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Abstract
Spinal cord injury (SCI) is an incurable condition in which the brain is disconnected partially or completely
from the periphery. Mainly SCI are traumatic and are due to tra�c, domestic or sport accidents. To date
SCI are incurable and let, most of the time, the patients with a permanent loss of sensitive and motor
functions. Therefore, since several decades researchers tried to develop treatments to cure SCI. Among
them, recently, our lab have demonstrated that in mice, repetitive trans-spinal magnetic stimulation
(rTSMS) can, after SCI, modulate the lesion scar and can induce functional locomotor recovery non-
invasively. These results are promising, however before to translate them to Humans it is important to
reproduce them in a more clinically relevant model. Indeed, SCI do not lead to the same cellular events in
mice and Humans. In particular, SCI in Humans induce the formation of cystic cavities. That is why we
propose here to validate the effects of rTSMS in rat, animal model in which SCI lead to the formation of
cystic cavities, after penetrating and contusive SCI. To do so, several techniques including
immunohistochemical, behavioral and MRI have been performed. Our results demonstrate that rTSMS, in
both SCI models, modulates the lesion scar by decreasing the formation of cystic cavities and by
improving axonal survival. Moreover, rTSMS, in both models, enhances functional locomotor recovery.

Altogether, our study describes that rTSMS exerts positive effects after SCI in rats. This study is a further
step towards the use of this treatment in Humans.

Introduction
Spinal cord injury (SCI) is a debilitating condition which can lead to a permanent loss of motor and
sensitive functions. To date, there is no curative treatment which can be proposed to injured patients.
That is why fundamental and preclinical studies have been conducted since several decades to �nd out
innovative therapies 1. Researches have followed different paths, the �rst one tried to modulate the
inhibitory microenvironment presents after SCI and the second one harnessed to replace the lost cells
such as neurons or oligodendrocytes 2. These two strategies are based on the knowledge acquired about
the cellular and molecular events that take place after SCI. Indeed, at cellular level, SCI induces a massive
in�ammation with the in�ltration of circulating immune cells such as macrophages and induction of
microglia reactivity 3. At the same time the initial traumatic injury leads to neuronal and oligodendroglial
death 2,4. Altogether, these cellular events conduct to the formation of a spinal scar composed of a
�brotic core presents into the lesion epicenter and of an astroglial scar located at the border of the lesion
5–7. This spinal scar exerts complementary and opposite effects. In fact, it segregates the in�ammatory
cells to avoid the expansion of the lesion but also inhibit axonal regrowth. In effect, the spinal scar
secretes a wide range of extracellular matrix molecules including chondroitin sulfate proteoglycan, a
class of molecules known as one of the major inhibitory components of the lesion scar 8. To alleviate this
inhibitory microenvironment we and other research groups have assessed the effects of different
therapies such as cellular transplantation, biomaterials’ graft or more recently repetitive magnetic
stimulation 9–13. To do so, rodent’s models have been massively used, mainly mice and rats. However, it
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is important to note that the cellular events and also the composition of the spinal scar which take place
after SCI are distinct between mice and rats but also with Humans. In effect, in rats and Humans, the
�brotic core presents at the lesion epicenter of the spinal scar in mice is replaced progressively by cystic
cavities within weeks to months after SCI 14. That is why it can be of primary importance before to
translate an innovative therapy to clinical in Humans to validate it in mice and also in rats. In a clinical
related perspective it is also important to mimic the lesion which occurs in Humans. Indeed, in Humans
SCI are mainly due to contusive injury whereas in preclinical models, SCI are oftenly penetrating because
this model is reproducible and does not require speci�c apparatus 15.

Recently, our research group reports that repetitive trans-spinal magnetic stimulation (rTSMS) can be
used as a non-invasive treatment after SCI. Our study demonstrates that rTSMS modulates the spinal
scar, enhances axonal regrowth and locomotor recoveries 9,16,17. These experiments have been conducted
in a mouse model and SCI have been performed by complete transection. That is why, we propose here to
validate this promising therapy in a rat model. Our work has been conducted in both penetrating and
contusive SCI in a large cohort of 104 rats.

Materials And Methods

Animal care and use statement
The protocols were designed to minimize pain or discomfort to the animals. All experimental procedures
were in accordance with the European Community guiding principles on the care and use of animals
(86/609/CEE; O�cial Journal of the European Communities no. L358; December 18, 1986), French
Decree no. 97/748 of October 19, 1987 (Journal O�ciel de la République Française; October 20, 1987),
and the recommendations of the Cenomexa ethics committee (#23767).

Experiments were performed on adult Sprague Dawley female rats (Janvier Labs, Le Genest-Saint-Isle,
France) at eight–ten weeks of age (average weight 260 – 280g). 

