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Abstract

Spinal cord injury (SCI) is an incurable trauma that frequently results in partial or complete
loss of motor and sensory function. Massive neurons are damaged after the initial mechanical
insult. Secondary injuries, which are triggered by immunological and inflammatory responses,
also result in neuronal loss and axon retraction. This results in defects in the neural circuit and a
deficiency in the processing of information. Although inflammatory responses are necessary for
spinal cord recovery, conflicting evidence of their contributions to specific biological processes
have made it difficult to define the specific role of inflammation in SCI. This review summarizes
our understanding of the complex role of inflammation in neural circuit events following SCI,
such as cell death, axon regeneration and neural remodeling. We also review the drugs that
regulate immune responses and inflammation in the treatment of SCl and discuss the roles of
these drugs in the modulation of neural circuits. Finally, we provide evidence about the critical role
of inflammation in facilitating spinal cord neural circuit regeneration in zebrafish, an animal model
with robust regenerative capacity, to provide insights into the regeneration of the mammalian
central nervous system.
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Highlights

* The complex roles of inflammation in neural circuit events following SCI are discussed.

* The drugs regulating immune responses and inflammation in the treatment of SCI are reviewed, as well as their roles in the

pathophysiology of SCI.

OXFORD

* The positive roles of inflammation in facilitating spinal cord neural circuit regeneration in zebrafish are reviewed.
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Background

The inflammatory responses that occur after spinal cord
injury (SCI) are complicated and can have both beneficial and
detrimental effects. For example, drugs that suppress immune
responses or inflammation, such as methylprednisolone and
minocycline, have been employed to treat SCI [1,2]. On the
other hand, drugs that activate inflammatory signaling can
also mitigate secondary damage [3]. The use of these medica-
tions is constrained by their poor therapeutic efficacy and the
possibility of negative side effects. To date, no effective anti-
inflammation drugs have been developed for SCI, primarily
due to limited understanding of the SCI-associated inflam-
matory responses. For instance, researchers are still looking
into the periods in which inflammation plays a role as well
as the biological processes that inflammation affects. Poor
functional recovery in SCI is a result of the degeneration of
neural circuits brought on by neuronal loss, axonal retraction
or synaptic damage, which limits the processing of ascending
or descending signals. Therefore, it is crucial to comprehend
how inflammation affects modifications to neural circuits
following SCI.

While mammalian SCI is irreversible, some teleosts,
including zebrafish, have a high capacity for neural circuit
regeneration [4]. Because inflammation develops differently
in fish and mammals, this divergence could lead to a
significant advance in the research of regeneration.

Review

Immune and inflammation responses in SCI

SCI consists of primary injury and secondary injury. Pri-
mary injury is related to the initial traumatic injury and
is caused by the destructive impact, resulting in immediate
and irreversible mechanical injury. Primary injury triggers a
pathophysiological cascade, including the secondary injury
stage. Secondary injury begins as early as a few minutes
after the initial trauma and is divided into three stages:
acute, subacute and chronic [5-8]. Although the pathological
mechanism of SCI is similar across different species, the rate
of illness evolution varies, such as between mice and humans.
In rodents, secondary injury can be divided into an acute
stage (<24 h), a subacute stage (from 24 h to 7 days) and a
chronic stage (>7 days) [8]. In humans, the transition between
the acute phase and subacute phase usually occurs within a
few hours to 48 h after injury, and the change from acute to
chronic phase is thought to happen at 6 months [5]. The acute
secondary injury stage is characterized by vascular injury,
excitotoxicity, ionic imbalance, oxidative damage, the inflam-
matory response and immune cell activation. Acute secondary
injury leads to the subacute secondary injury stage, which is
characterized by neuronal apoptosis, Wallerian degeneration,
reactive astrocyte activation, axonal remodeling and glial
scar formation. Subacute secondary injury leads to chronic
secondary injury, which is characterized by the development
of cysts, axonal dieback and glial scar maturation (Figure 1)
[6,7,9,10].

