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Spinal cord injury: can we repair
spinal cord non-invasively by using
magnetic stimulation?
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Spinal cord injury (SCI) is currently
an incurable condition which induces
sensorimotor impairments below the injury
level. Mainly, SCI are the consequence of
physical damages which occur on spinal
cord due to traffic accidents or sports and
recreation injuries. To date, nor treatment of
therapy could be proposed to patients with
SCI (Wilson et al., 2012).

Knowledge regarding the sequence of the
basic cellular and molecular events which
take place after SCl is now well documented.
SCI causes axonal disruption, neuronal
death, demyelination, release of myelin
debris and massive microglial/macrophage
reactivity. These primary events induce the
formation of a scar which is composed of
several cellular populations. Even if there
are still some debates or speculations
about the precise cellular origin of the main
components of the scar, it is now admitted
that the scar is composed of a fibrotic
core which is surrounded by a glial scar
(Sabelstrom et al., 2014). The fibrotic core
exerts an inhibitory effect on axonal regrowth
whereas the neighboring glial scar restricts
the inflammation and secrets permissive
molecules. Thereby, this new knowledge
about the opposite and specific properties
of the fibrotic and glial components of the
scar has allowed considering spinal scar
modulation as a potential therapy after SCI
(Anderson et al., 2016; Dias et al., 2018).

This is in this context that we proposed to
investigate the effects of repetitive magnetic
stimulation (RMS) as a non-invasive
therapy to modulate the spinal scar after
SCI (Chalfouh et al., 2020). Indeed, RMS
is a noninvasive form of nervous system
stimulation which is already used clinically
as treatment for some neuropsychiatric
disorders even if the mechanisms behind
its effects are still not fully understood.
According to the size of the coils used, RMS
induces a focal magnetic field allowing
selectively stimulating neuronal populations
in brain. In our study, we used RMS to
specifically stimulate spinal cord at lesion
site. To do so, figure of eight double coil was
positioned in close contact to the back of
the animals to induce trans-spinal magnetic
stimulation (rTSMS). Our stimulation protocol
was based on a 10-minute stimulation period
during 14 consecutive days. First of all, as a
proof of concept, we tested rTSMS on scar
modulation after SCI. SCI were performed on
mice, then, the day after SCI half of the mice
were treated using rTSMS. In these mice,
15 days after SCI we performed histological
analyses to investigate the spinal scar. In
rTSMS treated animals the fibrotic core of

the scar was significantly decreased and at
the opposite the glial scar was significantly
increased 15 days after SCI. In order to
confirm these results, based on the same
lesion and stimulation paradigms, we
performed histological analyses 90 days after
SCI. Our results showed that rTSMS also
induces scar modulation 90 days after SCI
in decreasing fibrosis and enhancing gliosis
(Chalfouh et al., 2020).

As described before, SCI induces
sensorimotor impairments leading to the
paralysis of the lower body including legs
(called paraplegia) and/or the full body
including arms and legs (called tetraplegia).
That is why we tested the effects of rTSMS
on sensorimotor functions. To do so, we used
a foot misplacement apparatus which allows
visualizing and recording the displacement of
the mice into a flat ladder. These experiments
reveal that rTSMS increases sensorimotor
recovery in mice. Indeed, treated animals
were able to cross the corridor faster with
less hindlimb misplacements in comparison
to the untreated mice (Chalfouh et al., 2020).

Before transferring this treatment to the
clinic, it is of primary importance to validate
it in a more clinically relevant context. In
fact, the main causes of SCI are traumatic
accidents. Thereby, rTSMS treatment could
not be applied to paraplegic or tetraplegic
patients the day after injury. In order to skirt
around this issue, we have tested the effects
of rTSMS in beginning the treatment 10 days
after SCI. Based on this specific context,
sensorimotor and histological experiments
have been performed as described
previously. Our results demonstrate that
when rTSMS treatment is applied 10 days
after SCI, it enhances functional recovery
and modulates the spinal scar.

These promising results encouraged us
to validate rTSMS treatment in the two
categories of persons which are the more
concerned by SCI: teenagers and elderly.
SCI were performed on juvenile (post-natal
30 days) and elderly (18 months) mice
and 10 days after they were treated using
rTSMS. Our results show that rTSMS induces
modulation in both juvenile and aged
mice. It appears also, that rTSMS enhances
strongly functional recovery in juvenile mice
but moderately in aged mice (Chalfouh et al.,
2020).