Female rats were housed (two rats/cage) in secure conventional rodent facilities on a 12-hr light/dark
cycle with constant access to food and water.

Our two procedures were composed of two main experimental groups:

SCI control group: animals received SCI.

SCI + STM group: animals received SCI and rTSMS treatment during 15 days.

For the two procedures histological analyses have been performed at 15 and 60 days after SCI.
Functional analyses including plantar and locotronic tests have been performed at 15, 30 and 60 days
after SCI.  



Page 4/25

For the second procedure only (contusive SCI), MRI experiments have been performed at 7, 21 and 42
days after SCI.

A total of 104 rats have been included in the entire study (procedure 1 and procedure 2). 

A general overview of these experiments is presented in Figure 1.

Experimental design

Procedure 1

Surgical procedure

In order to assess the effects of the rTSMS treatment and to compare them to those described in mice,
�rst we performed penetrating SCI in rats 9,16.

To do so, rats received 30 min before surgery a subcutaneous injection of buprenorphine hydrochloride
(0,3 mg/mL). Then, rats were anesthetized with 2% of iso�uorane during the entire surgery (Iso-Vet,
Osalia, Paris, France). Animal's body temperature has been kept steady at 37°C with a heating pad during
entire surgical intervention. After being shaved and disinfected with betadine solution, the dorsal skin of
the rats was incised, the super�cial fat gently shifted, and the muscle tissue dissected to expose laminae
T9–T11. Posterior part of vertebrae was countersank in order to create an ample space for lesion. SCI
were performed at T10 level as described previously 9,16. After laminectomy, the dura mater was removed
and a complete transection of the spinal cord was performed with 25-gauge needle. After surgery, rats
underwent daily check, none of them showed neither skin lesion, infection, nor autophagy throughout the
study. 

For this procedure 56 rats have been used (Figure 1): 

- 2 groups of 8 rats for the immunohistological experiments 15 days after SCI 

- 2 groups of 20 rats for functional tests and for immunohistological experiments 60 days after SCI 

Procedure 2

Surgical procedure

In Humans, SCI are mainly due to contusive injuries, thus in a second time we investigated the effects of
rTSMS in a contusion model in rats. A moderate/severe lesion model has been chosen due to the fact
that 60% of the lesions in Humans are incomplete 14.

The surgery was performed as described above except for the lesion step.
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Indeed, after laminectomy, the dura mater was removed and contusion injury was applied using a force-
controlled spinal cord impactor (IH-0400 Impactor, Precision Systems and Instrumentation LLC, USA). The
applied force was set to 175 kdyn. The spinal cord displacement induced by the impact was measured
for each animal. After surgery, rats underwent daily check, none of them showed neither skin lesion,
infection, nor autophagy throughout the study. 

For this procedure 56 rats have been used as described above for the procedure 1 (Figure 1).

rTSMS treatment
rTSMS was delivered with a commercially available �gure of eight double coil featuring an air cooling
system connected to a Magstim rapid2 stimulator used for focal cortical and peripheral stimulations
(Magstim, Whitland, UK). The coil was positioned in close contact with the back of the animal at the site
of injury. The size of the area stimulated has been de�ned according to the manufacturer’s device
manual. The area stimulated was 1.5 cm2. The position of the coil was maintained using an articulated
arm stand. The exact position of the coil was de�ned using the mark located in the middle of the coil.
rTSMS treatment was applied at a frequency of 10 Hz, 10 min per day during 14 days. Stimulation
protocol consisted of 10 s stimulation followed by 20 s of rest. Rats were kept under anesthesia with 2%
of iso�urane during stimulation; the equivalent anesthesia were used for untreated animals. Peak
magnetic intensity at the experimental distance was 0.4 T.

Functional test

Locotronic test: Foot misplacement apparatus
Experiments have been performed as described previously by Chalfouh et al. (Intellibio, Nancy,

France) 9. The equipment consists of a �at ladder on which the animal can move from the starting zone
towards the arrival zone. On both sides of the ladder, infrared sensors allow the visualization and
recording of the displacement of the animal. The location and precise length of time of all the errors are
recorded, in distinguishing the errors from front legs, back legs and tail. Based on all data recorded;
number of back legs errors, total back legs errors time and total crossing time were provided by the
software and compared between groups of animals.

All the rats were pre-trained on the ladder, one week prior to injury to provide baseline data.

Hargreaves apparatus

The Hargreaves test instrument used in this study was a plantar test (Ugo Basile, Italy). A radiative heat
source was placed beneath the animal and pointed at the plantar surface of the hindpaw. The time
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between the onset of the thermal radiation stimulus and the appearance of paw withdrawal was recorded
as the hindpaw withdrawal thermal latency 18. Baseline parameters have been obtained with an
additional group of non-injured animals.

