rats to isolate the rbMSCs and rcMSCs. Four rats were used for cell

preparation. The cells were cultured in dishes (Sumitomo Bakelite Co., Tokyo, Japan) contain-

ing low-glucose Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St. Louis, MO, USA)

supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) at

37˚C under 5% CO2. The culture medium was changed every 3 days.

Characterization of rbMSCs and rcMSCs

To ensure the validity of the MSCs established in this study, their characteristics were analyzed

using flow cytometry to detect the expression of cell surface markers and differentiation of

MSCs as described previously [17, 19]. Cells were seeded at a plating density of 5000 cells per

cm2. After the rbMSCs and rcMSCs at passage 3 reached confluency, they were collected for

flow cytometric analysis of MSC-specific markers and differentiation experiments. The expres-

sion of MSC markers, namely CD29, CD90, and CD44, and hematopoietic cell markers,

namely CD34 and CD45, was investigated. IgG1 isotype control antibodies were used as nega-

tive controls. Data acquisition and analyses were conducted with biological replicates (differ-

ent samples for each cell type) using a FACSVerse system (BD Biosciences, Franklin Lakes, NJ,

USA). To test the cell differentiation ability of the mesodermal lineage, the rbMSCs and

rcMSCs at passage 3 were allowed to differentiate into osteoblasts or adipocytes.

Osteogenic differentiation of MSCs was induced by culturing the cells in MSC osteogenic

differentiation medium (PromoCell, Heidelberg, Germany) for 21 days according to the man-

ufacturer’s differentiation medium protocol, and the medium was changed every 3 or 4 days.

Alizarin red S (Sigma-Aldrich) was used for final staining. For adipogenic differentiation,

MSCs were cultured in MSC adipogenic differentiation medium (PromoCell) for 14 days

according to the manufacturer’s differentiation medium protocol, and the medium was

changed every 3 or 4 days. Oil red O solution (Wako Pure Chemical Industries, Osaka, Japan)

was used for final staining.

Surgical procedure

Adult female Sprague–Dawley rats were used to construct an SCI model using the drop-weight

method [20]. General anesthesia was induced in the rats using 3% isoflurane. A midline linear

incision was made, and laminectomy of the Th10 vertebra was carried out. In this study, we used

an originally created SCI machine with a modified rat stereotaxic apparatus and an original

impactor. We have used the same machine in previously reported studies on rats with a SCI [17,

19, 21]. An impactor rod was set on the surface of the spinal cord at the Th10 vertebra, and a

cylindrical brass weight (10 g) was dropped on the impactor. A spinal cord contusion was made

with a calculated force of 100–150 kdyn. The rats that underwent the surgical procedure were

administered antibiotics (cefazolin sodium: 20 mg/kg) for 5 days postoperatively to prevent infec-

tion. The bladders of SCI rats were compressed manually twice daily until sufficient recovery of

autonomic bladder function. The SCI rats received rehabilitation, which also involved passive

joint motion exercises daily for two weeks after SCI to prevent hindlimb joint contracture.

Cell transplantation

Thirty-four female adult Sprague–Dawley rats were used in this study. The rats were randomly

divided into four groups, and rats in all groups were subjected to skull thinning to record the
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tcMEPs as described previously [16] (Fig 1). First, a control group of rats was established with-

out SCI (n = 4), and only skull thinning was performed in this group. Further, rats with SCI

were divided into the following three groups: PBS group (rats that received phosphate-buffered

saline [PBS] only), rbMSC group (rats transplanted with rbMSCs), and rcMSC group (rats

transplanted with rcMSCs; n = 10 each). At 24 h after SCI, 1.0 × 106 MSCs were transplanted

into the rats of the rbMSC and rcMSC groups via the tail vein. Considering the similar number

of animals in previous studies on MSCs [3, 18], our sample size was deemed to be sufficient to

assess our model.

Evaluation of paralysis after SCI

The Basso–Beattie–Bresnahan (BBB) scale [20, 22, 23] and inclined plane task score [2] were

used to evaluate the degree of paralysis after SCI. The BBB scale is a 22-point scale that system-

atically follows recovery of hind limb function [20]. The inclined plane test is used to assess the

maximum angle at which the rats can hold their position for 5 s on the inclined plane [2].

Paralysis was assessed on day 0 (immediately before surgery) and postoperative days 1, 7, 14,

21, and 28. All evaluations were performed by an observer blinded to the group identities.

Recording of tcMEPs

The tcMEPs were recorded using a bone-thinning technique [16]. To prepare for tcMEP record-

ing, the skulls of the rats were thinned using a diamond drill at the bregma and lambda positions

with the rats under inhalation anesthesia with 1.5% isoflurane. Skull thinning was performed up

to a diameter of 5 mm. The outer plate and diploe of the skull were removed, leaving only the

inner plate. A train of four stimuli was administered for a 0.5 ms; tcMEP was recorded from the

needle electrodes inserted in the quadriceps femoris of the rat hindlimb. Stimulation and record-

ings were performed using a Nicolet Endeavor CR intraoperative monitoring system (Nicolet Bio-

medical, Madison, WI, USA). The tcMEPs were recorded before surgery as the reference value

and then on postoperative days 1, 7, 14, 21, and 28 in all groups. Skull thinning was performed

only at the first recording, and no additional skull thinning was performed thereafter. Amplitude

and latency were evaluated from the tcMEP waveforms at each time point and compared between

the groups. All recordings were performed by an observer blinded to the group identities.

