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Abstract: Traumatic spinal cord injury (SCI) elicits an acute inflammatory response which comprises
numerous cell populations. It is driven by the immediate response of macrophages and microglia,
which triggers activation of genes responsible for the dysregulated microenvironment within the
lesion site and in the spinal cord parenchyma immediately adjacent to the lesion. Recently published
data indicate that microglia induces astrocyte activation and determines the fate of astrocytes.
Conversely, astrocytes have the potency to trigger microglial activation and control their cellular
functions. Here we review current information about the release of diverse signaling molecules
(pro-inflammatory vs. anti-inflammatory) in individual cell phenotypes (microglia, astrocytes, blood
inflammatory cells) in acute and subacute SCI stages, and how they contribute to delayed neuronal
death in the surrounding spinal cord tissue which is spared and functional but reactive. In addition,
temporal correlation in progressive degeneration of neurons and astrocytes and their functional
interactions after SCI are discussed. Finally, the review highlights the time-dependent transformation
of reactive microglia and astrocytes into their neuroprotective phenotypes (M2a, M2c and A2) which
are crucial for spontaneous post-SCI locomotor recovery. We also provide suggestions on how to
modulate the inflammation and discuss key therapeutic approaches leading to better functional
outcome after SCI.

Keywords: microglia and astrocytes phenotypes; intercellular crosstalk; lesion microenvironment;
neuroinflammation; in vivo glia-to neuron reprogramming; subpial delivery; gut dysbiosis; electros-
timulation; rehabilitation; neuroprotective strategies

1. Introduction

Spinal cord injury (SCI) is one of the most devastating events leading to serious neuro-
logical deficits. The complex pathophysiology of SCI, consisting of primary and secondary
mechanisms, may explain the difficulty in finding a suitable therapy [1]. Traumatic SCI
is caused by several distinct events, which follow a somewhat overlapping temporal se-
quence: the acute phase (seconds to minutes after injury), the secondary phase (minutes
to weeks after injury), and the chronic phase (months to years after the injury) [2]. After
direct mechanical insult, the spinal tissue undergoes a cascade of cellular and molecular
events which exacerbate the primary lesion. Secondary injury includes disruption of the
vasculature and increased blood-spinal cord permeability, ischemia, local edema, ionic
imbalance, inflammation, cell death (necrosis and apoptosis), and activation of inhibitory
molecules followed by demyelination and axonal degeneration [3,4]. While neurons and
glia die at the lesion site (approximately 2–4 mm) within minutes and hours after SCI,
cell types, including neurons, astrocytes, microglia and oligodendrocytes surrounding the
lesion site are lost in a delayed manner [5,6].

Inflammatory response is one of the key mechanisms of secondary injury. It in-
cludes activation of resident cells (microglia, astrocytes) and recruitment of immune cells
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(macrophages and neutrophils) from the bloodstream to the injury site. Resident and
immune cells release proinflammatory cytokines, including interleukins (IL-1, IL-6) and tu-
mor necrosis factor-α (TNFα), all of which increase the extent of the inflammatory response.
These events play an important role in secondary tissue damage and cell death. After
SCI, many factors act simultaneously on macrophages and microglia. Naïve astrocytes
become reactive; they produce inhibition molecules, such as proteoglycans and laminin
in the extracellular space. Reactive astrocytes then invade the region surrounding the
lesion center and lead to glial scar formation. While the glial scar limits regeneration and
acts pathologically as a physical and biochemical barrier to axonal regeneration [7,8], the
transformation of reactive astrocytes into their polarization states in the subacute phase
serves some neuroprotective function [9]. Previous findings suggest that in the early
stages of SCI reactive astrocytes can play a crucial role in neuroprotection through limiting
the apoptosis of neuronal cells, providing trophic support to neurons and maintaining
homeostasis [10,11]. Anderson et al. [12] demonstrated that the presence of glial scar is
required for axonal regeneration and that the prevention of glial scar formation impairs the
regenerative processes. They supported the hypothesis that reactive forms of astrocytes
show remarkable diversity in their expression gene expression, signaling mechanisms
and morphology.

To develop appropriately targeted repair strategies, there is a need for detailed un-
derstanding of how various cell populations interact with each other within the lesion site
and in the surrounding spinal cord tissue in both acute and subacute phases of SCI. This
review focuses on microglia-astrocyte crosstalk and glial-neuronal interactions in an acute
inflammatory response which involves numerous cellular and non-cellular components.
We pay special attention to activation of microglia and astrocytes phenotypes in the acute
and subacute phase after SCI and highlight the neuroprotective effects of microglial and
astroglial polarization on the functional outcome. Some other promising strategies for
spinal cord repair will be discussed separately.

2. Neutrophils and Monocytes Respond Early after SCI

The response to spinal cord trauma is mediated by multiple coordinated molecular
pathways, which are activated soon after SCI within the lesion site and spread throughout
the spinal cord in spatio-temporal manner. After SCI, neutrophils infiltrate the epicenter
of injury and produce neurotoxic effects by promoting the expression of inducible nitric
oxide synthase (iNOS) and cyclo-oxygenase 2 (COX-2), and releasing pro-inflammatory
cytokines [13–15]. Since neurons and glia synthesize pro-inflammatory cytokines, e.g.,
tumor necrosis factor (TNF)-α and interleukin 1β (IL-1β), as part of normal intercellular
communication [16], their release after SCI evokes inflammation and causes dysregulation
of cytokine release leading to the death of neurons and oligodendrocytes [17]. Recently, a
~12-fold increase in IL-1β level has been reported 4 h after Th9 compression in rats [18].
The level of this cytokine rapidly decreased one day after SCI, however, apoptosis appeared
in cell populations all around the lesion site (5 mm from the lesion epicenter). The authors
detected activation of caspase-3 in neurons, astrocytes and oligodendrocytes, but not in
microglial cells.

Cytokines are potentially noxious molecules and together with chemokines are
mainly produced by microglia, astrocytes, and peripheral macrophages. In addition to
TNFα and IL-1β, other molecules such as interleukin 1α and 6 (IL-1α, IL-6), leukemia
inhibitory factor (LIF), nitric oxide (NO), reactive oxygen species (ROS), elastase and
matrix metalloproteinase-9 (MMP-9) are released [19]. After spinal trauma, two waves
of cellular infiltration occur- first wave consists of polymorphonuclear leukocytes (PMN)
activated mainly by IL-1, IL-2 and IL-6. The second wave is characterized by the presence
of macrophages and monocytes recruited via various chemokines such as chemokine
(C-C motif) ligand 2 (CCL2), chemokine (C-X-C motif) ligand 1 (CXCL1) and chemokine
(C-X-C motif) ligand 2 (CXCL2). The balance between the proinflammatory vs. anti-
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inflammatory effects of these signaling proteins plays a crucial role in the progression of
SCI [20].

Blood-derived monocytes are also massively recruited at the lesion site, and they play
a dual role (i.e., they remove cell debris and repair injured spinal cord tissue [21] as well as
producing neurotoxic factors [22]). After SCI, monocytes differentiate into macrophages
and adopt many of the markers and behaviors of microglia. Since the similarities between
monocyte-derived macrophages (MDMs) and microglia have complicated the development
of efficient prediction tools to discriminate between them, they are sometimes still referred
to as microglia/macrophages [23]. A very recent study by Kisucká et al. [9] demonstrated
that microglial/macrophage marker Cd11b was markedly expressed at the lesion site
(3 mm) and in adjacent spinal cord tissue (3 mm cranially and caudally) one week after
Th9 compression.

3. Microglia Rapidly Accumulate around the Lesion Site and Influences Neurons and
Astrocytes in the Subacute Phase after SCI

Traumatic SCI results in a dysregulated microenvironment which is largely driven
by the immediate and robust response of resident astrocytes and microglia [24] leading to
neuronal death. Min et al. [6] studied the discrete roles of microenvironment- regulating
cells in rat SCI model (Th9 contusion) at the lesion site (approximately 2 mm), where
neurons acutely died immediately post-SCI, and in two penumbra regions (P1 and P2).
In P1 area, immediately surrounding the lesion, the neurons underwent death between
12 h and 1d, while in P2 area neurons remained healthy for up to two weeks. The authors
found that ramified ionized calcium-binding adaptor molecule 1 (Iba-1+) cells (resident
microglia) died earlier than neurons in P1 area. Interestingly, neurons remained healthy
in region where microglia was morphologically activated. Round Iba-1+ cells with strong
expression of CD45 (identified as glia and/or infiltrated blood cells) appeared after neurons
had died, and expressed phagocytic activity. The evident connection between microglia
activation and delayed neural death was not confirmed. The authors suggest that Iba-
1+ cells, including ramified and round cells, are innocent in delayed neuronal death. They
speculate that loss of the supportive function of astrocytes may contribute to delayed
neuronal death. Bellver-Landente et al. [23] studied the response of microglia in a mouse
model of SCI (Th10-Th11 contusion) and found extensive microglial proliferation during
the first week post-SCI. The authors discovered that microglia formed a dense cellular
interface at the border of the lesion between reactive astrocytes and infiltrating MDMs,
referred to as the “microglial scar”. Depletion of microglia after SCI using PLX5622
(CSF1R inhibitor which crosses the blood–spinal cord barrier) reduced the number of
neurons and oligodendrocytes at the injury site, disrupted the organization of the astrocytic
scar and impaired functional outcome. Accordingly, the central nervous system (CNS)
delivery of microglial proliferation factor M-CSF at the site of contusion boosted microglial
proliferation and enhanced locomotor recovery.

These data indicate that proliferating microglia are a key cellular component of the
microglial scar which develops during the first week post-SCI to protect neural tissue. In
the light of our recently published data, the first week post-injury is critical for modulation
of reactive microglia/astrocytes into their neuroprotective phenotypes [9].

4. Protection of Microglial Phenotypes after SCI

Microglia respond to SCI by activating and then evolving into M1 (pro-inflammatory)
or M2 (anti-inflammatory) phenotypes [9,25]. There is growing evidence that mechanisms
responsible for the neuroprotective functions of activated microglia include several func-
tional behaviors [26]. One of the most important ways in which microglia could contribute
to neuroprotection is synaptic stripping, a process in which microglia selectively remove
inhibitory synapses from injured neuronal perikarya [27]. This intimate interaction be-
tween microglia and synapses is associated with motoneuron regeneration [28], promotion
of neuronal survival [29] and reduction of neuronal cell death [30]. It is also well known
that microglia actively promote neurogenesis following CNS injury through producing
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insulin-like growth factor-1, which suppresses apoptosis and increases proliferation and
differentiation of neural stem cells [31]. Activated microglia may also boost neurogenesis
by means of an unconventional mechanism through provoking non-committed oligoden-
drocyte progenitor cells to adopt a neuronal phenotype [32]. Another essential mechanism
of neuroprotective microglial function is microglial phagocytosis, a process necessary for
maintaining CNS homeostasis [33–35]. Moreover, microglia can suppress neuroinflam-
mation, restore homeostasis, and protect nerve tissues by producing anti-inflammatory
cytokines and cytoactive factors for repairing tissue [36].