MRI Imaging

In-vivo imaging experiment were performed on rat to follow on the same rats the evolution of the spinal
cord structure overtime after SCI. Analysis of the spinal cord structure was achieved by the MRI BioSpec
Advanced II (Bruker, Germany), with a magnetic �eld of 4.7 Teslas, monitored with ParaVision software. 

The rats were anesthetized by intraperitoneal injections (Thiopental, 1g/20mL, Panpharma). To perform
the MRI recordings, the rats were placed in supine position. The vertebra T9 was putted down on the
marker of the antenna in order to have the area of interest in the �eld of view of the MRI. Two cardiac
electrodes were placed on the rats to follow their cardiac constants.
 A comprehensive analysis including T2*-weighted gradient echo, in axial and sagittal sections, was
carried out with the parameters presented in the Table.1.

The sequence performed on axial sections is a multi-slice gradient which allowed to provide a T2* map
for tissues characterization.

The sequences of images were then analyzed through the:

ParaVision software, to determine the surface quantization of hyposignal and hypersignal, but also
identify tissues structure on sagittal images;

Osirix software, to determine the volume of spinal cord section and realize a 3D representation on
axial images.

 

Tissue preparation and sectioning
Animals were deeply anesthetized with sodium pentobarbital (120mg/kg body weight) and perfused
transcardially with PBS followed by ice-cold 4% formaldehyde in PBS. Dissected spinal cords were further
post-�xed in 4% PFA in PBS at 4 °C overnight and cryoprotected in

30% sucrose (Life Technologies, Carlsbad, CA) for at least 48 h. After embedding in Tissue-

Tek OCT compound (Sakura, Tokyo, Japan), the spinal cords were cut sagittally to 20 μm thickness.
Sections were collected accordingly to stereological principles (�ve sections per slide) and stored at −20
°C until further use.

Immunohistochemistry
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Spinal cord sections were blocked with 10% Normal Donkey serum (Jackson ImmunoResearch,
Cambridge, UK), 0.3% Triton-X100 (Sigma-Aldrich) in PBS, then incubated overnight at room temperature
in a humidi�ed chamber with primary antibodies diluted in blocking solution. The following primary
antibodies were used: Rabbit anti-Platelet-derived growth factorβ (PDGFRβ, Abcam, ab32570), Mouse
anti-Glial �brillary acidic protein (GFAP Cy3-conjugated Sigma-Aldrich, C9205 and GFAP unconjugated
Sigma-Aldrich, G3893), Rabbit anti-ionized calcium-binding adapter molecule 1 (Iba1, Wako, 019-19741,
Osaka, Japan) and Mouse anti-neuro�lament 200kD (NF200, Millipore, MAB5256).

After washing, antibody staining was revealed using species-speci�c �uorescence-conjugated secondary
antibodies (Jackson ImmunoResearch). Sections were counterstained with 4′,6-diamidino-2-phénylindole
(DAPI; 1 μg/mL; Sigma-Aldrich) and coverslipped with Vectashield mounting media (Vector Labs,
Burlingame, UK).

Image acquisition analysis
Representative images of the lesion site and spinal cords were acquired using the Zeiss Apotome2
microscope set up. For tissue analysis sagittal sections have been used. For each experimental group
and staining, 6 to 17 animals were analyzed. The image processing and assembly was acquired with
Image J software.

Quanti�cation of immunohistochemically stained areas
On sagittal sections, the GFAP negative (GFAP-), PDGFRβ positive (PDGFRβ+), NF200 negative (NF200-)
and DAPI negative (DAPI-) areas were measured at the epicenter of the lesion and section rostral and
caudal to the injury site, thus a minimum of 3 sections (60μm) per animal have been measured. For Iba1
staining, analysis of the area in which Iba1 positive amyboid cells were present has been measured.
Analysis of Iba1 intensity measurement was performed on rectangle of 6 μm × 2 μm. Iba1 intensities
were collected after threshold standardization.

Statistical analysis
Data are presented as means ± standard deviation (SD). Comparison of means were performed using
two-tailed Mann-Whitney tests for all the experiments. In all tests, P < 0.05 were considered statically
signi�cant. 

Results
Procedure 1
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The main aim of the �rst procedure was to investigate the effects of rTSMS after a complete transection
of the spinal cord in rats. We focused this study on functional recovery and tissue repair (Figure 1). 

rTSMS treatment induces locomotor recovery after a complete transection of the spinal cord in rats

Based on locotronic and Hargreaves tests, motor and sensitive recoveries have been assessed
respectively.