Statistical analyses

Statistical analyses were performed using JMP software from SAS (version 15; SAS Institute,

Cary, NC, USA). The period until the waveform appeared after SCI and the degree of paralysis

Fig 1. Outline of the present experiment. The rats were subjected to random grouping and a repeated-measures behavioral and electrophysiological study

protocol from the preoperative stage to 28 days after surgery. We used the Basso–Beattie–Bresnahan scale and inclined plane task score as a behavioral

endpoint and transcranial electrically stimulated motor-evoked potential (tcMEP) as an electrophysiological endpoint of neurological function recovery.

https://doi.org/10.1371/journal.pone.0272526.g001
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when the waveform appeared were compared using one-way analysis of variance (ANOVA)

and post-hoc Tukey’s honestly significant difference (HSD) test. Two-way analysis of variance

and post-hoc Tukey’s honestly significant difference test were used to analyze motor function

and the amplitude of tcMEPs. Results with P < 0.05 were considered significant.

Results

Characterization of rat MSCs

Cell surface markers of isolated cells from the femur, tibia, and cranial bones of adult female

Sprague–Dawley rats were analyzed using flow cytometry to confirm the cell identity as

rbMSCs and rcMSCs. The results were positive for cell surface markers of MSCs, such as

CD29, CD90, and CD44; in contrast, they were negative for cell surface markers of hematopoi-

etic cells, such as CD34 and CD45 (S1 Table). To analyze mesodermal lineage cell differentia-

tion, we investigated the osteogenic and adipocytic cells differentiated from isolated rbMSCs

and rcMSCs. Cells positive for Alizarin red S and Oil red O staining were observed after differ-

entiation (S1 Fig). The rbMSCs and rcMSCs showed characteristics similar to those reported

previously [18, 19].

Evaluation of paralysis after SCI

After establishing the SCI model using the drop-weight method [20, 21], paralysis was assessed

using the BBB scale and inclined plane task scores. No significant decrease in these tests scores

was observed in the control group (no SCI, only skull thinning). In contrast, the rats injected

with PBS, rbMSCs, and rcMSCs showed severe paraplegia after SCI, with the scores improving

over time. The rcMSC group showed the greatest recovery of motor function among the three

groups after day 7 (P< 0.05; Fig 2A and 2B). The recovery of motor function in the rbMSC

group was also higher than that in the PBS groups after day 7 (P< 0.05; Fig 2A and 2B).

Recording of tcMEPs

Representative tcMEP waveforms are shown in Fig 3A and 3B. The control group showed no

significant change in the MEP waveform over time (Fig 3A). In contrast, in the PBS, rbMSC,

and rcMSC groups, the tcMEP waveform disappeared immediately after SCI. Reappearance of

Fig 2. Motor function recovery after spinal cord injury. a. Results of the Basso–Beattie–Bresnahan (BBB) scale and b. inclined plane task score. Data are

presented as mean ± standard deviation; n = 4, 10, 10, and 10 for the control, phosphate buffered saline (PBS), rat bone marrow-derived mesenchymal stem cell

(rbMSC), and rat cranial bone-derived mesenchymal stem cell (rcMSC) groups, respectively. �P< 0.05, PBS group vs. rcMSC group; †P< 0.05, PBS group vs

rbMSC group; §P< 0.05, rcMSC group vs. rbMSC group.

https://doi.org/10.1371/journal.pone.0272526.g002
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tcMEPs was confirmed in 17 of the 30 rats with SCI. Fig 3B–3D show the specific recovery pro-

cess of tcMEP in the rcMSC, rbMSC, and PBS groups. Fig 4 shows the mean onset amplitude

of each group. An increase in the amplitude over time was observed in all groups. The mean

onset amplitudes in the rcMSC group were 102 ± 106.1 μV on day 7, 5651 ± 407.4 μV on day

14, 737.8 ± 957.2 μV on day 21, and 1599 ± 1173 μV on day 28; no waveform was recorded on

day 1. The mean onset amplitudes in the rbMSC group were 356 ± 103.2 μV on day 21 and

496.7 ± 280.4 μV on day 28; no waveforms were recorded on days 1, 7, and 14. The onset

amplitudes in the PBS group were 223 μV on day 21 and 461 μV on day 28; no waveforms

were recorded on days 1, 7, and 14. In addition, the amplitudes in the rcMSC group were

higher than that in other groups on days 14 and 28 (P< 0.05, Fig 4).