Immediately after SCI, neutrophils and microglia become
activated and secrete a number of cytokines, such as
interleukin-18 (IL-18), tumor necrosis factor alpha (TNF-
a) and interleukin 6 (IL-6). This causes the subsequent
infiltration of monocyte-derived macrophages, which play
an important role in scavenging tissue debris at the lesion
site. During the subacute phase, monocytes and macrophages
infiltrate the spinal cord and produce proinflammatory
cytokines, chemokines, autoantibodies, reactive oxygen and
nitrogen species and other inflammatory mediators. The
neuroinflammatory response is important for secondary
injury, which results in cell death and tissue degeneration
in the subacute and chronic stages. The inflammatory
process and secreted cytokines have been extensively
examined [11]. In this review, we will concentrate on the
role of inflammation in different damaged neural circuits
after SCI.

Cell death and inflammation

There are two main types of cell death, non-programmed
cell death and programmed cell death. Non-programmed
cell death, also known as necrosis, is an unregulated pas-
sive process. It is generally accepted that this type of non-
programmed cell death can be triggered by proinflammatory
cytokines, glutamate excitotoxicity, ionic imbalance and toxic
components. Apoptosis, necroptosis, autophagy, ferroptosis
and pyroptosis are examples of programmed cell death, which
is a type of cell death controlled by regulatory mechanisms.
Pyroptosis is a form of cell death that is triggered by proin-
flammatory signaling and requires the activation of caspase-
1 and/or caspasell (caspase 4/5 in humans). Pyroptosis is
most commonly observed in phagocytes of the myeloid lin-
eage, such as macrophages, dendritic cells and neutrophils
[12]. The function of inflammasomes in pyroptosis has been
thoroughly covered in other articles [13]. Here we will focus
on apoptosis and necroptosis.

Apoptosis and inflammation

Apoptosis has been considered to be an immunologically
silent form of cell death, and dying cells are cleared by
phagocytes during this process. Apoptosis does not result in
a proinflammatory reaction because the membrane of dying
cells that are engulfed by phagocytes is still intact and the
cell contents do not come into contact other surrounding
cells [14]. Furthermore, apoptotic cells maintain this anti-
inflammatory state even after entering secondary necrosis and
leaking their cellular contents [14,15]. Apoptosis can be reg-
ulated by inflammation even when it does not trigger proin-
flammatory responses. TNF-« is a proinflammatory cytokine
that can induce apoptosis in non-immune cells via its receptor
TNF receptor 1, whose intracellular death domain activates
caspase-8 and caspase-10, resulting in cell death. This process
can be regulated by other inflammatory signaling pathways.
For example, inducible NO synthase is a key inflammatory
mediator that can activate TNF-a-mediated signaling [16,17].
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Figure 1. Cellular events following SCI over time. Damage and cellular events, as well as immune cell activation, are revealed. Primary injury triggers a
pathophysiological cascade, including the secondary injury stage. Secondary injury begins as early as a few minutes after the initial trauma and is divided
into three stages: acute, subacute and chronic injury. The changes of various cells (neutrophils, microglia, monocytes/macrophages, lymphocytes and NK cells)
in the process of SCI are marked. This Figure is modified from [11,99] with permission. SCI spinal cord injury, NK cells natural killer cells

Fas (also known as CD95) is another extrinsic immune-
related signaling protein that is expressed by multiple cell
types after SCI, including astrocytes, oligodendrocytes and
microglia. In both the acute and subacute stages of SCI,
activation of this cell-death receptor causes apoptosis and
an inflammatory response [18]. Following SCI, Fas-deficient
mice have a significant decrease in apoptosis, as well as
inflammation, as shown by a decrease in cytokine expression
[18]. Although cell death is unavoidable during primary SCI,
studies have shown that inhibiting apoptosis can promote
functional recovery. Interestingly, inhibiting Fas signaling in
transgenic fas-deficient mice or administering soluble Fas
receptor to block receptor activity can significantly improve
functional recovery after SCI [18,19].

Other evidence suggests a correlation between inflam-
mation and apoptosis. For example, an increase in p38
expression was associated with inflammation and apoptosis
after SCI, and the p38 inhibitor SB203580 alleviated sec-
ondary SCI by suppressing inflammation and apoptosis [20].
Deficiency in progranulin, a 593 amino acid-long secreted
glycoprotein, is detrimental to SCI recovery by promoting

apoptosis and neuroinflammation [21]. Metformin inhibited
neuronal apoptosis and the inflammatory response by
increasing the expression of catenin and brain-derived
neurotrophic factor and promoted motor functional recovery
in rats following SCI in a recent study [22]. The above
research results show that studying the relationship between
apoptosis and inflammation and looking for ways to inhibit
apoptosis after SCI may have important clinical significance
for further treatment of SCI.