Hargreaves test results demonstrate that there is no difference between groups at 15, 30 and 60 days
after SCI (Figure S1).

Locotronic results demonstrate that 15 days after SCI, rTSMS treatment did not enhance locomotor
abilities (Figure 2A-C), indeed there is no signi�cant difference between SCI and Stm groups at this time
point (Figure 2A-C). At the opposite, 30 days and 60 days after SCI, rTSMS treated animals show a
signi�cant improvement of the locomotion (Figure 2 D-I). In fact, Stm group presents a reduction of the
number of back legs errors (Figure 2D and G), the total back legs errors’ time (Figure 2E and H) and total
crossing time (Figure 2Fand I) 30 and 60 days after SCI.

rTSMS treatment enhances tissue repair after a complete transection of the spinal cord in rats

In order to investigate the effects of rTSMS on tissue repair, immunohistological experiments have been
performed 15 and 60 days after SCI (Figures 3 and 4 respectively). 

Glial and �brotic components of the scar have been studied (Figure 3 A-H). It appears that 15 days after
SCI, rTSMS treatment reduces the �brotic component of the scar (Figure 3H) but has no major effect at
this time point on the glial component of the scar (Figure 3G). In contrast, 60 days after SCI, our results
reveal that rTSMS modulates the spinal scar by decreasing the GFAP negative (GFAP-) area (Figure 4G).
At this time point rTSMS does not exert major effect on the �brotic component of the scar (Figure 4H). 

In rats, one of the main issue after SCI is the presence of cystic cavities which take place into the
epicenter of the lesion. To measure this process, DAPI negative (DAPI-) area has been assessed at 15 and
60 days after SCI. 15 days after SCI, there is no difference between the two groups of animals (Figure 3L,
I and O), whereas at 60 days, rTSMS tends to decrease the size of the cavities (P=0.1135) (Figure 4L, I
and O).

After SCI, neuronal death and axonal degeneration impair functional recovery, that is why 15 and 60 days
after SCI axonal quanti�cation has been investigated via NF200 staining. Our results show that at both
time points; 15 days (Figure 3J, M and P) and 60 days after SCI (Figure 4J, M and P) rTSMS treatment
decreases the NF200 negative (NF200-) area. 

Finally, in�ammatory processes have been investigated 15 and 60 days after SCI. Indeed, in�ammation
and reactivity of the immune cells mainly microglia and macrophages are key factors regulating tissue
healing. Thus, reactivity of microglia/macrophages has been assessed using Iba1 staining. These
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measurements reveal that 15 days (Figure 3R, U and W) and 60 days (Figure 4R, U and W) after SCI,
rTSMS treatment decreases the amount of amyboid Iba1 positive cells into the injured spinal cord
parenchyma. Iba1 intensity has been also assessed and did not show any difference between groups 15
and 60 days after SCI (Figure 3X and 4X). 

Procedure 2

The main aim of this second procedure was to investigate the effects of rTSMS after a moderate/severe
contusion of the spinal cord in rats. In addition to functional recovery and tissue repair, MRI analyses
have been performed (Figure 1). 

rTSMS treatment induces functional recovery after contusive SCI in rats

First, sensitive recovery has been investigated. To do so, hind paw withdrawal thermal latency has been
measured using Hargreaves plantar test 15, 30 and 60 days after SCI (Figure 5). These experiments show
that at 15, 30 and 60 after SCI rTSMS treated animals presented a reduction of the hindpaw withdrawal
thermal latency in comparison to untreated (SCI) animals (Figure 5A-C). 

Then, based on locotronic test, functional recoveries have been assessed. Our results demonstrate that
15 and 30 days after SCI, rTSMS treatment did not enhance locomotor abilities (Figure 6A-F), indeed there
is no signi�cant difference between SCI and Stm groups at this time points (Figure 6A-F). More
interestingly, 60 days after SCI, rTSMS treated animals show a signi�cant improvement of the locomotion
(Figure 6G-I). Indeed, Stm group presents a reduction of the number of back legs errors (Figure 6G), total
back legs errors time (Figure 6H) and total crossing time (Figure 6I) 60 days after SCI.

MRI analyses show that rTSMS treatment decreases cystic cavities and increases spinal cord spared
tissue 

MRI experiments have been performed at 7 (Figure 7A-F), 21 (Figure 7G-L) and 42 (Figure 7M-R) days
after SCI in order to follow on the same rats the evolution of the injury site overtime after SCI and rTSMS
treatment. Hyposignal measurement was representative of the �brotic/necrotic tissue presents into the
parenchyma, whereas hypersignal indicates the presence of in�ammation at early time points (7 and 21
days, Figure 7A-L) and cystic cavities at later time point (42 days, Figure 7M-R). Measurement of both
hypo and hypersignal has been also performed, it re�ects the overall area of the injured tissue (Figure 7E,
K and Q). Based on this overall area measurement, a ratio of lesioned tissue among the entire spinal cord
parenchyma has been calculated (Figure 7F, L and R). 