Currently, there is direct evidence, that the neuroprotective environment after SCI is as-
sociated with the alternatively-activated, proliferating phenotypes of M2 microglia. These
microglial phenotypes play an important role in the healing process by sustaining home-
ostasis and dampening inflammation, resulting in the release of neurotrophic factors and
anti-inflammatory cytokines to promote tissue sparing and functional recovery after SCI,
and this effect persists for five weeks after SCI [23]. Microglial M2 phenotypes can be cate-
gorized into M2a, M2b, M2c and M2d subtypes. M2a, b and c phenotypes are considered
as anti-inflammatory repair microglial cells, and they can be distinguished by observing
the changes in expression of the relevant markers. The M2a subtype is responsible for
tissue repair and regeneration by expressing anti-inflammatory and immuno-regulatory
molecules. This phenotype is activated by interleukin-4 (IL-4) and interleukin-13 (IL-13),
which inhibit the production of pro-inflammatory molecules after SCI, resulting in the
upregulation of arginase-1 (Arg-1) and CD206 [37,38].

M2b and M2c microglia are largely phagocytic. M2b microglia involves T-cells re-
cruitment and is activated by Toll-like receptors (TLRs), playing a key role in the innate
immune system and immune complexes, resulting in the expression of high levels of
anti-inflammatory cytokines (IL-1 and IL-10) and low levels of IL-12. M2c subtype is
also involved in inflammation dampening and healing and is activated by a potent anti-
inflammatory cytokine IL-10 and glucocorticoids, resulting in high transforming growth
factor beta (TGF-β) expression [39,40]. M2d microglia, unlike the above mentioned subsets
of alternatively-activated microglia are induced by “switching” from a classically-activated
inflammatory phenotype to an alternatively-activated anti-inflammatory/pro-angiogenic
phenotype. The M2d subtype originates from the M1 pro-inflammatory phenotype through
the activation of adenosine A2A receptors [41].

Spinal cord lesions produce an inhibitory microenvironment which is not in favor
of the M2 phenotypes, so the M1 phenotype dominates [42]. Recent evidence suggests
that gene expression of anti-inflammatory M2a microglia (CD206, Ym1—chitinase-like
protein-1, Il1rn—interleukin 1 receptor antagonist, Arg-1), M2c microglia (TGF-β, SOCS3—
suppressor of cytokine signaling 3, IL4R α—interleukin 4 receptor alpha) and A2 astrocytes
(Tgm1—Transglutaminase 1, Ptx3—Pentraxin 3, CD109—cluster of differentiation 109) is
significantly overactivated at the lesion site one week after SCI [9]. The authors also found
positive correlation between neurological outcome and the expression of neuroprotective
microglia and astrocytes phenotypes. These results provided evidence for the first time
that modulation of reactive microglia/astrocytes into their neuroprotective phenotypes
contributes to spontaneous locomotor recovery after SCI. Molecular changes leading to
functional remodeling could be identified by the use of a set of microglia and astrocyte-
specific markers (Figure 1).
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Figure 1. Formation of glial scar after SCI. (a) Spinal cord with illustrated lesion core surrounded
by microglia and astrocytes, forming a glial scar. (b) Focusing on specific types of glial cells: mi-
croglia and astrocytes with their corresponding genes ranked according to expression level. Resting
microglia and astrocytes acquire scar-forming phenotypes through their activation under certain
conditions; they differentiate into several subtypes involved either in neuroinflammation (M1, A1)
or neuroprotection (M2a, M2c, A2). The M1 phenotype of microglia is acquired by classical acti-
vation, whereas M2a and M2c phenotypes are acquired by alternative activation pathways. Astro-
cytes, which are differentiated into A2 phenotype under ischemic conditions, promote neuronal
survival and tissue repair. A1 phenotype is acquired via secretion of neuroinflammatory markers.
Iba1—ionized calcium-binding adaptor molecule 1; Cx3Cr1—fractalkine receptor; Cd11β—beta-
integrin marker of microglia; GFAP—glial fibrillary acidic protein; S100B—calcium-binding protein
B; Lcn2—lipocalin 2; Serpina3n—serine (or cysteine) peptidase inhibitor; CD68—cluster of differ-
entiation 68; iNOS—inducible nitric oxide synthase; IL-1β—interleukin-1β; IL-6—interleukin-6;
Arg-1—arginase-1; CD206—mannose receptor and C-type lectin; IL1rn—interleukin 1 receptor antag-
onist; Ym1—chitinase-like protein-1; TGF-β—transforming growth factor beta; IL4Rα—interleukin 4
receptor alpha; SOCS3—suppressor of cytokine signaling 3; Ptx3—pentraxin 3; CD109—cluster of
differentiation 109; Tgm1—transglutaminase 1; C3—complement 3; C1q—complement component 1q;
TNF-α—tumor necrosis factor-alpha; SCI—spinal cord injury.

5. Early Modulation of Inflammatory Response after SCI

The timing of the modulation of inflammatory response after SCI has been of great
interest to many researchers over the last few years. Despite advancements in understand-
ing of the pathophysiological mechanisms of secondary inflammation in the spinal cord,
treatment options have remained limited in this area. The rationale for modulation of the
inflammatory response includes the potential for decreasing the massive spread of the
injury which occurs after this traumatic event.

Several recent studies have pointed out the importance of early post-SCI alleviation of
the inflammatory response. Zhao et al. [43] found that XIST (a cancer-related gene which
participates in the development of SCI) was upregulated after spinal trauma in rats (in vivo)
and lipopolysacharide (LPS)-activated microglia (in vitro). Authors studied potential
interaction between XIST, miR-27a and Smurf1. Knockdown of XIST with lentivirus
vectors containing sh-XIST immediately after SCI suppressed cell apoptosis (via decreased
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expression of Bcl-2, Bax and cleaved caspase 3) and inflammatory response (via reduced
expression of TNF-α and IL-6) probably through sponging of miR-27a and downregulating
Smurf1 in vivo and in vitro. They found that Smurf1 was the functional gene underlying
XIST/miR-27a axis during spinal trauma. Smurf1 could partially reverse the inhibitory
effect of XIST knockdown on the cell death and inflammation. These results implicate a
novel XIST/miR-27a/Smurf1 pathway included in SCI. Papa et al. [44] demonstrated that
inhibitory treatment of microglia with minocycline-loaded nanoparticles (NPs), applied
immediately after SCI, induced a major long-lasting effect up to 63 days post injury,
confirming the relevant pro-inflammatory effect of activated microglial cells in the earliest
stages of degeneration after spinal trauma. They noticed that early after SCI (from one
to seven days) the amount of microglial cells (CD11bpos/CD45low) rapidly increased.
Recruited macrophages (CD11bpos/CD45high) were barely detected at the first day post-SCI
and peaked at the seventh day. Interestingly, authors studied the uptake of minocycline-
loaded nanoparticles and they found out, that at the first day post SCI was the uptake
of NPs high in microglial cells while very low in macrophages. At the seventh day after
spinal trauma NPs uptake were still very low in infiltrated macrophages. The quantitative
evaluation of the NPs uptake ratio between microglia and recruited macrophages showed
that predominantly microglial cells were affected by this treatment. It is well known
that IL-1β is a main pro-inflammatory cytokine in the spinal cord, producing a harmful
microenvironment in injured tissue and amplifying the extent of the injury. An antagonist
to IL-1β receptor has also been shown to alleviate the actions of IL-1β by decreasing the
severity of neuronal damage, reducing cell death and improving motor function [45]. Our
study also pointed out the importance of early modulation of the inflammatory response
after traumatic SCI. A single dose of 3-hydroxyl-3-methylglutaryl-coenzyme A reductase
(HMG-CoA) inhibitor Atorvastatin (ATR, 5 mg/kg, i.p.) applied immediately after spinal
trauma significantly reduced IL-1β levels (almost to control level), decreased microglial
activation in the dorsolateral area, inhibited macrophage infiltration into the white and
gray matter and significantly decreased the expression of apoptotic markers 24 h after
Th9 compression [18]. The therapeutic benefit of ATR has been presented in several other
studies addressing SCI. These studies monitored long-term administration vs. single dose
of ATR via per-oral and intraperitoneal application [46–52]. However, the most effective
method for ATR administration proved to be early, intraperitoneal injection.

As mentioned above, macrophages/microglia may initiate pathological secondary
mechanisms, and on the other hand they can promote regeneration of traumatized spinal
cord based on their phenotype (destructive M1 vs. beneficial M2 status) [53]. One day
after SCI we observed significant increase in gene expression of both phenotypes; however
the expression of M1 prevailed over the M2 phenotype. ATR significantly reduced both
M1 and M2 phenotypes at the epicenter of injury and in the adjacent cranial segment.
Since ATR modulated the M1 phenotype more markedly than the M2 antigenic marker,
we assume that the neuroprotective effect of ATR could lie in their polarization. In addi-
tion, marked activity of a pro-apoptotic protein- caspase-3 was noticed throughout the
whole injured area in neurons and glial cells (astrocytes and oligodendrocytes). Atorvas-
tatin treatment visibly reduced the cleavage of caspase-3 and acted as a neuroprotective
agent in neuronal and glial cells [18]. Sohn et al. [54] showed that another HMG-CoA-
inhibitor called simvastatin effectively decreased cytotoxicity and spinal cord neuronal
death due to ischemia–reperfusion injury, probably via moderation of oxidative stress. In
this study, simvastatin was applied from the beginning of oxygen and glucose deprivation
in vitro and was maintained during the following 24-h reoxygenation period. The authors
demonstrated that simvastatin (0.1 to 10 µM) significantly lowers the values for lactate de-
hydrogenase (LDH), a determinant of cytotoxicity, compared to injured controls (p < 0.001).
Moreover, the DCFDA (2′,7′-dichlorofluorescein diacetate) value measuring cell redox state
(or oxidative stress) was effectively reduced by the simvastatin treatment. Liang et al. [55]
used simvastatin (10 mg/kg) in combination with ezetimibe (cholesterol-reducing drug) in
three doses during the first 72 h after weight- drop spinal cord injury. They pointed out
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that the combination of these agents could improve the neurological score and attenuate
the endothelial inflammatory response after SCI in rats.

Essentially, the acute inflammatory response following spinal trauma is a crucial
element for amplification, spreading and chronicity of the injury [56]. As mentioned above,
immediate modulation of the inflammatory response could be an important step towards
more successful treatment of traumatic SCI.

6. Changes in Gut Microbiota Resulting from SCI as a Trigger of Inflammatory Response

Novel data show that SCI sets in a motion a systematic breakdown of communi-
cation between the nervous system, immune system and gastrointestinal system [57].
When the spinal cord is injured, axons which normally descend from brain/brainstem
regions to control spinal sympathetic neurons are lost or damaged. The subsequent loss
of normal sympathetic tone throughout the body leads to chronic immune dysfunction
and gut dysbiosis which can contribute to the development of intraspinal and systemic
pathology [57–63].

Changes in gut permeability induced by trauma can liberate commensal bacteria from
the gut lumen, allowing microbes and their metabolites to enter the circulation and trigger
inflammation throughout the body [61]. Various genes encoding transcription factors or ep-
ithelial tight-junction proteins which regulate paracellular permeability or the proliferation
and differentiation of epithelia are dramatically affected by SCI (e.g., Tcf712—Transcription
factor-7-like, Cdx1—Caudal Type Homeobox 1, Cdx2—Caudal Type Homeobox 2, Jam2—
Junctional Adhesion Molecule 2, etc.). In the neurogenic bowel, impaired intestinal transit
limits the delivery of important nutrients to the microbiota in the distal colon, and altered
mucin production impairs production of the mucus layer which is colonized by gut mi-
croorganisms creating a biofilm [57]. Changes in relative abundance of certain gut bacteria
induced by SCI correlate with locomotor and immune functions as well [61]. In mice
with SCI-induced dysbiosis, exacerbated lesion pathology and intraspinal inflammation
(enhanced CD11b+ CNS macrophage response at the lesion epicenter and total number
of infiltrating CD3+ T cells and CD45R+ B cells) has been observed. Similarly, changes in
GALT (gut-associated lymphoid tissue) immune cell composition (e.g., B220+ cells, CD8+
T cells, CD11c+ cells, CD11b+ macrophages found in mesenteric lymph nodes by 3dpi) oc-
curred in parallel with increased expression levels of pro- and anti-inflammatory cytokines
(TNF-α, IL-1β, TGF-β, IL-10) seven days post-injury. O’Connor et al. [62] found signif-
icantly elevated pro-inflammatory cytokines (IL-12, MIP-2—macrophage inflammatory
protein 2, TNF-α) in the rat intestine four weeks post-SCI. They also found a correlation
between cytokine levels (IL-1β, IL-12, MIP-2) and differences in gut microbiota diversity at
eight week post-SCI.