Examination of the relationship between the time course of recovery from

paralysis and reappearance of the tcMEP waveform

We investigated when the waveform first appeared, to examine the relationship between the

time course of recovery from paralysis and reappearance of the tcMEP waveform. Fig 5A

shows the number of rats evaluated at the first recording of tcMEP after SCI at each recording

point. Based on the period from the induction of SCI to the reappearance of tcMEPs, two, six,

Fig 3. Representative waveforms of transcranial electrically stimulated motor-evoked potentials (tcMEPs). a. Representative waveforms of tcMEPs

in control rats on days 1, 7, 14, 21, and 28. b, c, d. Representative reappearing waveform of tcMEPs in spinal cord injury (SCI) rats at preinjury, and on

days 1, 7, 14, 21, and 28 in the phosphate buffered saline (PBS), rat bone marrow-derived mesenchymal stem cell (rbMSC), and rat cranial bone-derived

mesenchymal stem cell (rcMSC) groups.

https://doi.org/10.1371/journal.pone.0272526.g003
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six, and three rats exhibited the phenomenon of the MEP waveform disappearing after SCI on

days 7, 14, 21, and 28, respectively. In all groups, tcMEPs reappeared after an average of 15

days. Based on the presence or absence of cell transplantation among the 17 rats, MEP reap-

peared in 10 rats in the rcMSC group, 6 in the rbMSC group, and 1 in the PBS group. In addi-

tion, tcMEPs reappeared after an average of 14 and 25 days in the rcMSC and rbMSC groups,

Fig 4. Mean onset amplitude of each group. The mean amplitude values showed an increase over time for each group. Data are presented as mean ± standard

deviation; n = 10 for each group. �P< 0.05, phosphate buffered saline (PBS) group vs. rat cranial bone-derived mesenchymal stem cell (rcMSC) group;

†P< 0.05, rcMSC group vs rat bone marrow-derived mesenchymal stem cell (rbMSC) group.

https://doi.org/10.1371/journal.pone.0272526.g004

Fig 5. Relationship between the time course of recovery from paralysis and reappearance of the transcranial electrically stimulated motor-evoked

potential (tcMEP) waveform. a. Number of rats at the first recording of tcMEP after spinal cord injury (SCI). Reappearance of tcMEPs was confirmed in 17

rats. In two, six, and two rats on days 7, 14, and 21, respectively, the first recorded tcMEPs after SCI were confirmed in the rat cranial bonel-derived

mesenchymal stem cell (rcMSC) group. In three rats on days 21 and 28, the first recorded tcMEPs after SCI were confirmed in the rat bone marrow-derived

mesenchymal stem cell (rbMSC) group. In the PBS group, the tcMEP reappeared in only one rat on day 21 after SCI. b. Number of days till the first recording

of tcMEP after SCI. Data are presented as mean ± standard deviation; n = 10, 6, and 1 for rcMSC, rbMSC, and PBS groups, respectively. �P< 0.05, rcMSC

group vs. rbMSC group.

https://doi.org/10.1371/journal.pone.0272526.g005
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respectively. In the PBS group, tcMEPs reappeared after 21 days, but only in one rat. The mean

period until time at the first recording of tcMEPs after SCI was 14 ± 4.67 days in the rcMSC

group, 24.5 ± 3.83 days in the rbMSC group, and 21 days in the PBS group. The period in the

rcMSCs group was significant shorter than that in the rbMSCs group (Fig 5B).

Examination of the relationship between the recovery of paralysis and

reappearance of the tcMEP waveform

We investigated the degree of paralysis when the waveform appeared, to examine the relation-

ship between the recovery of paralysis and reappearance of the tcMEP waveform. The BBB

scale and inclined plane task score were used to assess paralysis.

The mean score for the BBB scale when the waveform appeared was 11.10 ± 0.938 (95%

confidence interval 10.59–11.52, range: 10–13) (Fig 6A). However, there were no statistically

significant differences in the BBB scale scores between the three groups. The mean threshold

of the inclined plane task score when the waveform appeared was 58.06 ± 7.524 (95%

Fig 6. Relationship between the recovery for paralysis and reappearance of the transcranial electrically stimulated motor-evoked

potential (tcMEP) waveform. a. Threshold Basso–Beattie–Bresnahan (BBB) scale and b. threshold inclined plane task score. Data are

presented as mean ± standard deviation and 95% confidence interval (CI). Results for the rat cranial bone-derived mesenchymal stem cell

(rcMSC), rat bone marrow-derived mesenchymal stem cell (rbMSC), and phosphate buffered saline (PBS) groups are indicated by blue,

orange, and gray circles, respectively.

https://doi.org/10.1371/journal.pone.0272526.g006
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confidence interval 54.23–61.89, range: 40–67) (Fig 6B). However, there were no statistically

significant differences in the inclined plane task scores between the three groups.

Discussion

In the present study, the tcMEPs of the hindlimbs of rats were successfully recorded over a

period of 1 month in the control group, and reappearance of tcMEPs was observed over time

in some rats with SCI. tcMEP recordings are widely employed in both a clinical environment

[5, 6] and in animal experiments [24–27]. For example, it has been used for neurophysiological

evaluation in a CNS disorder model to analyze pyramidal tracts and the recovery of neural

connections or regeneration of nerve fibers [3]. Previous studies involving intraoperative mon-

itoring have demonstrated that reduced MEP amplitude is a predictor of postoperative paraly-

sis [12, 13]. However, tcMEPs are difficult to record in humans with severe paralysis [12, 28].

Human studies in which tcMEPs were recorded excluded patients with severe paralysis with

manual muscle test scores [29] of less than two [6]. However, in humans and animals, there is

little evidence indicating that recovery from paralysis enables the recording of tcMEPs, and

there are only a few reports of tcMEPs recorded over a period of several weeks in animal exper-

iments [16, 22, 25]. In addition, the relationship between the degree of paralysis and tcMEP

recording has not been determined yet. Even in rats, the threshold of paralysis for recording

tcMEPs is still unknown. Here, we identified the correlation between the BBB scale and tcMEP

recordings, and tcMEPs were found to reappear with a BBB scale of 10–11 points or higher

after SCI. The results did not differ among the different origins of the transplanted MSCs.