The MRI analyses reveal that 7 and 21 days after SCI there is no difference between groups (Figure 7A-L).
In contrast, 42 days after SCI, rTSMS treated animals presented a reduction of the hypersignal area
(Figure 7M, N and P), the overall area of the injured tissue (Figure 7Q) and the ratio of lesioned tissue
(Figure 7R). 

rTSMS treatment enhances tissue repair after contusive SCI in rats 60 days after SCI.
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In order to investigate the effects of rTSMS on tissue repair, immunohistological experiments have been
performed 15 and 60 days after SCI (Figures 8 and 9 respectively). 

In this model, in the same way that MRI results, immunohistological analyses demonstrate that 15 days
after SCI there is no difference between treated (Stm) and untreated (SCI) animals (Figures 8).   

At the opposite, 60 days after SCI, the analysis of the glial and �brotic components of the scar show that
rTSMS treatment decreases the GFAP negative area without decreasing PDGFRβ positive area (Figure 9A-
H). In the same way, at this time point, rTSMS treatment decreases cystic cavities (DAPI negative area)
and axonal degeneration (NF200 negative area) (Figure 9I, L and O and JM and P respectively). Moreover,
rTSMS treated group presents an increase of the amount of amyboid Iba1 positive cells (Figure 9R, U and
W). Iba1 intensity has been also assessed and did not show any difference between groups 60 days after
SCI (Figure 9X). 

Discussion
The main aim of our study was to investigate the effects of rTSMS in penetrating and contusive SCI
models in rats (Figure1). Indeed, the effects of rTSMS have been measured �rst in a penetrating injury
model in which the spinal cord was transected with a needle. This model has been chosen because it was
used initially in our princeps studies in mice 9,16. As described in mice, in this model, rTSMS treatment
enhances functional recovery and modulates the lesion scar in rats. In effect, 15 days after SCI, treated
rats present a reduction of the �brotic scar and an increase of the axonal survival (reduction of NF200
negative area) (Figure 3). These effects on tissue repair are correlated with functional recovery at later
time points; 30 and 60 days after SCI (Figure 2). Finally, 60 days after SCI, treated animals present an
improvement of the repair of the spinal cord by the decrease of the size of the cavities and the increase of
the glial scar (Figure 4).

In a second time we assessed the effects of rTSMS in a more clinically relevant model. Indeed, the vast
majority of the SCI in Humans are contusive and not penetrating 19. For this procedure, a
moderate/severe contusive SCI model has been chosen because in Humans 60% of the SCI are not
complete 19. This model induces a severe histological injury characterized by large cystic cavities and
moderate locomotor de�cits. This procedure complete the �rst one in which the animals present in
addition to a severe histological injury, a complete paraplegia. To do so, standardized contusive SCI have
been performed using a force-controlled spinal cord impactor. In this model, it appears that rTSMS
improves also functional recovery and tissue repair. More interestingly, our results indicate that in this
model, rTSMS treatment has a major effect at later time point. In fact, rTSMS treated animals present a
signi�cant functional recovery only 60 days after SCI (Figure 6). In the same way, histological analyses
reveal that 15 days after SCI there is no difference between the two groups of rats whereas 60 days after
SCI, treated animals show a reduction of the size of the cavities and an increase of the glial scar and the
neuronal survival (Figures 8 and 9). In addition to these analyses, MRI experiments have been also
performed 7, 21 and 42 days after SCI (Figure 7). These experiments con�rm our histological results. In
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effect, 7 and 21 days after SCI there is no difference between the two groups of rats. At the opposite, 42
days after SCI, MRI results show that rTSMS treated animals present a reduction of the hypersignal -
corresponding to the cavities -, the hyper and hyposignal - corresponding to the lesioned tissue - and the
ratio of lesioned tissue among the entire spinal cord parenchyma (Figure 7).