In conclusion, the composition of gut microflora significantly affects many physiologi-
cal processes in the body and the overall health of the host. Currently, there are several
studies focusing on analyses of the direct impact of SCI-induced gut dysbiosis on immune
and neural functions in rodent models, and also on finding possible therapeutic approaches
for regulating inflammation induced by SCI via remodeling of the gut microbiome. Never-
theless, the precise molecular mechanisms participating in the gut/CNS/immune system
axis including receptors, their down-stream molecules or transcription factors are still not
fully understood.

7. Promising Modulation Strategies of SCI-Induced Microglial Plasticity and Gut Dysbiosis

One of the therapeutic tools for managing SCI-induced inflammatory events in the gut
could be the application of health-promoting probiotic bacteria with the potential to modu-
late the gut microflora and thus contribute to restoration of intestinal immune homeostasis.
In generally, recognition of probiotic bacteria via TLRs in intestinal dendritic cells leads to
their maturation and to release of cytokines, which coordinate the differentiation of naive
T-helper cells (Th0) into mature Th1, Th2 or Th3/Treg subpopulations [64,65]. Probiotic
bacteria do not cause inflammation, because they can regulate the immune response via
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a complex of mechanisms including reduction of some TLRs, inhibition of nuclear factor
kappa B (NF-κB) and mitogen-activated protein kinase (MAPK) signaling pathways, and
induction of TLR-negative regulators [66–68]. Application of probiotic Lactobacilli to SCI
mice triggered a protective immune response in GALT and improved locomotor recov-
ery [61]. Since the number of immunoregulatory Treg lymphocytes (CD4+CD25+FoxP3+ T
cells) and CD11c+ dendritic cells in mesenteric lymph nodes was increased and the lesion
volume and axon/myelin pathology at the injury epicenter was reduced, it is reasonable to
assume that the gut-CNS-immune axis could play a crucial role in regulation of functional
post-SCI recovery.

Another therapeutic approach in this area could be the application of ω-3 polyun-
saturated fatty acids (ω-3 PUFAs), that are known to potentiate the immunomodulatory
properties of probiotic lactobacilli via stimulation of bacterial adhesion to the intestinal
wall [69,70] through their direct effect on the binding sites on the epithelial cells [71] and
they are able to modulate TLR/NF-κB/cytokine level and proportion of lymphocyte sub-
sets in the gut [67,68]. In the context of neurotrauma, supplementation of ω-3 PUFAs
reduced oxidative stress, apoptosis and the levels of inflammatory mediators (TNFα, IL6)
in rats with SCI [72]. Marinelli et al. [73] have observed that ω-3 PUFAs are able to re-
store behavioral responses and induce pro-regenerative effects and neuroprotective action
against demyelination, apoptosis and neuroinflammation in innovative mouse model mim-
icking human-like features of SCI. In general, the prophylactic properties of ω-3 PUFAs
(pre-SCI) include the stabilization of neuron cell membranes, the reduction of the expres-
sion of inflammatory cytokines, the improvement of local blood flow, reduced eicosanoid
production, activation of protective intracellular transcription pathways, and increased
concentration of lipids, glycogen, and oligosaccharides by neurons. On the other hand,
the therapeutic properties (post-SCI) include the increased production of endogenous an-
tioxidants such as carnosine and homocarnosine, the maintenance of elevated glutathione
concentrations at the site of injury, reduced concentrations of oxidative stress marker
malondialdehyde (MDA), autophagy improvement, and p38 MAPK (mitogen-activated
protein kinase) expression reduction in the superficial dorsal horns (limiting the sensation
of neuropathic pain) [74]. Moreover, Lu et al. [75] have found that ketogenic diet attenuates
oxidative stress and inflammation after spinal cord injury by activating nuclear factor-E2
related factor 2 (Nrf2) and suppressing the NF-κB signaling pathways. Spinal cord injury-
induced gut dysbiosis could be alleviated also due to melatonin treatment [76] and by
treatment with a fecal transplant as well [77]. Furthermore, electroacupuncture modulates
the intestinal microecology to improve intestinal motility in spinal cord injury rats [78].
Moreover, Schmidt et al. [79] have showed that that minocycline augments inflammation
and anxiety-like behavior following SCI in rats through action on the gut microbiota. In
conclusion, there are many approaches to mitigating the impact of spinal cord injury using
microflora modulation. However, the precise mechanism is still unclear.

8. Interactions in Pathogenesis, Maintenance and Escalation of SCI-Induced
Neuropathic Pain, and Development of Therapy

SCI-induced neuropathic pain (NP) remains a significant and disabling clinical prob-
lem with very few therapeutic treatment options available. Chronic spinal cord injured
patients show several deviations from normal nociception and pain sensitivity, ranging
from hyperalgesia (exaggerated sensitivity to noxious stimuli), allodynia (pain in response
to normally innocuous stimuli), dysesthesias (disturbing somatic sensation that may not
be painful) and spontaneously occurring pain [80,81]. Although some of the therapeutic
strategies provide pain relief at—and/or below—injury level hypersensitivity, the effects of
exogenous pharmacologic agents are usually temporary. In addition, long-term treatments
for chronic pain may be limited in sustained effectiveness, dose escalation, development of
tolerance and systemic side effects of medication during prolonged use [82]. Currently, pain
treatment includes pharmacologic and psychological options, but these are most suited to
provide short-term relief [83,84]. There is a need for improved therapeutic approaches for
long-term management of chronic pain.
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Most therapeutic approaches focus on a single target that often serves a single function,
predominantly neurotransmission. Glutamate excitotoxicity via signaling through N-
methyl-D-aspartate glutamate (NMDA) receptors is one of the key events in the onset
and maintenance of the neuropathic pain. Previous experimental studies have shown
decreased hyperexcitability and cutaneous hypersensitivity with intrathecal administration
of NMDA receptor antagonists [85,86]. Despite of their modulatory quality, the clinical use
of systemic NMDA antagonists is dose-limited by adverse effects such as hallucinations
and motor dysfunction [87,88]. Early studies have shown that the naturally occurring
peptide histogranin [89] and its stable analog Serine-Histogranin (SHG) have NMDA
receptor antagonist activity [90–94]. Similarly, Yu et al. [95] reported that [-]-huperzine
A (HUP-A), a naturally occurring Lycopodium alkaloid isolated from the Chinese club
moss, Huperzia serrata, with potent reversible inhibitory action on NMDA receptors and
Acetylcholine Esterase (AchE), offers an exceptional prospect for multimodal treatment of
SCI-induced neuropathic pain in rats. NMDA antagonists have also been shown to prevent
development of morphine tolerance and allow prolonged administration of other potent
analgesics, opioids [96,97]. Opioids have been used in treatment of chronic pain, however
their chronic use is accompanied by tolerance and risk of addiction [98,99]. Although
cholinergic agonists for pain control are poorly tolerated in general, because of their
severe side effects on the gastrointestinal system [100], several pharmacological studies
demonstrated that coadministration of AchE inhibitors can potentiate opioid analgesia [81].

Combined administration of NMDA antagonist and opioid receptor agonist [82,101,102]
and/or cholinergic agonists [103,104] and antagonists of NMDA-subtype glutamate recep-
tors [103] may be beneficial especially for the long-term pain management. HUP-A treatment
(intraperitoneally or intrathecally) after moderate static compression at Th10 level restored
homeostasis of central sensory neurocircuitry without invoking drug tolerance and depen-
dence or respiratory suppression [95]. This naturally occurring Lycopodium alkaloid had
a cholinergic inhibitory action on dorsal horn pain transmission, possibly through the ac-
tivation of muscarinic M2 and M4 receptors (mAchRs) on GABAergic inhibitory neurons
that mitigate the release of primate afferent-derived glutamate in the dorsal horn [105,106].
The decrease in nociceptive neurotransmission likely was mediated also by the observed
immunoreactivity decrease in substance P from primary afferents onto second-order dorsal
horn neurons. Cholinergic signaling through mAChRs has been reported to decrease the
release of substance P in the rat dorsal spinal cord in response to acute noxious stimulation of
the tail [107] and to inhibit pain-transmitting spinothalamic and thalamic neurons [108,109].
Rats treated with intrathecal HUP-A also demonstrated significant reduction in activation
of the immune response in microglia and other immune cells, and reduced release of in-
flammatory cytokines, reactive astrocytes and reactive oxygen species. CD86 (expressed by
M1 macrophages), glial fibrillary acidic protein GFAP (marker of astrocytes) and iNOS (a
critical neuroinflammatory mediator expressed by immune cells and microglia) [110] were
reduced significantly in cervical and lumbar regions of the HUP-A-treated group compared
with controls. CD68, a marker for activated microglia and macrophages was reduced in
lumbar spinal cord. The oligodendrocyte markers (CNPase) and myelin basic protein (MBP)
demonstrated significantly increased preservation of myelin in the lumbar white matter of
HUP-A-treated rats, suggesting that intrathecal HUP-A treatment did not trigger myelin toxi-
city, as has been reported for some prototype NMDA antagonists [84]. Arginase1, expressed
by M2 macrophages that have a beneficial role after SCI, was comparable in the cervical and
lumbar spinal cord in both HUP-A-treated and saline-treated groups. Moreover, the authors
did not find a significant difference in immunoreactivity levels of neurofilament M or H at
lesion site from HUP-A-treated and control rats. All these findings support the hypothesis
that chronic administration of HUP-A does not introduce further toxicity in the injured spinal
cord, and that HUP-A treatment, although not triggering axonal regeneration, protects myelin
against the chronic damage resulting from neuroinflammation that is mediated largely by
locally activated microglia and astroglia and by macrophage invasion [95].
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9. Astrocytes Response to SCI

Under physiological conditions, astrocytes mediate CNS homeostasis and provide
trophic and metabolic support for neurons regulating synaptic signaling or plasticity [111,112],
and they control the cerebrovascular tone and modulate local blood flow [113,114]. It is well es-
tablished that astrocytes in the white and gray matter are morphologically distinct. Astrocytes
in the gray matter are regionally specialized, reflecting for instance the specific neurotrans-
mitter system of that area [115]. White matter astrocytes have distinct functional properties
that are necessary for secure saltatory conduction. Previously, Kozlova and Lukanidin [116]
reported that astrocytes in spinal cord express the calcium-binding protein Mts1/S100A4.
This protein has been shown to influence cell motility, proliferation, angiogenesis, and neurite
outgrowth and neuron survival [117,118]. Since S100A4 was up-regulated after peripheral
nerve or dorsal root injury exclusively in affected white matter [116], it may be an important
regulator of de- and remyelination. Recently, Escartin et al. [119] defined reactive astrocyte
nomenclature and pointed out that astrocyte phenotypes should be specified by a combination
of molecular markers (not only by GFAP alone) and by functional readouts, predominantly in
in vivo conditions. Accumulating evidence suggests that GFAP is predominantly expressed
in white-matter astrocytes while S100β tends to be expressed in the astrocytes located in the
gray matter [120,121].