Moreover, we revealed the correlation between paralysis and tcMEPs. The tcMEPs reappeared

with a BBB scale of 10–11 points or higher after SCI, indicating occasional to consistent sup-

ported plantar steps without forelimb–hindlimb coordination, with a score of 10 points or

higher indicating that the rats could walk [20]. Our results suggest that the ability to walk

serves as a cutoff for recording tcMEPs.

All 17 rats in which MEP reappeared showed mild paralysis after recovery. For the inclined

plane task score, the 95% confidence interval of the threshold for recording tcMEPs was 54˚–

64˚, although with variable results. The inclined plane task score results are affected by the

function of both hindlimbs and forelimbs [30]. In addition to the degree of motor paralysis,

the ability to prevent falls and stabilize the trunk affects these results [31]. These factors may

explain the wide range of the results of the inclined plane task score in our study. Our results

also suggest that the BBB scale is a more useful indicator of the availability of tcMEP record-

ings for rats after SCI than the inclined plane task score. These results are consistent with pre-

vious evidence showing that the MEP cannot be recorded in cases of severe paralysis in

humans [6].

Most studies of tcMEPs in rat models of SCI focused on the responses to regenerative medi-

cine, such as cell administration [3, 31] and new therapeutic techniques [1, 27, 31, 32], and

tcMEPs were recorded at only one point, as a physiological endpoint of the recovery process.

When planning a protocol for such experiments, there is no indicator of when tcMEPs should

be recorded. Thus, our results can be used as an indicator to determine the optimal time point

for recording tcMEPs. There have been some recent reports of extended recording tcMEPs in

rats with SCI [17, 22, 25]. Even in these studies, overlooking tcMEP recordings in rats with

severe paralysis that have not recovered to the recording threshold may have contributed to

simplification of the experimental protocol and reduced the burden of invasive examinations

on the rats. Thus, our findings can be applied to reduce not only unnecessary tcMEP record-

ings in rats with severe paralysis but also the appearance of false-positive results [33] and tissue

damage caused by an excessive stimulation intensity [34].
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Interestingly, focusing on the content of cell administration in the present study, the rcMSC

group displayed a higher number of tcMEP reappearances (10/17 cases) and shorter period

between SCI and the reappearance of tcMEPs (14 days) than the PBS and rbMSC groups. In

addition, the rcMSC group showed significantly larger amplitudes of the tcMEP waveform dur-

ing the course than the other two groups. The period until the time of reappearance of the

tcMEP waveform in the rcMSC group was significantly shorter than that in the rbMSC group.

A previous study on electrophysiology in rats has reported the involvement of extrapyrami-

dal tracts, in addition to pyramidal tracts, in motor function [35]. Both pathways are also

involved in the formation of the MEP waveform [36]. Our data suggest a higher recovery effect

of rcMSCs on the neural connections and regeneration of nerve fibers, playing a role in con-

duction [3] in pyramidal and extrapyramidal tracts than that of rbMSCs, and substantiates the

findings of our previous study [17]. We have previously reported that the expression levels of

the neurotrophic factors such as GDNF, BDNF, NGF, and VEGF were significantly higher in

the rcMSCs than that in the rbMSCs [17, 19]. These factors suppress the apoptotic pathway

and necroptosis pathway [37–39]. Previous studies have also reported that cranial bone-

derived MSCs showed a more effective nursing effect on the abovementioned two cell death

pathways in neurons than bone marrow-derived MSCs [17, 18]. In the present study, these

nursing effects of neurotrophic factors may have reduced secondary damage by suppressing cell

death pathways in cases of acute SCI and consequently contributed to electrophysiological

recovery. Furthermore, rcMSCs expressing higher levels of neurotrophic factors may have a

stronger electrophysiologic improvement effect in pyramidal and extrapyramidal tracts. Previ-

ous studies have already reported that rcMSCs transplantation reduces cavity formation more

effectively and is more involved in the regeneration of connections between neurons in the spi-

nal cord after SCI than rbMSCs [17, 19]. These differences in the recovery effects on the spinal

cord between rcMSCs and rbMSCs may have resulted in the differences in electrophysiological

functional recovery in the present study. Further studies are warranted to elucidate the relation-

ship between these effects of MSC transplantation and nerve regeneration in the spinal cord.

The present study had a limitation. Most of the rats that showed reappearance of tcMEP

waveform in the present study were MSC-transplanted rats. Based on the relationship between

paralysis and tcMEP recordings obtained in the present study, it is difficult to generalize this

result as threshold paralysis for recording tcMEPs after SCI. In the future, the accumulation of

tcMEP recordings in more mild SCI rats without MSC transplantation will contribute to the

clarification of threshold paralysis for recording tcMEPs that are yet to be clarified. As a future

application of tcMEPs, we will attempt to record tcMEPs in more models of CNS injury, inves-

tigate the relationship between tcMEP recording and long-term neurological prognosis, and

determine its usefulness as a predictor of long-term prognosis for CNS disorder models.