Ultimately, in our study we tried to evaluate the sensitive recovery after SCI. Indeed, plantar test has been
performed in both groups of animals and in both procedures, 15, 30 and 60 days after SCI (Figure 1).
Based on that test, hindpaw withdrawal thermal latency has been recorded. In procedure 1 (penetrating
SCI), plantar test results did not show any difference between groups (Figure S1). In contrast, in
procedure 2 (contusive SCI) it appears that rTSMS treated animals present a reduction of hindpaw
withdrawal thermal latency recordings for all time points in comparison to untreated animals (Figure 5).
More interestingly, a closer analysis of these results allows to see that at 15 days after SCI, hindpaw
withdrawal thermal latency recordings of the rTSMS treated animals is shorter in comparison to non-
injured animals (dashed line, Figure 5A). At the opposite, at later time points, 30 and 60 days after SCI,
hindpaw withdrawal thermal latency recordings of the rTSMS treated animals is comparable to the one
of non-injured animals (dashed lines, Figure 5B and C). These results can illustrate the fact that at early
time-point (15 days) rTSMS treatment induces allodynia, due to the shorter latency than non-injured
animals, whereas at later time-points (30 and 60 days after SCI) rTSMS enhances axonal survival and
reestablishes an e�cient voluntary sensitive-motor loops close to those of the uninjured rats. Allodynia is
a commonly described side-effect of several therapies after SCI such as cellular transplantation. In effect,
cellular transplantation plays its presumed effects mainly by replacing lost cells or by secreting trophic
factors which increase axonal survival or axonal regrowth. These bene�ts can in turn exert detrimental
side-effects such as neuropathic pain or allodynia 20,21. We can hypothesize that at early time point after
contusive SCI, rTSMS enhances allodynia at least in case of thermoalgic stimulations due to
enhancement of axonal survival and that at later time points this axonal survival induces neuronal
plasticity in reorganizing functional sensitive-motor loops networks. The reduction of hindpaw
withdrawal thermal latency recordings in comparison to uninjured animals is also observed after
penetrating SCI in both groups for all time points studied (Figure S1).

Our two procedures allow also to characterize the evolution of the lesion scar overtime. Indeed,
immunohistological results demonstrate that in both cases, at 15 days after SCI the scar is composed of
a diffuse (after contusive SCI) or a dense (after penetrating SCI) �brotic core. At this time point, there is
only rare cystic cavities. In contrast, 60 days after SCI, in both cases, there is no or very few �brotic scar,
however the spinal cord presents very large cystic cavities. These results are especially interesting
because the lesion scar in rats 15 days after SCI is comparable to the one presents in mice 22,23. While, at
60 days after SCI the two scars are very different due to the fact that the �brosis present in rats
degenerates to the detriment of the cystic cavities which is not the case in mice models. It appears, that
further studies will be necessary to understand the mechanisms responsible of this distinct lesion scar
evolution overtime. In a broader perspective, it has been recently shown that this �brotic scar is present in
different central nervous system lesions in mice such as traumatic brain or spinal cord injuries but also
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after demyelinating or ischemic lesion models 24. It could be also interesting to demonstrate if this
�brotic scar is present throughout species after CNS lesions.

Recent studies have underlined the major role played by microglia/macrophages after SCI 25,26. That is
why, we have investigated the effects of rTSMS treatment on these cellular populations. To do so, Iba1
staining experiments have been performed. In particular, Iba1 intensity has been measured and, in both
procedures and both time points investigated, it appears that there is no difference between groups. To
complete this analysis, we quanti�ed the amyboid Iba1 positive cells areas present into the lesion
epicenter. These analyses show that in penetrating SCI (procedure 1), rTSMS treatment decreases the
amount of amyboid Iba1 positive cells areas at both time points. In contrast, in contusive SCI (procedure
2), the analyses show that rTSMS treatment increases the amount of the amyboid Iba1 positive cells
areas at 60 days after SCI. The amyboid shape quanti�cation is usually employed to characterize the
activation of microglia and macrophages 27. Altogether, our results underline the fact that rTSMS
treatment modulates microglia/macrophages activation and in�ammatory response. However, the
opposite results on Iba1 positives cells in our two procedures do not allow to conclude about the speci�c
effects of rTSMS on these cellular populations. Recent studies have demonstrated that circulating
macrophages are mostly present into the lesion core whereas microglia are present at the border of it 25.
It has been also shown that macrophages instead of microglia are mainly implicated in secondary axonal
dieback (28. The immunomodulatory role played by magnetic stimulation (MS) on macrophages in
culture has been already investigated (29. It appears that MS can act on macrophages polarization.
However, the precise role of MS and especially rTSMS on microglia and macrophages in vivo after SCI is
not clearly described. It could be of primary interest to conduct further investigations regarding the
polarization of microglia/macrophages after rTSMS treatment. Single cell sequencing could be a useful
technic to reveal the diversity of the in�ammatory cells present into the lesioned spinal cord with or
without rTSMS treatment. Some recent studies have pointed the fact that there is speci�c microglial
subpopulations associated to neurodegenerative diseases 30,31. This kind of studies could be performed
in order to characterize the role played by rTSMS on microglia/macrophages and by extension on the
other in�ammatory cells.