In response to SCI, astrocytes undergo multiple morphological and functional changes
in the process of reactive gliosis [122]. They migrate towards the lesion site within the first
hours after injury [123,124] and proliferate for 24 h with a peak after 48 h [125]. This initial
response is necessary to reestablish the blood-brain barrier and restrict further migration or
proliferation that prevent the lesion site to expand into surrounding healthy tissue [126–129].
Subsequently, astrocytes rapidly increase the expression of intermediate filaments of GFAP,
vimentin [128,130] and other astrocyte-specific markers [9,119], and they release molecules
limiting spontaneous axon sprouting and inhibit regeneration [7,131–134]. In the acute phase
of SCI, naïve astrocytes became reactive and after further proliferation they transformed
into a glial scar forming astrocytes [135]. The use of a lentivirus-mediated herpes simplex
thymidine kinase/ganciclovir (HSV1tk/GGV) system, in which suicide gene expression was
regulated by hGFAP promotor to selectively ablate reactive proliferating astrocytes in a mouse
crush injury model, showed impeded glial scar formation, exacerbated neuroinflammation,
increased loss of neurons and failure of spontaneous functional recovery [136]. Astrocytic scar
in the chronic stages of SCI, as the final form of reactive astrogliosis is widely regarded as a
principal cause of axonal re-growth failure and poor functional outcome [137].

10. Microglial and Astrocyte Polarization after SCI

For a long time it was not clear whether reactive astrocytes were harmful or benefi-
cial [138]. Liddelow and Barres, [39] and Liddelow et al. [139] previously reported that
activation of microglia by classical inflammatory mediators can convert astrocytes into
a neurotoxic A1 phenotype in a variety of neurological diseases. These findings pointed
to the key role of molecules secreted by activated microglia in the induction of reactive
astrocytosis. One week post-SCI, the gene expression of microglia/macrophages and M1
microglia (pro-inflammatory phenotype) was strongly upregulated at the lesion site (3 mm
area) and caudally (3 mm), but attenuated afterwards [9]. The common astrocytes (GFAP
and S100B) and reactive astrocytes (A1 phenotype) were profoundly expressed predom-
inantly at the lesion site and cranially (3 mm area) two weeks post-SCI. However, gene
expression of anti-inflammatory M2a and M2c microglia, as well as A2 astrocytes, which
are responsible for up-regulation of neurotrophic factors was greatly activated at the lesion
site one week post-SCI [9].

The application of suitable anti-inflammatory drugs inhibiting the formation of A1
astrocytes induced by activated neuroinflammatory microglia could be used as a potential
therapeutic agent for the injured spinal cord. Similarly, increased presence of M2 microglial
phenotypes at the lesion site might represent a promising strategy for tissue regeneration
after SCI [140]. At present, the microglia–astrocyte conversation which ensures their
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tight reciprocal modulation after SCI is an undeniable fact, and as our recently-published
experimental data show, time-dependent regulation of M1/M2 polarization (the expression
of M2a, M2c markers) and A1/A2 polarization at the lesion site and 3 mm cranially and/or
caudally from the injury epicenter is key for functional outcome after SCI [9].

11. In Vivo Conversion of Astrocytes to Neurons

The spatial and temporal patterns of astrocyte and neuron death are similar one week
post-SCI [6]. Since it is known that the spinal cord lacks the ability to produce new neurons
in adulthood, neurons dying at the lesion site cannot be replaced. In recent years, growing
attention has been focused on in vivo glia-to-neuron reprogramming [141–143]. It has been
established that astrocytes are particularly promising candidates for reprogramming into
neurons, as they maintain some of the original patterning information from their radial
glial ancestors [142,144]. Using exactly defined transcription factors in vitro [145,146], as-
trocytes have been successfully reprogrammed into different types of functional mature
neurons. Su et al. [141] examined the possibility of reprogramming endogenous non-neural
cells, such as scar-forming astrocytes into neurons in the adult mouse spinal cord. They
indicated that a high-mobility group of DNA-binding domain transcription factor, SOX2,
known to be essential for specification and/or maintenance of progenitor identity [147,148]
uniquely converted resident astrocytes into doublecortin (DCX+) neuroblasts and micro-
tubule associated protein 2 (MAP2+) mature neurons. Their data suggest that in the adult
spinal cord, a threshold of SOX2 expression is required to induce cell fate change. When
mice after Th8 hemisection were injected with hGFAP-GFP-T2A-SOX2 lentivirus, all the
induced DCX+ cells also expressed green fluorescent protein (GFP), indicating an origin
from virus-transduced cells. Approximately 3–6% of GFP+ cells surrounding the core viral
injection sites were reprogrammed by SOX2 to become DCX+ cells between 4–8 wpi. DCX+
cells were also positive for neuronal marker TUBB3 (Tubulin Beta 3 Class III). These data
indicate that neurogenesis can be induced by SOX2 in an injured environment of the adult
spinal cord. These results also show that SOX2-induced adult neurogenesis can generate
mature neurons with features of GABAergic (gamma-Aminobutyric acid) interneurons
in injured valproic acid (VPA)-treated spinal cords. Although the number of converted
neurons was low, the authors found that new neurons were capable of forming synapses
with preexisting ChAT+ motor neurons, suggesting potential integration into the local
neural network of the injured spinal cord. Recently published data have shown that spinal
cord-derived adult astrocytes express a high level of NOTCH1 signaling which is responsi-
ble for neuronal stem cell maintenance and neurogenesis in the embryonic as well as the
adult brain [149], and they are not susceptible to neuronal reprogramming [143]. These
findings indicate that further in vivo studies are necessary to enhance the reprogramming
process and to obtain neurons with appropriate subtype identities and projections which
are required for functional recovery after SCI.

Over the past decade, a direct parenchymal injection of viral vectors (lentivirus,
retrovirus, adeno-associated virus) has become frequently used for in vivo reprogramming,
achieving a broad range of reprogramming efficacy and neuronal survival [142,150,151].
Although effective in delivering these viruses into the spinal parenchyma, the invasive
nature of this approach limits the number of injections that can be performed. A novel
subpial delivery technique permits widespread transgene expression within the spinal
parenchyma in adult pigs, rats and mice [152,153] and does not require direct spinal cord
tissue needle penetration. This delivery technique can be used in experimental, pre-clinical
and human clinical studies to regulate genes of interest in specific spinal cord segments
and/or in the projection of motor and ascending sensory axons. This novel approach is
extremely effective in achieving trans-spinal occupation by grafted cells, particularly in the
treatment of SCI characterized by multisegmental degeneration [154–156].
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12. The Effect of Weak Long-Term Electrostimulation on Spinal Cord
Functional Recovery

One of the major limiting factors for functional regeneration after traumatic SCI is
the inability of damaged axons to re-establish their interconnections with target fibers on
the opposite side of the lesion. Application of a weak electric field over the injury site is
one of the methods enabling the regrowth and proper alignment of damaged nerve fibers.
Extracellular electric fields produced by weak electrostimulation presenting the voltage
gradient within tissue might provide the necessary stimulus directing astrocyte behavior
after CNS injury and gradually dissolving glial scar integrity. It has been shown previously,
that electric fields affect directly-induced cellular behaviors, e.g., migration [157,158], pro-
liferation [159,160], differentiation [161,162] and morphology [163,164] among the variety
of ectodermally and mesodermally-derived cell types [165,166].

In the past, Borgens et al. [167] demonstrated that glial cells, astrocytes in particular,
are able to respond to weak electric fields. These authors showed that rat cortical astrocytes
oriented themselves along the applied voltage gradient in experiments in vitro. Moriarty
and Borgens [168] also reported that applied voltage reduced the number of astrocytes
accumulating at the site of SCI and suppressed the extension of astrocytic processes within
the lesion site. On the other hand, the other major components of the inhibitory glial scar,
macrophages, do not seem to be affected by exogenous electric gradients [169]. To enhance
the regeneration of both ascendent and descendent neural pathways simultaneously, an
oscillating electric field stimulation (OFS) technique, which periodically (every 15 min)
changes the polarity of the electric field, has been developed. The application of a weak
oscillating field current over the lesion site of SCI mimicking the polarity guidance in the
developmental stages in CNS, has been shown to promote regeneration of injured axons,
stimulating them to grow across the injury site [170].

A miniature electric stimulator (50 µA) with oscillating electric field (OSF) was used
in rat SCI experiments in vivo [171,172]. Spinal cord trauma caused considerable increase
in activated forms of astrocytes, a typical feature of the ongoing inflammatory reaction four
weeks post-SCI. The greatest accumulation of reactive astrocytes was observed in the areas
of the dorsal and lateral spinal funiculi. This observation correlated with histopathological
findings indicating the greatest tissue and myelin loss in these white matter regions.
Stimulated animals (SCI + OFS) showed a significantly lower number of activated astrocytes
and larger area of preserved spinal cord tissue compared to their state after SCI, with higher
locomotor activity of the hind limbs and earlier onset of spontaneous urination [171].

Zhang et al. [173] and Jing et al. [174] proposed that electrical stimulation might
promote spinal tissue integrity and contribute to remyelination after SCI via improved dif-
ferentiation of oligodendrocyte precursor cells. A similar beneficial outcome was reported
in a study of epidural stimulation after SCI, where the electrostimulation upregulated
myelin basic protein mRNA levels and reduced oligodendrocyte loss by promoting their
differentiation and inhibiting apoptosis [157]. Long-term (eight weeks) epidural stimulation
with OFS applied immediately after spinal trauma significantly reduced oligodendrocytes
loss and promoted their density in the areas of the greatest tissue damage [172]. Similarly,
by reducing reactive astrogliosis and glial scarring, where the oligodendrocytes are greatly
affected by inhibitory components of the glial scar [175], they were able to migrate towards
the lesion site and initiate remyelination. According to these data, we suppose that OF
stimulation applied after SCI could provide a more hospitable microenvironment either for
neurons or glial cells by triggering the regenerative processes in the acute phase of injury.

The exact mechanism responsible for axonal and glial regeneration in response to
applied electrical stimulus is not yet fully understood. Axonal growth after electrical
stimulation has been presumed to be mediated by membrane receptors and secondary
messengers such as adenylcyclase and interaction with other physiological neurotrophins
presented in the CNS [176,177]. Electrostimulation has also been shown to enhance the
expression of regeneration-associated genes—RAGs [178,179], which are functionally re-
quired for neural recovery [180,181].
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13. Rehabilitation-Comprehensive and Effective Therapeutic Strategy after SCI

Changes at molecular and cellular levels could provide new insights into mechanisms
by which exercise has a positive impact on functional deficits occurring after SCI. Since
positive effects of physical activity and exercise have been clearly demonstrated in pa-
tients after traumatic SCI [182], rehabilitation and exercise appear to be the most effective
non-invasive post-SCI therapeutic strategy. In addition to strengthening muscle mass,
rehabilitation is effective in endogenous stimulation of growth factors [183–185]. Previous
experimental studies have shown that various forms of rehabilitation (treadmill, swimming,
physiotherapy) significantly supported functional spinal cord regeneration [186], and that
physical training is important for regaining motor and sensory function after SCI.