Conclusion

We determined the longitudinal electrophysiological changes in an SCI rat model transplanted

with MSCs. Revealing the time course of recovery from paralysis and paralysis at the time of

tcMEP reappearance can help enhance understanding of the relationship between neural

regeneration and tcMEP recording. Furthermore, this study demonstrated the value of tcMEPs

in evaluating nerve function recovery in regenerative medicine research.
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S1 Fig. Lineage-specific assessment following the differentiation of rat bone marrow-

derived mesenchymal stem cells (rbMSC) and rat cranial bone-derived mesenchymal stem

cells (rcMSC). (A) Alizarin red S staining following the osteogenic differentiation of rbMSCs

and rcMSCs. (B) Oil red O staining following the adipogenic differentiation of rbMSCs and

rcMSCs. Scale bars, 50 μm.

(DOCX)

Acknowledgments

The authors wish to thank Reo Kawano for helpful discussions and comments on the manu-

script. This work is supported by TWO CELLS Co., Ltd., Hiroshima, Japan.

Author Contributions

Conceptualization: Yuyo Maeda, Takafumi Mitsuhara, Takahito Okazaki, Kiyoharu Shimizu.

Data curation: Yuyo Maeda, Masaaki Takeda.

Formal analysis: Yuyo Maeda.

Funding acquisition: Masaaki Takeda, Takafumi Mitsuhara.

Investigation: Yuyo Maeda.

Methodology: Yuyo Maeda, Masaaki Takeda, Kiyoharu Shimizu, Masashi Kuwabara, Masa-

hiro Hosogai, Louis Yuge.

Project administration: Yuyo Maeda.

Supervision: Nobutaka Horie.

Validation: Masaaki Takeda, Louis Yuge, Nobutaka Horie.

Visualization: Yuyo Maeda, Nobutaka Horie.

Writing – original draft: Yuyo Maeda.

Writing – review & editing: Louis Yuge, Nobutaka Horie.

References

1. Krishnan VS, Shin SS, Belegu V, Celnik P, Reimers M, Smith KR, et al. Multimodal evaluation of TMS-

induced somatosensory plasticity and behavioral recovery in rats with contusion spinal cord injury.

Front Neurosci. 2019; 13: 387. https://doi.org/10.3389/fnins.2019.00387 PMID: 31068784

2. Morris SH, Howard JJ, El-Hawary R. Comparison of motor-evoked potentials versus somatosensory-

evoked potentials as early indicators of neural compromise in rat model of spinal cord compression.

Spine. 2017; 42: E326–E331. https://doi.org/10.1097/BRS.0000000000001838 PMID: 27496665

3. Muniswami DM, Kanthakumar P, Kanakasabapathy I, Tharion G. Motor recovery after transplantation

of bone marrow mesenchymal stem cells in rat models of spinal cord injury. Ann Neurosci. 2019; 25:

126–140. https://doi.org/10.1159/000487069 PMID: 30814821

4. Shin HI, Han TR, Paik NJ. Effect of consecutive application of paired associative stimulation on motor

recovery in a rat stroke model: a preliminary study. Int J Neurosci. 2008; 118: 807–820. https://doi.org/

10.1080/00207450601123480 PMID: 18465426

5. Xing J, Katayama Y, Yamamoto T, Hirayama T, Tsubokawa T. Quantitative evaluation of hemiparesis

with corticomyographic motor evoked potential recorded by transcranial magnetic stimulation. J Neuro-

trauma. 1990; 7: 57–64. https://doi.org/10.1089/neu.1990.7.57 PMID: 2376864

6. Tanaka S, Tashiro T, Gomi A, Takanashi J, Ujiie H. Sensitivity and specificity in transcranial motor-

evoked potential monitoring during neurosurgical operations. Surg Neurol Int. 2011; 2: 111. https://doi.

org/10.4103/2152-7806.83731 PMID: 21886884

PLOS ONE Longitudinal electrophysiological changes after MSC transplantation

PLOS ONE | https://doi.org/10.1371/journal.pone.0272526 August 5, 2022 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272526.s002
https://doi.org/10.3389/fnins.2019.00387
http://www.ncbi.nlm.nih.gov/pubmed/31068784
https://doi.org/10.1097/BRS.0000000000001838
http://www.ncbi.nlm.nih.gov/pubmed/27496665
https://doi.org/10.1159/000487069
http://www.ncbi.nlm.nih.gov/pubmed/30814821
https://doi.org/10.1080/00207450601123480
https://doi.org/10.1080/00207450601123480
http://www.ncbi.nlm.nih.gov/pubmed/18465426
https://doi.org/10.1089/neu.1990.7.57
http://www.ncbi.nlm.nih.gov/pubmed/2376864
https://doi.org/10.4103/2152-7806.83731
https://doi.org/10.4103/2152-7806.83731
http://www.ncbi.nlm.nih.gov/pubmed/21886884
https://doi.org/10.1371/journal.pone.0272526


7. Zhu F, Chui J, Herrick I, Martin J. Intraoperative evoked potential monitoring for detecting cerebral injury

during adult aneurysm clipping surgery: a systematic review and meta-analysis of diagnostic test accu-

racy. BMJ Open. 2019; 9: e022810. https://doi.org/10.1136/bmjopen-2018-022810 PMID: 30760514