The main aim of the present research was to propose a preclinical study based on two complementary
SCI models. Thus, its main limitation is that our study does not dissect the cellular and molecular
mechanisms which can explain the role played by rTSMS after SCI. However, our study describes that
rTSMS exerts positive effects after SCI in rats, animal model in which the consequences of SCI are closer
to the ones observed in Humans. This study is a further step towards the use of this treatment in Humans
after SCI.
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Table 1: Summary table of the acquisition parameters of MRI sequences used to characterize and
identify spinal cord structure on rats after SCI and/or rTSMS treatment. 

  TR

(msec)

TE

(msec)

Thickness 

(µm)

FOV

(cm)

Matrix

(pixel)

Acquisition
time

T2*-weighted axial section 2000 6.5

20.4

34.3

48.1

62.1

75.9

89.1

103.7

117.5

131.4

500 4 256 15 min 56s

T2*-weighted saggital
section

2000 6.5 500 4 320 16 min
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Figure 1

Experimental paradigms illustrating the timelines of the major experimental manipulations.
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Figure 2

rTSMS treatment induces locomotor recovery after a complete transection of the spinal cord in rats.
Quanti�cation of locotronic evaluation at (A-C) 15 days, (D-F) 30 days and (G-I) 60 days after SCI.
Parameters are (A, D and G) number of back legs errors, (B, E and H) total back legs errors time and (C, F
and I) total crossing time. Quanti�cations are expressed as average ± SD. N=18 animals per group.
Dashed lines correspond to the baseline parameters obtained during locotronic habituation (7 days
before SCI). Quanti�cations are expressed as average ± SD. Statistical evaluations were based on Mann-
Whitney test (* = P < 0.05 and ** = P < 0.01).
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Figure 3

rTSMS treatment enhances tissue repair after a complete transection of the spinal cord 15 days after SCI
in rats. At day 15 immunohistological analyses were performed. (A, B, C, D, E, F, I, J, K, L, M, N, Q, R, S, T, U
and V) Representative pictures of sagittal spinal cord sections of (A, B, C, I, J, K, Q, R and S) SCI and (D, E,
F, L, M, N, T, U and V) Stm (rTSMS treated) animals. Sections were stained with (A and D) GFAP, (B and E)
PDGFRβ, (I, L, Q and T) DAPI, (J and M) NF200 and (R and U) Iba1. (G) Quanti�cation of astrocytic
negative area (GFAP-). (H) Quanti�cation of �brosis positive area (PDGFRβ+). (O) Quanti�cation of DAPI
negative area (DAPI-). (P) Quanti�cation of NF200 negative area (NF200-). (W) Quanti�cation of Iba1
amyboid positive cells area (Iba1+) and (X) quanti�cation of Iba1+ mean �uorescence intensity. Scale
bars are 200µm. N=8 animals per group. Quanti�cations are expressed as average ± SD. Statistical
evaluations were based on Mann-Whitney test (* = P < 0.05).
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Figure 4

rTSMS treatment enhances tissue repair after a complete transection of the spinal cord 60 days after SCI
in rats. At day 60 immunohistological analyses were performed. (A, B, C, D, E, F, I, J, K, L, M, N, Q, R, S, T, U
and V) Representative pictures of sagittal spinal cord sections of (A, B, C, I, J, K, Q, R and S) SCI and (D, E,
F, L, M, N, T, U and V) Stm (rTSMS treated) animals. Sections were stained with (A and D) GFAP, (B and E)
PDGFRβ, (I, L, Q and T) DAPI, (J and M) NF200 and (R and U) Iba1. (G) Quanti�cation of astrocytic
negative area (GFAP-). (H) Quanti�cation of �brosis positive area (PDGFRβ+). (O) Quanti�cation of DAPI
negative area (DAPI-). (P) Quanti�cation of NF200 negative area (NF200-). (W) Quanti�cation of Iba1
amyboid positive cells area (Iba1+) and (X) quanti�cation of Iba1+ mean �uorescence intensity. Scale
bars are 200µm. N=8 animals per group. Quanti�cations are expressed as average ± SD. Statistical
evaluations were based on Mann-Whitney test (* = P < 0.05, ** = P < 0.01 and *** = P < 0.001).