The precise mechanisms underlying RMS
effects are not fully understood. In fact, it is
mainly reported that RMS exerts its effects
by stimulating or inhibiting neuronal action
potential triggering. However, some recent
studies have described that RMS can play

a direct role on other cellular populations
(Cullen et al., 2019). That is why to better
understand the precise mechanisms
which are induced by rTSMS after SCI we
performed proteomic analyses. These
analyses reveal that rTSMS upregulates
a large amount of proteins implicated in
axonal regrowth and proliferation of neural
cells and downregulates proteins implicated
in apoptosis. Firstly, to validate these results,
we performed histological analyses and
BDA tract-tracing experiments 15 days after
SCI. Our results confirm proteomic data by
demonstrating that rTSMS increases axonal
regrowth and neuronal survival. Secondly,
we would to investigate the role that rTSMS
could play on neural cell proliferation. To
do so, we analyzed the proliferation and
the reactivity of the endogenous spinal
cord stem cells; ependymal cells, in vitro
and in vivo respectively. Indeed, it has been
described by several teams that ependymal
cells constituted the endogenous spinal cord
stem cell population (Barnabé-Heider et al.,
2010). Based on neurosphere assay and fate
mapping experiments, our analyses reveal,
for the first time, that rTSMS increases
stem cell self-renewal potential in vitro and
enhances ependymal cells proliferation in
vivo (Chalfouh et al., 2020). The main results
of our study are summarized in Figure 1.

Nevertheless, even if our results are very
promising, several questions remain
unanswered. Indeed, it has been recently
reported that after SCI, mice present some
spontaneous recovery due to differentiation
of oligodendrocyte precursors to Schwann
cells like PO positive cells (Duncan et al.,
2018). To date, this phenomenon has not
been documented in humans after SCI.

Moreover, in our study we used a
commercial stimulation coil which is already
used in clinic. The size of the magnetic field
generated is around 1.5 cm’, meaning that
in mice the anatomical zone stimulated is
vertebral segments 3 to 4. Before transferring
this therapy to humans, it is of primary
importance to design a specific stimulation
coil that can generate a magnetic field of
10 cm” allowing stimulating the lesion site
and the uninjured neighboring parts of the
spinal cord. Furthermore, in our study we
did not try several patterns of stimulation.
In fact, a recent paper as described the
main role played by stimulation frequencies
and patterns and demonstrated that these
parameters are more important than the
number of pulses per se (Dufor et al., 2019).

Another limitation of our study is the fact
that the precise mechanisms implicated in
the roles played by rTSMS in each cellular
type are not clearly described. In effect,
proteomic analyses revealed molecular
pathways upregulated after rTSMS treatment
such as axonal regrowth or downregulation
such as apoptosis. Nevertheless, we do
not know in which cells these pathways
are specifically expressed. It could be very
interesting to conduct for example single cell
analysis to define precisely the molecular
mechanisms involved in each cell type
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Figure 1 | Summary of the main results of the study of Chalfouh et al. (2020).
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following rTSMS. Furthermore, we have
conducted axonal tract tracing experiments
showing that rTSMS induces a robust
infiltration of BDA positive axons. However,
our results could not determine if rTSMS
promotes axonal regrowth or axonal survival.
Further experiments should be conducted
to define precisely the exact mechanisms
involved during this process.

A last limitation of our work is the fact
that we did not find the precise group
of proteins or the specific receptor(s) by
which rTSMS acts on the cells present into
the spinal cord. In fact, in our study, rTSMS
non-invasively modulates the spinal scar;
however, we did not know precisely how
rTSMS plays its role in the different cellular
populations such as astrocytes, fibroblasts,
oligodendrocyte precursors, neurons,
microglia, or ependymal cells. A recent
study describes the main role played by the
protein cryptochrome as regulator of the
effects of magnetic stimulation. Indeed,
in a model of brain injury, the authors
describe that cryptochrome acts as “cellular
magnetoreceptor” and that the effects of
magnetic stimulation are cryptochrome
dependant (Dufor et al., 2019). It could be of
primary interest to confirm the role played
by this protein in the effects observed after
rTSMS treatment.

Finally, it is important to compare rTSMS
treatment and its effects with those
described after other therapies. Different
strategies have been already applied after
SCI: cellular transplantation (Mayeur et al.,
2013), virus injections to convert astrocytes
into neurons for example (Chen et al., 2020),
peripheral nerve grafts or biomaterials
depots filled or not with neurotrophic factors
(Anderson et al., 2018). It has been proven
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that all of these strategies are effective
and induce robust axonal regrowth and/or
functional recovery. Nevertheless, they are
invasive making them difficult to consider
as future potential treatments after SCl in
humans.

To conclude, recently, increasing knowledge
regarding the spinal scar has offered new
perspective about the possibility to treat
SCl in modulating the endogenous cell
populations. In particular, we hypothesized
that modulation of specific cells such as,
ependymal cells, pericytes or astrocytes,
which constitute the different components
of the spinal scar after SCI, can be seen
respectively as keystones for future
treatments. Such treatment opens the
way for repairing the spinal cord non-
invasively. Taking into account these
different considerations, it appears that not
only rTSMS but all non-invasive forms of
nervous system stimulations constitute very
promising strategies which should be further
investigated.
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