8. Della Puppa A, Rossetto M, Volpin F, Rustemi O, Grego A, Gerardi A, et al. Microsurgical clipping of

intracranial aneurysms assisted by neurophysiological monitoring, microvascular flow probe, and ICG-

VA: outcomes and intraoperative data on a multimodal strategy. World Neurosurg. 2018; 113: e336–

e344. https://doi.org/10.1016/j.wneu.2018.02.029 PMID: 29452324

9. Kobayashi K, Imagama S, Yoshida G, Ando M, Kawabata S, Yamada K, et al. Efficacy of intraoperative

intervention following transcranial motor-evoked potentials alert during posterior decompression and

fusion surgery for thoracic ossification of the posterior longitudinal ligament: a prospective multicenter

study of the monitoring committee of the Japanese society for spine surgery and related research.

Spine. 2021; 46: 268–276. https://doi.org/10.1097/BRS.0000000000003774 PMID: 33156280

10. Holdefer RN, Skinner SA. Motor evoked potential recovery with surgeon interventions and neurologic

outcomes: a meta-analysis and structural causal model for spine deformity surgeries. Clin Neurophy-

siol. 2020; 131: 1556–1566. https://doi.org/10.1016/j.clinph.2020.03.024 PMID: 32413722

11. Tanaka Y, Kawaguchi M, Noguchi Y, Yoshitani K, Kawamata M, Masui K, et al. Systematic review of

motor evoked potentials monitoring during thoracic and thoracoabdominal aortic aneurysm open repair

surgery: a diagnostic meta-analysis. J Anesth. 2016; 30: 1037–1050. https://doi.org/10.1007/s00540-

016-2242-x PMID: 27612851

12. Sala F, Palandri G, Basso E, Lanteri P, Deletis V, Faccioli F, et al. Motor evoked potential monitoring

improves outcome after surgery for intramedullary spinal cord tumors: a historical control study. Neuro-

surgery. 2006; 58: 1129–1143; discussion 1129. https://doi.org/10.1227/01.NEU.0000215948.97195.

58 PMID: 16723892

13. El-Hawary R, Sucato DJ, Sparagana S, McClung A, Van Allen E, Rampy P. Spinal cord monitoring in

patients with spinal deformity and neural axis abnormalities: a comparison with adolescent idiopathic

scoliosis patients. Spine. 2006; 31: E698–E706. https://doi.org/10.1097/01.brs.0000232707.98076.37

PMID: 16946643

14. Bazley FA, Hu C, Maybhate A, Pourmorteza A, Pashai N, Thakor NV, et al. Electrophysiological evalua-

tion of sensory and motor pathways after incomplete unilateral spinal cord contusion. J Neurosurg

Spine. 2012; 16: 414–423. https://doi.org/10.3171/2012.1.SPINE11684 PMID: 22303873

15. Borrell JA, Krizsan-Agbas D, Nudo RJ, Frost SB. Effects of a contusive spinal cord injury on cortically-

evoked spinal spiking activity in rats. J Neural Eng. 2020; 17: 10. https://doi.org/10.1088/1741-2552/

abc1b5 PMID: 33059344

16. Maeda Y, Otsuka T, Mitsuhara T, Okazaki T, Yuge L, Takeda M. A novel bone-thinning technique for

transcranial stimulation motor-evoked potentials in rats. Sci Rep. 2021; 11: 12496. https://doi.org/10.

1038/s41598-021-91780-5 PMID: 34127706

17. Maeda Y, Otsuka T, Takeda M, Okazaki T, Shimizu K, Kuwabara M, et al. Transplantation of rat cranial

bone-derived mesenchymal stem cells promotes functional recovery in rats with spinal cord injury. Sci

Rep. 2021; 11: 21907. https://doi.org/10.1038/s41598-021-01490-1 PMID: 34754046

18. Abiko M, Mitsuhara T, Okazaki T, Imura T, Nakagawa K, Otsuka T, et al. Rat cranial bone-derived mes-

enchymal stem cell transplantation promotes functional recovery in ischemic stroke model rats. Stem

Cells Dev. 2018; 27: 1053–1061. https://doi.org/10.1089/scd.2018.0022 PMID: 29786481

19. Otsuka T, Maeda Y, Kurose T, Nakagawa K, Mitsuhara T, Kawahara Y, et al. Comparisons of neuro-

trophic effects of mesenchymal stem cells derived from different tissues on chronic spinal cord injury

rats. Stem Cells Dev. 2021; 30: 865–875. https://doi.org/10.1089/scd.2021.0070 PMID: 34148410

20. 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: 244–256.

https://doi.org/10.1006/exnr.1996.0098 PMID: 8654527

21. Mitsuhara T, Takeda M, Yamaguchi S, Manabe T, Matsumoto M, Kawahara Y, et al. Simulated micro-

gravity facilitates cell migration and neuroprotection after bone marrow stromal cell transplantation in

spinal cord injury. Stem Cell Res Ther. 2013; 4: 35. https://doi.org/10.1186/scrt184 PMID: 23548163

22. Huang Z, Li R, Liu J, Huang Z, Hu Y, Wu X, et al. Longitudinal electrophysiological changes after cervi-

cal hemi-contusion spinal cord injury in rats. Neurosci Lett. 2018; 664: 116–122. https://doi.org/10.