Exercise is no longer strictly a tool for rehabilitation and there are many exciting
aspects of this therapy which remain to be explored, such as the time post-injury when
exercise is best initiated, the most appropriate intensity, duration and frequency, and the
best use of task-specific and non-task specific training for recovery of multiple functional
modalities [185]. Novel data show that treadmill training (six weeks) prior to SCI markedly
increased the activity of phospholipase Cγ/ protein kinase C (PLCγ-PKC) signaling at both
transcript and protein levels at and around the lesion site. Similar effects were seen in ex-
pression of phosphoinositide 3-kinase/ protein kinase B (PI3k/Akt) and Ras/extracellular
signal-regulatedkinase 1/2 (Ras/Erk1/2) signaling responsible for cell survival and regen-
eration [187]. Recently, Zhang et al. [188] demonstrated that inhibition of aldose reductase,
which plays a key role in a number of inflammatory diseases, significantly attenuated
LPS-induced activation of PLC-PKC pathway, and that such inhibition can work as a
switch, which regulates microglia by polarization either to M1 or M2 activity after spinal
trauma. Moreover, Mohanraj et al. [189] found that Trehalose-6,6′-dibehenate (TDB) could
inhibit LPS-induced inflammatory response through the PLC-γ1/PKC/ERK signaling
pathway and promote microglial polarization towards the beneficial M2 phenotype via
the phospholipase Cγ/calcium/calmodulin-dependent protein kinase kinase-β/activated
protein kinase (PLC-γ1/calcium/CaMKKβ/AMPK) pathway. These results indicate that
molecular analysis of the signaling pathways responsible for survival, plasticity and neu-
roregeneration after assisted long-term post-SCI training could be very useful, and could
be used in further experimental post-SCI rehabilitation strategies.

14. Conclusions and Future Direction

In recent years, substantial advances have been made in identifying multicellular
interactions and their molecular cross-talk that shape the response to SCI. A detailed
knowledge of glial-neuronal interactions within the lesion microenvironment could be
very effective in revealing promising therapeutic strategies. In acute and subacute SCI
stages, the spinal cord possesses an underestimated and underexploited plasticity. Indeed,
early modulation of inflammatory response after SCI, regulation of glial-neuronal cross-
talk within the epicenter of injury and in its vicinity, and time-dependent transformation
of reactive microglia and astrocytes into their neuroprotective phenotypes are crucial
steps towards more successful treatment of traumatic SCI. Another very important way
to decrease inflammatory cytokines and mitigate robust inflammation within the lesion
epicenter is modulation of SCI-induced gut dysbiosis. Future research should focus on
investigating the intraspinal and systemic SCI pathology.

Although to date there is insufficient evidence to draw meaningful conclusions re-
garding the effectiveness of post-SCI electrostimulation and/or rehabilitation in improving
physical capacity and/or functional outcome after moderate SCI, no study has reported
their negative impact. Taking into account the complexity of secondary damage and a
limited ability of endogenous regenerative processes, future strategy for effective therapy
consists of appropriate combination of experimentally promising individual treatment
approaches, and its translation to the clinical practice.
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74. Wojdasiewicz, P.; Poniatowski, Ł.A.; Turczyn, P.; Frasuńska, J.; Paradowska-Gorycka, A.; Tarnacka, B. Significance of Omega-3
Fatty Acids in the Prophylaxis and Treatment after Spinal Cord Injury in Rodent Models. Mediat. Inflamm. 2020, 29, 3164260.
[CrossRef] [PubMed]

75. Lu, Y.; Yang, Y.Y.; Zhou, M.W.; Liu, N.; Xing, H.Y.; Liu, X.X.; Li, F. Ketogenic diet attenuates oxidative stress and inflammation
after spinal cord injury by activating Nrf2 and suppressing the NF-κB signaling pathways. Neurosci. Lett. 2018, 683, 13–18.
[CrossRef]

76. Jing, Y.; Yang, D.; Bai, F.; Zhang, C.; Qin, C.; Li, D.; Wang, L.; Yang, M.; Chen, Z.; Li, J. Melatonin Treatment Alleviates Spinal Cord
Injury-Induced Gut Dysbiosis in Mice. J. Neurotrauma 2019, 36, 2646–2664. [CrossRef]

77. Schmidt, E.K.A.; Torres-Espin, A.; Raposo, P.J.F.; Madsen, K.L.; Kigerl, K.A.; Popovich, P.G.; Fenrich, K.K.; Fouad, K. Fecal
transplant prevents gut dysbiosis and anxiety-like behaviour after spinal cord injury in rats. PLoS ONE 2020, 15, e0226128.
[CrossRef]

78. Cheng, J.; Li, W.; Wang, Y.; Cao, Q.; Ni, Y.; Zhang, W.; Guo, J.; Chen, B.; Zang, Y.; Zhu, Y. Electroacupuncture modulates the
intestinal microecology to improve intestinal motility in spinal cord injury rats. Microb. Biotechnol. 2021, 1–12. [CrossRef]

79. Schmidt, E.K.A.; Raposo, P.J.F.; Torres-Espin, A.; Fenrich, K.K.; Fouad, K. Beyond the lesion site: Minocycline augments
inflammation and anxiety-like behavior following SCI in rats through action on the gut microbiota. J. Neuroinflamm. 2021, 18, 144.
[CrossRef] [PubMed]

80. Hulsebosch, C.E.; Hains, B.C.; Crown, E.D.; Carlton, S.M. Mechanisms of chronic central neuropathic pain after spinal cord injury.
Brain Res. Rev. 2009, 60, 202–213. [CrossRef] [PubMed]

81. Naser, P.V.; Kuner, R. Molecular, Cellular and Circuit Basis of Cholinergic Modulation of Pain. Neuroscience 2018, 387, 135–148.
[CrossRef] [PubMed]

82. Jergova, S.; Gordon, C.E.; Gajavelli, S.; Sagen, J. Experimental Gene Therapy with Serine-Histogranin and Endomorphin 1 for the
Treatment of Chronic Neuropathic Pain. Front. Mol. Neurosci. 2017, 10, 406. [CrossRef]

83. Finnerup, N.B.; Baastrup, C. Spinal cord injury pain: Mechanisms and management. Curr. Pain Headache Rep. 2012, 16, 207–216.
[CrossRef] [PubMed]

84. Yaksh, T.L.; Fisher, C.J.; Hockman, T.M.; Wiese, A.J. Current and Future Issues in the Development of Spinal Agents for the
Management of Pain. Curr. Neuropharmacol. 2017, 15, 232–259. [CrossRef]

85. Sotgiu, M.L.; Biella, G. Differential effects of MK-801, a N-methyl-D-aspartate non-competitive antagonist, on the dorsal horn
neuron hyperactivity and hyperexcitability in neuropathic rats. Neurosci. Lett. 2000, 283, 153–156. [CrossRef]

86. Suzuki, R.; Matthews, E.A.; Dickenson, A.H. Comparison of the effects of MK-801, ketamine and memantine on responses of
spinal dorsal horn neurones in a rat model of mononeuropathy. Pain 2001, 91, 101–109. [CrossRef]

87. Hawksworth, C.; Serpell, M. Intrathecal anesthesia with ketamine. Reg. Anesth. Pain Med. 1998, 23, 283–288.
88. Galluzzi, K.E. Management of neuropathic pain. J. Am. Osteopath. Assoc. 2005, 105, S12–19. [PubMed]
89. Lemaire, S.; Shukla, V.K.; Rogers, C.; Ibrahim, I.H.; Lapierre, C.; Parent, P.; Dumont, M. Isolation and characterization of

histogranin, a natural peptide with NMDA receptor antagonist activity. Eur. J. Pharmacol. 1993, 245, 247–256. [CrossRef]
90. Lemaire, S.; Rogers, C.; Dumont, M.; Shukla, V.K.; Lapierre, C.; Prasad, J.; Lemaire, I. Histogranin, a modified histone H4 fragment

endowed with N-methyl-D-aspartate antagonist and immunostimulatory activities. Life Sci. 1995, 56, 1233–1241. [CrossRef]
91. Prasad, J.A.; Shukla, V.K.; Lemaire, S. Synthesis and biological activity of histogranin and related peptides. Can. J. Physiol.

Pharmacol. 1995, 73, 209–214. [CrossRef] [PubMed]
92. Hama, A.T.; Siegan, J.B.; Herzberg, U.; Sagen, J. NMDA-induced spinal hypersensitivity is reduced by naturally derived peptide

analog [Ser1] histogranin. Pharmacol. Biochem. Behav. 1999, 62, 67–74. [CrossRef]
93. Hama, A.; Sagen, J. Selective antihyperalgesic effect of [Ser1] histogranin on complete Freund’s adjuvant-induced hyperalgesia in

rats. Pain 2002, 95, 15–21. [CrossRef]
94. Hentall, I.D.; Hargraves, W.A.; Sagen, J. Inhibition by the chromaffin cell-derived peptide serine-histogranin in the rat’s dorsal

horn. Neurosci. Lett. 2007, 419, 88–92. [CrossRef]
95. Yu, D.; Thakor, D.K.; Han, I.; Ropper, A.E.; Haragopal, H.; Sidman, R.L.; Zafonte, R.; Schachter, S.C.; Teng, Y.D. Alleviation of

chronic pain following rat spinal cord compression injury with multimodal actions of huperzine A. Proc. Natl. Acad. Sci. USA
2013, 110, 746–755. [CrossRef] [PubMed]

http://doi.org/10.1016/j.rvsc.2011.07.031
http://doi.org/10.1111/j.1574-6968.2001.tb09460.x
http://doi.org/10.1002/brb3.1339
http://www.ncbi.nlm.nih.gov/pubmed/31225705
http://doi.org/10.1038/s41598-019-45037-x
http://www.ncbi.nlm.nih.gov/pubmed/31222077
http://doi.org/10.1155/2020/3164260
http://www.ncbi.nlm.nih.gov/pubmed/32801994
http://doi.org/10.1016/j.neulet.2018.06.016
http://doi.org/10.1089/neu.2018.6012
http://doi.org/10.1371/journal.pone.0226128
http://doi.org/10.1111/1751-7915.13968
http://doi.org/10.1186/s12974-021-02123-0
http://www.ncbi.nlm.nih.gov/pubmed/34174901
http://doi.org/10.1016/j.brainresrev.2008.12.010
http://www.ncbi.nlm.nih.gov/pubmed/19154757
http://doi.org/10.1016/j.neuroscience.2017.08.049
http://www.ncbi.nlm.nih.gov/pubmed/28890048
http://doi.org/10.3389/fnmol.2017.00406
http://doi.org/10.1007/s11916-012-0259-x
http://www.ncbi.nlm.nih.gov/pubmed/22392531
http://doi.org/10.2174/1570159X14666160307145542
http://doi.org/10.1016/S0304-3940(00)00941-1
http://doi.org/10.1016/S0304-3959(00)00423-1
http://www.ncbi.nlm.nih.gov/pubmed/16273720
http://doi.org/10.1016/0922-4106(93)90104-H
http://doi.org/10.1016/0024-3205(95)00068-2
http://doi.org/10.1139/y95-030
http://www.ncbi.nlm.nih.gov/pubmed/7621358
http://doi.org/10.1016/S0091-3057(98)00132-4
http://doi.org/10.1016/S0304-3959(01)00368-2
http://doi.org/10.1016/j.neulet.2007.03.056
http://doi.org/10.1073/pnas.1300083110
http://www.ncbi.nlm.nih.gov/pubmed/23386718


Int. J. Mol. Sci. 2021, 22, 13577 18 of 21

96. Trujillo, K.A.; Akil, H. Inhibition of morphine tolerance and dependence by the NMDA receptor antagonist MK-801. Science 1991,
251, 85–87. [CrossRef]