Page 21/25

Figure 5

rTSMS treatment modulate sensitive recovery after SCI in rats. Quanti�cation of hindpaw withdrawal
thermal latency at (A) 15 days, (B) 30 days and (C) 60 days after SCI. Quanti�cations are expressed as
average ± SD. N=19 animals per SCI group and N=20 animals per STM group at 15 days, N=18 animals
per SCI group and N=20 animals per STM group at 30 days and N=17 animals per SCI group and N=19
animals per Stm group 60 days after SCI. Dashed lines correspond to the baseline parameters obtained
with non-injured animals. Statistical evaluations were based on Mann-Whitney test (* = P < 0.05 and ****
= P < 0.0001).
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Figure 6

rTSMS treatment induces locomotor recovery after contusive SCI in rats. Quanti�cation of locotronic
evaluation at (A-C) 15 days, (D-F) 30 days and (G-I) 60 days after SCI. Parameters are (A, D and G)
number of back legs errors, (B, E and H) total back legs errors time and (C, F and I) total crossing time.
Quanti�cations are expressed as average ± SD. N=16 animals per SCI group and N=18 animals per Stm
group at 15 days, N=18 animals per SCI group and N=18 animals per Stm group at 30 days and N=18
animals per SCI group and N=16 animals per Stm group 60 days after SCI. Dashed lines correspond to
the baseline parameters obtained during locotronic habituation (7 days before SCI). Quanti�cations are
expressed as average ± SD. Statistical evaluations were based on Mann-Whitney test (* = P < 0.05 and **
= P < 0.01).
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Figure 7

MRI analyses show that rTSMS treatment decreases cystic cavities and increases spinal cord spared
tissue. At (A-F) 7, (G-L) 21 and (M-R) 42 days MRI experiments have been performed. Representative
images of sagittal spinal cord sections recorded with MRI of (A, G and M) SCI and (B, H and N) Stm
(rTSMS treated) animals. Quanti�cation of hyposignal area (C) 7, (I) 14 and (O) 42 days after SCI.
Quanti�cation of hypersignal area (D) 7, (J) 14 and (P) 42 days after SCI. Quanti�cation of hypo +
hypersignal area (E) 7, (K) 14 and (Q) 42 days after SCI. Quanti�cation of ratio lesioned tissue (F) 7, (L)
14 and (R) 42 days after SCI. N=6 animals per control group and N= 8 per Stm group. Quanti�cations are
expressed as average ± SD. Statistical evaluations were based on Mann-Whitney test (* = P < 0.05 and **
= P < 0.01).
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Figure 8

rTSMS treatment does not have effect on tissue repair after contusive SCI in rats 15 days after SCI. At
day 15 immunohistological analyses were performed. (A, B, C, D, E, F, I, J, K, L, M, N, Q, R, S, T, U and V)
Representative pictures of sagittal spinal cord sections of (A, B, C, I, J, K, Q, R and S) SCI and (D, E, F, L, M,
N, T, U and V) Stm (rTSMS treated) animals. Sections were stained with (A and D) GFAP, (B and E)
PDGFRβ, (I, L, Q and T) DAPI, (J and M) NF200 and (R and U) Iba1. (G) Quanti�cation of astrocytic
negative area (GFAP-). (H) Quanti�cation of �brosis positive area (PDGFRβ+). (O) Quanti�cation of DAPI
negative area (DAPI-). (P) Quanti�cation of NF200 negative area (NF200-). (W) Quanti�cation of Iba1
amyboid positive cells area (Iba1+) and (X) quanti�cation of Iba1+ mean �uorescence intensity. Scale
bars are 200µm. N=7 animals per SCI group and N=6 animals per Stm group. Quanti�cations are
expressed as average ± SD. Statistical evaluations were based on Mann-Whitney test.
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Figure 9

rTSMS treatment enhances tissue repair after contusive SCI in rats 60 days after SCI. At day 60
immunohistological analyses were performed. (A, B, C, D, E, F, I, J, K, L, M, N, Q, R, S, T, U and V)
Representative pictures of sagittal spinal cord sections of (A, B, C, I, J, K, Q, R and S) SCI and (D, E, F, L, M,
N, T, U and V) Stm (rTSMS treated) animals. Sections were stained with (A and D) GFAP, (B and E)
PDGFRβ, (I, L, Q and T) DAPI, (J and M) NF200 and (R and U) Iba1. (G) Quanti�cation of astrocytic
negative area (GFAP-). (H) Quanti�cation of �brosis positive area (PDGFRβ+). (O) Quanti�cation of DAPI
negative area (DAPI-). (P) Quanti�cation of NF200 negative area (NF200-). (W) Quanti�cation of Iba1
amyboid positive cells area (Iba1+) and (X) quanti�cation of Iba1+ mean �uorescence intensity. Scale
bars are 200µm. N=17 animals per SCI group and N=14 per Stm group. Quanti�cations are expressed as
average ± SD. Statistical evaluations were based on Mann-Whitney test (* = P < 0.05 and ** = P < 0.01).
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