1016/j.neulet.2017.11.019 PMID: 29138091

23. Basso DM, Beattie MS, Bresnahan JC. A sensitive and reliable locomotor rating scale for open field

testing in rats. J Neurotrauma. 1995; 12: 1–21. https://doi.org/10.1089/neu.1995.12.1 PMID: 7783230

24. Iyer S, Maybhate A, Presacco A, All AH. Multi-limb acquisition of motor evoked potentials and its appli-

cation in spinal cord injury. J Neurosci Methods. 2010; 193: 210–216. https://doi.org/10.1016/j.

jneumeth.2010.08.017 PMID: 20832429

PLOS ONE Longitudinal electrophysiological changes after MSC transplantation

PLOS ONE | https://doi.org/10.1371/journal.pone.0272526 August 5, 2022 12 / 13

https://doi.org/10.1136/bmjopen-2018-022810
http://www.ncbi.nlm.nih.gov/pubmed/30760514
https://doi.org/10.1016/j.wneu.2018.02.029
http://www.ncbi.nlm.nih.gov/pubmed/29452324
https://doi.org/10.1097/BRS.0000000000003774
http://www.ncbi.nlm.nih.gov/pubmed/33156280
https://doi.org/10.1016/j.clinph.2020.03.024
http://www.ncbi.nlm.nih.gov/pubmed/32413722
https://doi.org/10.1007/s00540-016-2242-x
https://doi.org/10.1007/s00540-016-2242-x
http://www.ncbi.nlm.nih.gov/pubmed/27612851
https://doi.org/10.1227/01.NEU.0000215948.97195.58
https://doi.org/10.1227/01.NEU.0000215948.97195.58
http://www.ncbi.nlm.nih.gov/pubmed/16723892
https://doi.org/10.1097/01.brs.0000232707.98076.37
http://www.ncbi.nlm.nih.gov/pubmed/16946643
https://doi.org/10.3171/2012.1.SPINE11684
http://www.ncbi.nlm.nih.gov/pubmed/22303873
https://doi.org/10.1088/1741-2552/abc1b5
https://doi.org/10.1088/1741-2552/abc1b5
http://www.ncbi.nlm.nih.gov/pubmed/33059344
https://doi.org/10.1038/s41598-021-91780-5
https://doi.org/10.1038/s41598-021-91780-5
http://www.ncbi.nlm.nih.gov/pubmed/34127706
https://doi.org/10.1038/s41598-021-01490-1
http://www.ncbi.nlm.nih.gov/pubmed/34754046
https://doi.org/10.1089/scd.2018.0022
http://www.ncbi.nlm.nih.gov/pubmed/29786481
https://doi.org/10.1089/scd.2021.0070
http://www.ncbi.nlm.nih.gov/pubmed/34148410
https://doi.org/10.1006/exnr.1996.0098
http://www.ncbi.nlm.nih.gov/pubmed/8654527
https://doi.org/10.1186/scrt184
http://www.ncbi.nlm.nih.gov/pubmed/23548163
https://doi.org/10.1016/j.neulet.2017.11.019
https://doi.org/10.1016/j.neulet.2017.11.019
http://www.ncbi.nlm.nih.gov/pubmed/29138091
https://doi.org/10.1089/neu.1995.12.1
http://www.ncbi.nlm.nih.gov/pubmed/7783230
https://doi.org/10.1016/j.jneumeth.2010.08.017
https://doi.org/10.1016/j.jneumeth.2010.08.017
http://www.ncbi.nlm.nih.gov/pubmed/20832429
https://doi.org/10.1371/journal.pone.0272526


25. Redondo-Castro E, Navarro X, Garcı́a-Alı́as G. Longitudinal evaluation of residual cortical and subcorti-

cal motor evoked potentials in spinal cord injured rats. J Neurotrauma. 2016; 33: 907–916. https://doi.

org/10.1089/neu.2015.4140 PMID: 26560177

26. Luft AR, Kaelin-Lang A, Hauser TK, Cohen LG, Thakor NV, Hanley DF. Transcranial magnetic stimula-

tion in the rat. Exp Brain Res. 2001; 140: 112–121. https://doi.org/10.1007/s002210100805 PMID:

11500803

27. Xie C, Li X, Fang L, Wang T. Effects of athermal shortwave diathermy treatment on somatosensory

evoked potentials and motor evoked potentials in rats with spinal cord injury. Spine. 2019; 44: E749–

E758. https://doi.org/10.1097/BRS.0000000000002980 PMID: 31205164

28. Hayashi H, Kawaguchi M, Yamamoto Y, Inoue S, Koizumi M, Ueda Y, et al. Evaluation of reliability of

post-tetanic motor-evoked potential monitoring during spinal surgery under general anesthesia. Spine.

2008; 33: E994–E1000. https://doi.org/10.1097/BRS.0b013e318188adfc PMID: 19092611

29. Daniels L, Worthingham C. Muscle testing: techniques of manual examination. 10th ed. W B Saunders

Company; 1986.