97. Trujillo, K.A.; Akil, H. Inhibition of opiate tolerance by non-competitive N-methyl-D-aspartate receptor antagonists. Brain Res.
1994, 633, 178–188. [CrossRef]

98. Sallerin-Caute, B.; Lazorthes, Y.; Deguine, O.; Francés, B.; Verdié, J.C.; Charlet, J.P.; Bastide, R. Does intrathecal morphine in the
treatment of cancer pain induce the development of tolerance? Neurosurgery 1998, 42, 44–49. [CrossRef]

99. Przewłocki, R.; Przewłocka, B. Opioids in chronic pain. Eur. J. Pharmacol. 2001, 429, 79–91. [CrossRef]
100. Clayton, B.A.; Hayashida, K.; Childers, S.R.; Xiao, R.; Eisenach, J.C. Oral donepezil reduces hypersensitivity after nerve injury by

a spinal muscarinic receptor mechanism. Anesthesiology 2007, 106, 1019–1025. [CrossRef] [PubMed]
101. Hama, A.; Sagen, J. Selective antinociceptive effects of a combination of the N-methyl-D-aspartate receptor peptide antagonist

[Ser(1)]histogranin and morphine in rat models of pain. Pharmacol. Res. Perspect. 2014, 2, e00032. [CrossRef]
102. Nasirinezhad, F.; Gajavelli, S.; Priddy, B.; Jergova, S.; Zadina, J.; Sagen, J. Viral vectors encoding endomorphins and serine

histogranin attenuate neuropathic pain symptoms after spinal cord injury in rats. Mol. Pain 2015, 11, 2. [CrossRef] [PubMed]
103. Patocka, J. Huperzine A-an interesting anticholinesterase compound from the Chinese herbal medicine. Acta Med. 1998, 41,

155–157. [CrossRef]
104. Jones, P.G.; Dunlop, J. Targeting the cholinergic system as a therapeutic strategy for the treatment of pain. Neuropharmacology

2007, 53, 197–206. [CrossRef]
105. Cai, Y.Q.; Chen, S.R.; Han, H.D.; Sood, A.K.; Lopez-Berestein, G.; Pan, H.L. Role of M2, M3, and M4 muscarinic receptor subtypes

in the spinal cholinergic control of nociception revealed using siRNA in rats. J. Neurochem. 2009, 111, 1000–1010. [CrossRef]
[PubMed]

106. Kang, Y.J.; Eisenach, J.C. Intrathecal clonidine reduces hypersensitivity after nerve injury by a mechanism involving spinal m4
muscarinic receptors. Anesth. Analg. 2003, 96, 1403–1408. [CrossRef]

107. Lee, J.W.; Jergova, S.; Furmanski, O.; Gajavelli, S.; Sagen, J. Predifferentiated GABAergic neural precursor transplants for
alleviation of dysesthetic central pain following excitotoxic spinal cord injury. Front. Physiol. 2012, 3, 167. [CrossRef]

108. Rashid, M.H.; Ueda, H. Neuropathy-specific analgesic action of intrathecal nicotinic agonists and its spinal GABA-mediated
mechanism. Brain Res. 2002, 953, 53–62. [CrossRef]

109. Harte, S.E.; Hoot, M.R.; Borszcz, G.S. Involvement of the intralaminar parafascicular nucleus in muscarinic-induced antinocicep-
tion in rats. Brain Res. 2004, 1019, 152–161. [CrossRef] [PubMed]

110. Detloff, M.R.; Fisher, L.C.; McGaughy, V.; Longbrake, E.E.; Popovich, P.G.; Basso, D.M. Remote activation of microglia and
pro-inflammatory cytokines predict the onset and severity of below-level neuropathic pain after spinal cord injury in rats. Exp.
Neurol. 2008, 212, 337–347. [CrossRef]

111. Paixão, S.; Klein, R. Neuron-astrocyte communication and synaptic plasticity. Curr. Opin. Neurobiol. 2010, 20, 466–473. [CrossRef]
112. Blanco-Suárez, E.; Caldwell, A.L.; Allen, N.J. Role of astrocyte-synapse interactions in CNS disorders. J. Physiol. 2017, 595,

1903–1916. [CrossRef]
113. Takano, T.; Tian, G.F.; Peng, W.; Lou, N.; Libionka, W.; Han, X.; Nedergaard, M. Astrocyte-mediated control of cerebral blood flow.

Nat. Neurosci. 2006, 9, 260–267. [CrossRef]
114. Attwell, D.; Buchan, A.M.; Charpak, S.; Lauritzen, M.; Macvicar, B.A.; Newman, E.A. Glial and neuronal control of brain blood

flow. Nature 2010, 468, 232–243. [CrossRef] [PubMed]
115. Aldskogius, H. Repairing CNS myelin–astrocytes have to do their jobs. Exp. Neurol. 2005, 19, 7–10. [CrossRef] [PubMed]
116. Kozlova, E.N.; Lukanidin, E. Metastasis-associated mts1 (S100A4) protein is selectively expressed in white mater astrocytes and

is up-regulated after peripheral nerve or dosal root injury. Glia 1999, 27, 249–258. [CrossRef]
117. Kozlova, E.N.; Lukanidin, E. Mts1 protein expression in the central nervous system after injury. Glia 2002, 37, 337–348. [CrossRef]
118. Pedersen, M.V.; Kohler, L.B.; Grigorian, M.; Novitskaya, V.; Bock, E.; Lukanidin, E.; Berezin, V. The Mts1/S100A4 protein is a

neuroprotectant. J. Neurosci. Res. 2004, 77, 777–786. [CrossRef] [PubMed]
119. Escartin, C.; Galea, E.; Lakatos, A.; O’Callaghan, J.P.; Petzold, G.C.; Serrano-Pozo, A.; Steinhäuser, C.; Volterra, A.; Carmignoto, G.;

Agarwal, A.; et al. Reactive astrocyte nomenclature, definitions, and future directions. Nat. Neurosci. 2021, 24, 312–325. [CrossRef]
120. Rusnakova, V.; Honsa, P.; Dzamba, D.; Ståhlberg, A.; Kubista, M.; Anderova, M. Heterogeneity of astrocytes: From development

to injury—Single cell gene expression. PLoS ONE 2013, 8, e69734. [CrossRef]
121. Ben Haim, L.; Rowitch, D.H. Functional diversity of astrocytes in neural circuit regulation. Nat. Rev. Neurosci. 2017, 18, 31–41.

[CrossRef]
122. Sofroniew, M.V. Multiple Roles for Astrocytes as Effectors of Cytokines and Inflammatory Mediators. Neuroscientist 2014, 20,

160–172. [CrossRef]
123. Auguste, K.I.; Jin, S.; Uchida, K.; Yan, D.; Manley, G.T.; Papadopoulos, M.C.; Verkman, A.S. Greatly impaired migration of

implanted aquaporin-4-deficient astroglial cells in mouse brain toward a site of injury. FASEB J. 2007, 21, 108–116. [CrossRef]
[PubMed]

124. Goldshmit, Y.; Sztal, T.E.; Jusuf, P.R.; Hall, T.E.; Nguyen, C.; Currie, P.D. Fgf-dependent glial cell bridges facilitate spinal cord
regeneration in zebrafish. J. Neurosci. 2012, 32, 7477–7492. [CrossRef]

125. Dawley, E.M.; Samson, O.S.; Woodard, K.T.; Matthias, K.A. Spinal cord regeneration in a tail autotomizing urodele. J. Morphol.
2012, 273, 211–225. [CrossRef] [PubMed]

http://doi.org/10.1126/science.1824728
http://doi.org/10.1016/0006-8993(94)91538-5
http://doi.org/10.1097/00006123-199801000-00009
http://doi.org/10.1016/S0014-2999(01)01308-5
http://doi.org/10.1097/01.anes.0000265163.22007.6d
http://www.ncbi.nlm.nih.gov/pubmed/17457135
http://doi.org/10.1002/prp2.32
http://doi.org/10.1186/1744-8069-11-2
http://www.ncbi.nlm.nih.gov/pubmed/25563474
http://doi.org/10.14712/18059694.2019.181
http://doi.org/10.1016/j.neuropharm.2007.04.002
http://doi.org/10.1111/j.1471-4159.2009.06396.x
http://www.ncbi.nlm.nih.gov/pubmed/19780895
http://doi.org/10.1213/01.ANE.0000060450.80157.FF
http://doi.org/10.3389/fphys.2012.00167
http://doi.org/10.1016/S0006-8993(02)03270-5
http://doi.org/10.1016/j.brainres.2004.05.096
http://www.ncbi.nlm.nih.gov/pubmed/15306249
http://doi.org/10.1016/j.expneurol.2008.04.009
http://doi.org/10.1016/j.conb.2010.04.008
http://doi.org/10.1113/JP270988
http://doi.org/10.1038/nn1623
http://doi.org/10.1038/nature09613
http://www.ncbi.nlm.nih.gov/pubmed/21068832
http://doi.org/10.1016/j.expneurol.2004.10.015
http://www.ncbi.nlm.nih.gov/pubmed/15698614
http://doi.org/10.1002/(SICI)1098-1136(199909)27:3&lt;249::AID-GLIA6&gt;3.0.CO;2-E
http://doi.org/10.1002/glia.10045
http://doi.org/10.1002/jnr.20221
http://www.ncbi.nlm.nih.gov/pubmed/15334597
http://doi.org/10.1038/s41593-020-00783-4
http://doi.org/10.1371/journal.pone.0069734
http://doi.org/10.1038/nrn.2016.159
http://doi.org/10.1177/1073858413504466
http://doi.org/10.1096/fj.06-6848com
http://www.ncbi.nlm.nih.gov/pubmed/17135365
http://doi.org/10.1523/JNEUROSCI.0758-12.2012
http://doi.org/10.1002/jmor.11019
http://www.ncbi.nlm.nih.gov/pubmed/21956379


Int. J. Mol. Sci. 2021, 22, 13577 19 of 21

126. Faulkner, J.R.; Herrmann, J.E.; Woo, M.J.; Tansey, K.E.; Doan, N.B.; Sofroniew, M.V. Reactive astrocytes protect tissue and preserve
function after spinal cord injury. J. Neurosci. 2004, 24, 2143–2155. [CrossRef]

127. Myer, D.J.; Gurkoff, G.G.; Lee, S.M.; Hovda, D.A.; Sofroniew, M.V. Essential protective roles of reactive astrocytes in traumatic
brain injury. Brain 2006, 129, 2761–2772. [CrossRef]

128. Okada, S.; Nakamura, M.; Katoh, H.; Miyao, T.; Shimazaki, T.; Ishii, K.; Yamane, J.; Yoshimura, A.; Iwamoto, Y.; Toyama, Y.; et al.
Conditional ablation of Stat3 or Socs3 discloses a dual role for reactive astrocytes after spinal cord injury. Nat. Med. 2006, 12,
829–834. [CrossRef]

129. Sofroniew, M.V. Molecular dissection of reactive astrogliosis and glial scar formation. Trends Neurosci. 2009, 32, 638–647. [CrossRef]
[PubMed]

130. Wilhelmsson, U.; Bushong, E.A.; Price, D.L.; Smarr, B.L.; Phung, V.; Terada, M.; Ellisman, M.H.; Pekny, M. Redefining the concept
of reactive astrocytes as cells that remain within their unique domains upon reaction to injury. Proc. Natl. Acad. Sci. USA 2006,
103, 17513–17518. [CrossRef]

131. Andrews, E.M.; Richards, R.J.; Yin, F.Q.; Viapiano, M.S.; Jakeman, L.B. Alterations in chondroitin sulfate proteoglycan expression
occur both at and far from the site of spinal contusion injury. Exp. Neurol. 2012, 235, 174–187. [CrossRef]

132. Galtrey, C.M.; Fawcett, J.W. The role of chondroitin sulfate proteoglycans in regeneration and plasticity in the central nervous
system. Brain Res. Rev. 2007, 54, 1–18. [CrossRef] [PubMed]

133. Massey, J.M.; Hubscher, C.H.; Wagoner, M.R.; Decker, J.A.; Amps, J.; Silver, J.; Onfer, S.M. Chondroitinase ABC digestion of the
perineuronal net promotes functional collateral sprouting in the cuneate nucleus after cervical spinal cord injury. J. Neurosci. 2006,
26, 4406–4414. [CrossRef]

134. Massey, J.M.; Amps, J.; Viapiano, M.S.; Matthews, R.T.; Wagoner, M.R.; Whitaker, C.M.; Alilain, W.; Yonkof, A.L.; Khalyfa, A.;
Cooper, N.G.F.; et al. Increased chondroitin sulfate proteoglycan expression in denervated brainstem targets following spinal
cord injury creates a barrier to axonal regeneration overcome by chondroitinase ABC and neurotrophin-3. Exp. Neurol. 2008, 209,
426–445. [CrossRef]

135. Hara, M.; Kobayakawa, K.; Ohkawa, Y.; Kumamaru, H.; Yokota, K.; Saito, T.; Kijima, K.; Yoshizaki, S.; Harimaya, K.; Nakashima,
Y.; et al. Interaction of reactive astrocytes with type I collagen induces astrocytic scar formation through the integrin-N-cadherin
pathway after spinal cord injury. Nat. Med. 2017, 23, 818–828. [CrossRef] [PubMed]

136. Gu, Y.; Cheng, X.; Huang, X.; Yuan, Y.; Qin, S.; Tan, Z.; Wang, D.; Hu, X.; He, C.; Su, Z. Conditional ablation of reactive astrocytes
to dissect their roles in spinal cord injury and repair. Brain Behav. Immun. 2019, 80, 394–405. [CrossRef]

137. Dias, D.O.; Kim, H.; Holl, D.; Solnestam, B.W.; Lundeberg, J.; Carlen, M.; Goritz, C.; Frisen, J. Reducing Pericyte-Derived Scarring
Promotes Recovery after Spinal Cord Injury. Cell 2018, 173, 153–165. [CrossRef] [PubMed]

138. Zamanian, J.L.; Xu, L.; Foo, L.C.; Nouri, N.; Zhou, L.; Giffard, R.G.; Barres, B.A. Genomic analysis of reactive astrogliosis. J.
Neurosci. 2012, 32, 6391–6410. [CrossRef] [PubMed]

139. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.S.;
Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017, 541, 481–487. [CrossRef]

140. Kong, X.; Gao, J. Macrophage polarization: A key event in the secondary phase of acute spinal cord injury. J. Cell. Mol. Med. 2017,
21, 941–954. [CrossRef] [PubMed]

141. Su, Z.; Niu, W.; Liu, M.L.; Zou, Y.; Zhang, C.L. In vivo conversion of astrocytes to neurons in the injured adult spinal cord. Nat.
Commun. 2014, 5, 3338. [CrossRef]

142. Mattugini, N.; Bocchi, R.; Scheuss, V.; Russo, G.L.; Torper, O.; Lao, C.L.; Götz, M. Inducing Different Neuronal Subtypes from
Astrocytes in the Injured Mouse Cerebral Cortex. Neuron 2019, 103, 1086–1095. [CrossRef]

143. Hu, X.; Qin, S.; Huang, X.; Yuan, Y.; Tan, Z.; Gu, Y.; Cheng, X.; Wang, D.; Lian, X.F.; He, C.; et al. Region-Restrict Astrocytes
Exhibit Heterogeneous Susceptibility to Neuronal Reprogramming. Stem Cell Rep. 2019, 12, 290–304. [CrossRef] [PubMed]

144. Buffo, A.; Vosko, M.R.; Ertürk, D.; Hamann, G.F.; Jucker, M.; Rowitch, D.; Götz, M. Expression pattern of the transcription factor
Olig2 in response to brain injuries: Implications for neuronal repair. Proc. Natl. Acad. Sci. USA 2005, 102, 18183–18188. [CrossRef]

145. Berninger, B.; Costa, M.R.; Koch, U.; Schroeder, T.; Sutor, B.; Grothe, B.; Götz, M. Functional properties of neurons derived from
in vitro reprogrammed postnatal astroglia. J. Neurosci. 2007, 27, 8654–8664. [CrossRef] [PubMed]

146. Heinrich, C.; Blum, R.; Gascón, S.; Masserdotti, G.; Tripathi, P.; Sánchez, R.; Tiedt, S.; Schroeder, T.; Götz, M.; Berninger, B.
Directing astroglia from the cerebral cortex into subtype specific functional neurons. PLoS Biol. 2010, 8, e1000373. [CrossRef]

147. Graham, V.; Khudyakov, J.; Ellis, P.; Pevny, L. SOX2 functions to maintain neural progenitor identity. Neuron 2003, 39, 749–765.
[CrossRef]

148. Chew, L.J.; Gallo, V. The Yin and Yang of Sox proteins: Activation and repression in development and disease. J. Neurosci. Res.
2009, 87, 3277–3287. [CrossRef]

149. Zhang, R.; Engler, A.; Taylor, V. Notch: An interactive player in neurogenesis and disease. Cell Tissue Res. 2018, 371, 73–89.
[CrossRef]

150. Gascón, S.; Masserdotti, G.; Russo, G.L.; Götz, M. Direct Neuronal Reprogramming: Achievements, Hurdles, and New Roads to
Success. Cell Stem Cell 2017, 21, 18–34. [CrossRef] [PubMed]

151. Wang, L.L.; Zhang, C.L. Engineering new neurons: In vivo reprogramming in mammalian brain and spinal cord. Cell Tissue Res.
2018, 371, 201–212. [CrossRef]

http://doi.org/10.1523/JNEUROSCI.3547-03.2004
http://doi.org/10.1093/brain/awl165
http://doi.org/10.1038/nm1425
http://doi.org/10.1016/j.tins.2009.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19782411
http://doi.org/10.1073/pnas.0602841103
http://doi.org/10.1016/j.expneurol.2011.09.008
http://doi.org/10.1016/j.brainresrev.2006.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17222456
http://doi.org/10.1523/JNEUROSCI.5467-05.2006
http://doi.org/10.1016/j.expneurol.2007.03.029
http://doi.org/10.1038/nm.4354
http://www.ncbi.nlm.nih.gov/pubmed/28628111
http://doi.org/10.1016/j.bbi.2019.04.016
http://doi.org/10.1016/j.cell.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29502968
http://doi.org/10.1523/JNEUROSCI.6221-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22553043
http://doi.org/10.1038/nature21029
http://doi.org/10.1111/jcmm.13034
http://www.ncbi.nlm.nih.gov/pubmed/27957787
http://doi.org/10.1038/ncomms4338
http://doi.org/10.1016/j.neuron.2019.08.009
http://doi.org/10.1016/j.stemcr.2018.12.017
http://www.ncbi.nlm.nih.gov/pubmed/30713039
http://doi.org/10.1073/pnas.0506535102
http://doi.org/10.1523/JNEUROSCI.1615-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17687043
http://doi.org/10.1371/journal.pbio.1000373
http://doi.org/10.1016/S0896-6273(03)00497-5
http://doi.org/10.1002/jnr.22128
http://doi.org/10.1007/s00441-017-2641-9
http://doi.org/10.1016/j.stem.2017.06.011
http://www.ncbi.nlm.nih.gov/pubmed/28686866
http://doi.org/10.1007/s00441-017-2729-2


Int. J. Mol. Sci. 2021, 22, 13577 20 of 21

152. Miyanohara, A.; Kamizato, K.; Juhas, S.; Juhasova, J.; Navarro, M.; Marsala, S.; Lukacova, N.; Hruska-Plochan, M.; Curtis, E.;
Gabel, B.; et al. Potent spinal parenchymal AAV9-mediated gene delivery by subpial injection in adult rats and pigs. Mol. Ther.
Methods Clin. Dev. 2016, 3, 16046. [CrossRef] [PubMed]

153. Tadokoro, T.; Miyanohara, A.; Navarro, M.; Kamizato, K.; Juhas, S.; Juhasova, J.; Marsala, S.; Platoshyn, O.; Curtis, E.; Gabel, B.;
et al. Subpial Adeno-associated Virus 9 (AAV9) Vector Delivery in Adult Mice. J. Vis. Exp. 2017, 13, 55770. [CrossRef]

154. Bravo-Hernández, M.; Tadokoro, T.; Marsala, M. Subpial AAV Delivery for Spinal Parenchymal Gene Regulation in Adult
Mammals. Methods Mol. Biol. 2019, 1950, 209–233.

155. Bravo-Hernandez, M.; Tadokoro, T.; Navarro, M.R.; Platoshyn, O.; Kobayashi, Y.; Marsala, S.; Miyanohara, A.; Juhas, S.; Juhasova,
J.; Skalnikova, H. Spinal subpial delivery of AAV9 enables widespread gene silencing and blocks motoneuron degeneration in
ALS. Nat. Med. 2020, 26, 118–130. [CrossRef]

156. Marsala, M.; Kamizato, K.; Tadokoro, T.; Navarro, M.; Juhas, S.; Juhasova, J.; Marsala, S.; Studenovska, H.; Proks, V.; Hazel, T.;
et al. Spinal parenchymal occupation by neural stem cells after subpial delivery in adult immunodeficient rats. Stem Cells Transl.
Med. 2020, 9, 177–188. [CrossRef] [PubMed]

157. Li, G.; Fan, Z.K.; Gu, G.F.; Jia, Z.Q.; Zhang, Q.Q.; Dai, J.Y.; He, S.S. Epidural Spinal Cord Stimulation Promotes Motor Functional
Recovery by Enhancing Oligodendrocyte Survival and Differentiation and by Protecting Myelin after Spinal Cord Injury in Rats.
Neurosci. Bull. 2020, 36, 372–384. [CrossRef]

158. McKasson, M.J.; Huang, L.; Robinson, K.R. Chick embryonic Schwann cells migrate anodally in small electrical fields. Exp. Neurol.
2008, 211, 585–587. [CrossRef] [PubMed]

159. Zhao, M.; Song, B.; Pu, J.; Wada, T.; Reid, B.; Tai, G.; Wang, F.; Guo, A.; Walczysko, P.; Gu, Y.; et al. Electrical signals control
wound healing through phosphatidylinositol-3-OH kinase-gamma and PTEN. Nature 2006, 442, 457–460. [CrossRef] [PubMed]

160. Blackiston, D.J.; McLaughlin, K.A.; Levin, M. Bioelectric controls of cell proliferation: Ion channels, membrane voltage and the
cell cycle. Cell Cycle 2009, 8, 3527–3536. [CrossRef] [PubMed]

161. Mie, M.; Endoh, T.; Yanagida, Y.; Kobatake, E.; Aizawa, M. Induction of neural differentiation by electrically stimulated gene
expression of NeuroD2. J. Biotechnol. 2003, 100, 231–238. [CrossRef]

162. Li, Y.; Weiss, M.; Yao, L. Directed migration of embryonic stem cell-derived neural cells in an applied electric field. Stem Cell Rev.
2014, 10, 653–662. [CrossRef]

163. Zhao, M.; Agius-Fernandez, A.; Forrester, J.V.; McCaig, C.D. Orientation and directed migration of cultured corneal epithelial
cells in small electric fields are serum dependent. J. Cell Sci. 1996, 109, 1405–1414. [CrossRef]

164. Rajnicek, A.M.; Robinson, K.R.; McCaig, C.D. The direction of neurite growth in a weak DC electric field depends on the
substratum: Contributions of adhesivity and net surface charge. Dev. Biol. 1998, 203, 412–423. [CrossRef]

165. McCaig, C.D.; Rajnicek, A.M.; Song, B.; Zhao, M. Controlling cell behavior electrically: Current views and future potential.
Physiol. Rev. 2005, 85, 943–978. [CrossRef]

166. McCaig, C.D.; Song, B.; Rajnicek, A.M. Electrical dimensions in cell science. J. Cell Sci. 2009, 122, 4267–4276. [CrossRef]
167. Borgens, R.B.; Shi, R.; Mohr, T.J.; Jaeger, C.B. Mammalian Cortical Astrocytes Align Themselves in a Physiological Voltage

Gradient. Exp. Neurol. 1994, 128, 41–49. [CrossRef]
168. Moriarty, L.J.; Borgens, R.B. An oscillating extracellular voltage gradient reduces the density and infuences the orientation of

astrocytes in injured mammalian spinal cord. J. Neurocytol. 2001, 30, 45–57. [CrossRef] [PubMed]
169. Moriarty, L.J.; Borgens, R.B. The effect of an applied electric field on macrophage accumulation within the subacute spinal injury.