30. Rivlin AS, Tator CH. Objective clinical assessment of motor function after experimental spinal cord

injury in the rat. J Neurosurg. 1977; 47: 577–581. https://doi.org/10.3171/jns.1977.47.4.0577 PMID:

903810

31. Guo M, Wu L, Song Z, Yang B. Enhancement of neural stem cell proliferation in rats with spinal cord

injury by a combination of repetitive transcranial magnetic stimulation (RTMS) and human umbilical

cord blood mesenchymal stem cells (HUCB-MSCS). Med Sci Monit. 2020; 26: e924445. https://doi.org/

10.12659/MSM.924445 PMID: 32814758

32. Li S, Ou Y, Li C, Wei W, Lei L, Zhang Q. Therapeutic effect of methylprednisolone combined with high

frequency electrotherapy on acute spinal cord injury in rats. Exp Ther Med. 2019; 18: 4682–4688.

https://doi.org/10.3892/etm.2019.8147 PMID: 31807152

33. Yamamoto T, Xing JA, Katayama Y, Tsubokawa T, Hirayama T, Maejima S. Spinal cord responses to

feline transcranial brain stimulation: evidence for involvement of cerebellar pathways. J Neurotrauma.

1990; 7: 247–256. https://doi.org/10.1089/neu.1990.7.247 PMID: 2082020

34. Oinuma M, Suzuki K, Honda T, Matsumoto M, Sasaki T, Kodama N. High-frequency monopolar electri-

cal stimulation of the rat cerebral cortex. Neurosurgery. 2007; 60: 189–196; discussion 196–197.

https://doi.org/10.1227/01.NEU.0000249204.81472.88 PMID: 17228268

35. Shiau JS, Zappulla RA, Nieves J. The effect of graded spinal cord injury on the extrapyramidal and pyra-

midal motor evoked potentials of the rat. Neurosurgery. 1992; 30(1):76–84. https://doi.org/10.1227/

00006123-199201000-00014 PMID: 1738460

36. Konrad PE, Tacker WA. Pyramidal versus extrapyramidal origins of the motor evoked potential. Neuro-

surgery. 1991; 29(5): 795–796. https://doi.org/10.1097/00006123-199111000-00029 PMID: 1961417

37. Jiang YL, Liu WW, Wang Y, Yang WY. MiR-210 suppresses neuronal apoptosis in rats with cerebral

infarction through regulating VEGF-notch signaling pathway. Eur Rev Med Pharmacol Sci. 2020; 24,

4971–4918. https://doi.org/10.26355/eurrev_202005_21188 PMID: 32432760

38. Su R, Su W, Jiao Q. NGF protects neuroblastoma cells against beta-amyloid-induced apoptosis via the

Nrf2/HO-1 pathway. FEBS Open Bio. 2019; 9, 2063–2071. https://doi.org/10.1002/2211-5463.12742

PMID: 31605506

39. Montero ML, Liu JW, Orozco J, Casiano CA, De Leon M. Docosahexaenoic acid protection against pal-

mitic acid-induced lipotoxicity in NGF-differentiated PC12 cells involves enhancement of autophagy

and inhibition of apoptosis and necroptosis. J Neurochem. 2020; 155, 559–576. https://doi.org/10.1111/

jnc.15038 PMID: 32379343

PLOS ONE Longitudinal electrophysiological changes after MSC transplantation

PLOS ONE | https://doi.org/10.1371/journal.pone.0272526 August 5, 2022 13 / 13

https://doi.org/10.1089/neu.2015.4140
https://doi.org/10.1089/neu.2015.4140
http://www.ncbi.nlm.nih.gov/pubmed/26560177
https://doi.org/10.1007/s002210100805
http://www.ncbi.nlm.nih.gov/pubmed/11500803
https://doi.org/10.1097/BRS.0000000000002980
http://www.ncbi.nlm.nih.gov/pubmed/31205164
https://doi.org/10.1097/BRS.0b013e318188adfc
http://www.ncbi.nlm.nih.gov/pubmed/19092611
https://doi.org/10.3171/jns.1977.47.4.0577
http://www.ncbi.nlm.nih.gov/pubmed/903810
https://doi.org/10.12659/MSM.924445
https://doi.org/10.12659/MSM.924445
http://www.ncbi.nlm.nih.gov/pubmed/32814758
https://doi.org/10.3892/etm.2019.8147
http://www.ncbi.nlm.nih.gov/pubmed/31807152
https://doi.org/10.1089/neu.1990.7.247
http://www.ncbi.nlm.nih.gov/pubmed/2082020
https://doi.org/10.1227/01.NEU.0000249204.81472.88
http://www.ncbi.nlm.nih.gov/pubmed/17228268
https://doi.org/10.1227/00006123-199201000-00014
https://doi.org/10.1227/00006123-199201000-00014
http://www.ncbi.nlm.nih.gov/pubmed/1738460
https://doi.org/10.1097/00006123-199111000-00029
http://www.ncbi.nlm.nih.gov/pubmed/1961417
https://doi.org/10.26355/eurrev%5F202005%5F21188
http://www.ncbi.nlm.nih.gov/pubmed/32432760
https://doi.org/10.1002/2211-5463.12742
http://www.ncbi.nlm.nih.gov/pubmed/31605506
https://doi.org/10.1111/jnc.15038
https://doi.org/10.1111/jnc.15038
http://www.ncbi.nlm.nih.gov/pubmed/32379343
https://doi.org/10.1371/journal.pone.0272526