Restor. Neurol. Neurosci. 1999, 14, 53–64. [PubMed]
170. Borgens, R.B.; Toombs, J.P.; Breur, G.; Widmer, W.R.; Waters, D.; Harbath, A.M.; March, P.; Adams, L.G. An imposed oscillating

electrical field improves the recovery of function in neurologically complete paraplegic dogs. J. Neurotrauma 1999, 16, 639–657.
[CrossRef] [PubMed]

171. Bacova, M.; Bimbova, K.; Fedorova, J.; Lukacova, N.; Galik, J. Epidural oscillating field stimulation as an effective therapeutic
approach in combination therapy for spinal cord injury. J. Neurosci. Methods 2019, 311, 102–110. [CrossRef]

172. Bacova, M.; Bimbova, K.; Kisucka., A.; Lukacova, N.; Galik, J. Epidural oscillating field stimulation as a trigger to increase axonal
regenerative capacity and myelination after spinal cord trauma. J. Neural Regen. Res. 2021. [CrossRef]

173. Zhang, C.; Zhang, G.; Rong, W.; Wang, A.; Wu, C.; Huo, X. Oscillating field stimulation promotesspinal cord remyelination by
inducing differentiation of oligodendrocyte precursor cells after spinal cord injury. Biomed. Mater. Eng. 2014, 24, 3629–3636.
[PubMed]

174. Jing, J.H.; Qian, J.; Zhu, N.; Chou, W.B.; Huang, X.J. Improved differentiation of oligodendrocyte precursor cells and neurological
function after spinal cord injury in rats by oscillating field stimulation. Neuroscience 2015, 303, 346–351. [CrossRef]

175. Keough, M.B.; Rogers, J.A.; Zhang, P.; Jensen, S.K.; Stephenson, E.L.; Chen, T.; Hurlbert, M.G.; Lau, L.W.; Rawji, K.S.; Plemel, J.R.;
et al. An inhibitor of chondroitin sulfate proteoglycan synthesis promotes central nervous system remyelination. Nat. Commun.
2016, 7, 11312. [CrossRef]

176. McCaig, C.D.; Erskine, L. Nerve growth and nerve guidance in a physiological electrical field. In Nerve Growth and Guidance
(Frontiers in Neurobiology); McCaig, C.D., Ed.; Portland Press Ltd.: London, UK, 1996; Volume 2, pp. 151–170.

177. McCaig, C.D.; Sangster, L.; Stewart, R. Neurotrophins enhance electric field-directed growth cone guidance and directed nerve
branching. Dev. Dyn. 2000, 217, 299–308. [CrossRef]

http://doi.org/10.1038/mtm.2016.46
http://www.ncbi.nlm.nih.gov/pubmed/27462649
http://doi.org/10.3791/55770
http://doi.org/10.1038/s41591-019-0674-1
http://doi.org/10.1002/sctm.19-0156
http://www.ncbi.nlm.nih.gov/pubmed/31800978
http://doi.org/10.1007/s12264-019-00442-0
http://doi.org/10.1016/j.expneurol.2008.02.015
http://www.ncbi.nlm.nih.gov/pubmed/18396278
http://doi.org/10.1038/nature04925
http://www.ncbi.nlm.nih.gov/pubmed/16871217
http://doi.org/10.4161/cc.8.21.9888
http://www.ncbi.nlm.nih.gov/pubmed/19823012
http://doi.org/10.1016/S0168-1656(02)00284-5
http://doi.org/10.1007/s12015-014-9518-z
http://doi.org/10.1242/jcs.109.6.1405
http://doi.org/10.1006/dbio.1998.9039
http://doi.org/10.1152/physrev.00020.2004
http://doi.org/10.1242/jcs.023564
http://doi.org/10.1006/exnr.1994.1111
http://doi.org/10.1023/A:1011917424450
http://www.ncbi.nlm.nih.gov/pubmed/11577245
http://www.ncbi.nlm.nih.gov/pubmed/12671271
http://doi.org/10.1089/neu.1999.16.639
http://www.ncbi.nlm.nih.gov/pubmed/10447075
http://doi.org/10.1016/j.jneumeth.2018.10.020
http://doi.org/10.1016/j.jneumeth.2018.10.020
http://www.ncbi.nlm.nih.gov/pubmed/25227077
http://doi.org/10.1016/j.neuroscience.2015.07.017
http://doi.org/10.1038/ncomms11312
http://doi.org/10.1002/(SICI)1097-0177(200003)217:3&lt;299::AID-DVDY8&gt;3.0.CO;2-G


Int. J. Mol. Sci. 2021, 22, 13577 21 of 21

178. Al-Majed, A.A.; Brushart, T.M.; Gordon, T. Electrical stimulation accelerates and increases expression of BDNF and trkB mRNA
in regeneratingrat femoral motoneurons. Eur. J. Neurosci. 2000, 12, 4381–4390.

179. Al-Majed, A.A.; Tam, S.L.; Gordon, T. Electrical stimulation accelerates and enhances expression of regeneration-associated genes
in regenerating rat femoral motoneurons. Cell. Mol. Neurobiol. 2004, 24, 379–402. [CrossRef]

180. Puttagunta, R.; Tedeschi, A.; Sória, M.G.; Hervera, A.; Lindner, R.; Rathore, K.I.; Gaub, P.; Joshi, Y.; Nguyen, T.; Schmadke, A.;
et al. PCAF-dependent epigenetic changes promote axonal regeneration in the central nervous system. Nat. Commun. 2014, 5,
3527. [CrossRef]

181. Cho, Y.; Cavalli, V. HDAC5 is a novel injury-regulated tubulin deacetylase controlling axon regeneration. EMBO J. 2012, 31,
3063–3078. [CrossRef] [PubMed]

182. Mekki, M.; Delgado, A.D.; Fry, A.; Putrino, D.; Huang, V. Robotic Rehabilitation and Spinal Cord Injury: A Narrative Review.
Neurotherapeutics 2018, 15, 604–617. [CrossRef] [PubMed]

183. Detloff, M.R.; Smith, E.J.; Molina, D.Q.; Ganzer, P.D.; Houlé, J.D. Acute exercise prevents the development of neuropathic pain
and the sprouting of non-peptidergic (GDNF- and artemin-responsive) c-fibers after spinal cord injury. Exp. Neurol. 2014, 255,
38–48. [CrossRef] [PubMed]

184. Khalki, L.; Sadlaoud, K.; Lerond, J.; Coq, J.O.; Brezun, J.M.; Vinay, L.; Coulon, P.; Bras, H. Changes in innervation of lumbar
motoneurons and organization of premotor network following training of transected adult rats. Exp. Neurol. 2018, 299, 1–14.
[CrossRef] [PubMed]

185. Sandrow-Feinberg, H.R.; Houlé, J.D. Exercise after spinal cord injury as an agent for neuroprotection, regeneration and rehabilita-
tion. Brain Res. 2015, 1619, 12–21. [CrossRef]

186. Li, X.; Wu, Q.; Xie, C.; Wang, C.; Wang, Q.; Dong, C.; Fang, L.; Ding, J.; Wang, T. Blocking of BDNF-TrkB signaling inhibits the
promotion effect of neurological function recovery after treadmill training in rats with spinal cord injury. Spinal Cord 2018, 57,
65–74. [CrossRef]

187. Kiss Bimbova, K.; Bacova, M.; Kisucka, A.; Galik, J.; Zavacky, P.; Lukacova, N. Activation of three major signaling pathways after
endurance training and spinal cord injury. Mol. Neurobiol. 2021. [CrossRef]

188. Zhang, Q.; Bian, G.; Chen, P.; Liu, L.; Yu, C.; Liu, F.F.; Xue, Q.; Chung, S.K.; Song, B.; Ju, G.; et al. Aldose Reductase Regulates
Microglia/Macrophages Polarization Through the cAMP Response Element-Binding Protein After Spinal Cord Injury in Mice.
Mol. Neurobiol. 2016, 53, 662–676. [CrossRef]

189. Mohanraj, M.; Sekar, P.; Liou, H.H.; Chang, S.F.; Lin, W.W. The Mycobacterial Adjuvant Analogue TDB Attenuates Neuroinflam-
mation via Mincle-Independent PLC-γ1/PKC/ERK Signaling and Microglial Polarization. Mol. Neurobiol. 2018, 56, 1167–1187.
[CrossRef]

http://doi.org/10.1023/B:CEMN.0000022770.66463.f7
http://doi.org/10.1038/ncomms4527
http://doi.org/10.1038/emboj.2012.160
http://www.ncbi.nlm.nih.gov/pubmed/22692128
http://doi.org/10.1007/s13311-018-0642-3
http://www.ncbi.nlm.nih.gov/pubmed/29987763
http://doi.org/10.1016/j.expneurol.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/24560714
http://doi.org/10.1016/j.expneurol.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28917641
http://doi.org/10.1016/j.brainres.2015.03.052
http://doi.org/10.1038/s41393-018-0173-0
http://doi.org/10.1007/s12035-021-02628-y
http://doi.org/10.1007/s12035-014-9035-8
http://doi.org/10.1007/s12035-018-1135-4

	Introduction 
	Neutrophils and Monocytes Respond Early after SCI 
	Microglia Rapidly Accumulate around the Lesion Site and Influences Neurons and Astrocytes in the Subacute Phase after SCI 
	Protection of Microglial Phenotypes after SCI 
	Early Modulation of Inflammatory Response after SCI 
	Changes in Gut Microbiota Resulting from SCI as a Trigger of Inflammatory Response 
	Promising Modulation Strategies of SCI-Induced Microglial Plasticity and Gut Dysbiosis 
	Interactions in Pathogenesis, Maintenance and Escalation of SCI-Induced Neuropathic Pain, and Development of Therapy 
	Astrocytes Response to SCI 
	Microglial and Astrocyte Polarization after SCI 
	In Vivo Conversion of Astrocytes to Neurons 
	The Effect of Weak Long-Term Electrostimulation on Spinal Cord Functional Recovery 
	Rehabilitation-Comprehensive and Effective Therapeutic Strategy after SCI 
	Conclusions and Future Direction 
	References