Necroptosis and inflammation

Necroptosis, which is also known as programmed necro-
sis, results in similar morphological changes to necrosis,
such as ruptured cell membranes, enlarged cell volumes and
swollen organelles. In necroptosis, activated TNF-a stimu-
lates receptor-interacting protein kinases 1/3 (RIPK1/3) and
mixed lineage kinase domain-like protein (MLKL) signaling.
In contrast to apoptosis, necroptosis requires RIPK activity,
which is regulated by a caspase-independent pathway [23].
After SCI, the expression levels of RIPK1, RIPK3 and MLKL
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are upregulated, although their peak expression varies tem-
porally; RIPK3 and MLKL peak 1 day post-injury (dpi) [24]
and RIPK1 peaks 3 dpi [25]. Inhibiting MLKL activity in SCI
can facilitate neurological function recovery [26].

It has been discovered that multiple inflammatory signal-
ing pathways are actively involved in the process of necrop-
tosis. Reactive astrocytes undergo necroptosis in response to
the inflammatory response-related gene toll-like receptor 4
(TLR4) and myeloid differentiation primary response gene
88 [27,28]. Lipopolysaccharide-induced neuroinflammation
promotes necroptosis in neurons, which is facilitated by
smad ubiquitination regulatory factor 1 [29]. According to
a study showing that the necroptosis inhibitor necrostatin-
1 can lessen tissue loss and speed up functional recovery
following SCI in mice, suppressing necroptosis appears to be
advantageous [30]. Notably, in contrast to apoptosis, necrop-
tosis results in the release of cytokines or other inflamma-
tory mediators into the extracellular environment. Therefore,
there might be complex crosstalk between inflammation and
necroptosis.

Future investigations should look into the relationship
between inflammation and cell death, specifically pro-
grammed cell death, in secondary injury in SCI. It would also
be intriguing to investigate whether cell death is a potential
target for inflammation-modulated SCI therapy.

Role of inflammation in neural remodeling and axon
regeneration

Both neural remodeling and axon regeneration are essential
biological processes for the reorganization of neural circuitry,
and inflammation signaling appears to play multiple roles in
both of these processes. Microglia can interact with damaged
axons and phagocytose dendrites [31], potentially exacer-
bating synaptic damage. This process may involve matrix
metallopeptidase 9 and chemokine [32-34]. Axon sprouting,
synaptic remodeling and functional recovery are all enhanced
by deletion of CX3CR1, a chemokine receptor that binds to
CX3CL1 in microglia/macrophages [35]. On the other hand,
inflammatory stimulation can also promote axon regener-
ation after SCI. Intraspinal injection of the TLR2 agonist
Pam2CSK4 prevents axonal dieback [3]. This outcome is
consistent with research that indicates that the potent inflam-
matory stimulus zymosan can encourage axon regeneration
by activating macrophages [36].

It is worth noting that macrophages can either promote
axon regrowth or exacerbate tissue remodeling. The different
roles of macrophages may come from their heterogeneity.
Many of the negative effects of macrophage interactions have
been attributed to the M1-like phenotype, which orchestrates
glutamate- and nitric oxide-induced neuronal death [37]. M2-
like macrophages, which are normally repressed, are benefi-
cial, and their activation may reduce axonal dieback by reduc-
ing gliosis and the expression of proinflammatory cytokines
such as IL-1 [38,39]. Therefore, when targeting macrophages,
the diverse roles of macrophages must be considered [36].

Other immune-related cells associated with axonal recov-
ery have been identified. Neutrophils are a diverse immune
cell population that is essential for immune defense. A subset
of neutrophils with axon regenerative properties has been
discovered [40], which is defined as CD14 + Ly6Glo granu-
locytes, and these cells resemble immature neutrophils. This
subpopulation promotes axonal regrowth in SCI [40]. In SCI,
activated B cells secrete the antibody complement compo-
nent 1q, which exacerbates axon pathology and demyelina-
tion, and this effect is ameliorated in mice with B-cell defi-
ciency [41]. Leukocytes can be induced by IL-6 or leukemia
inhibitory factor and inhibit axonal growth and impair loco-
motor recovery [42]. T cells can be activated by vaccination
with myelin basic protein and exacerbate demyelination and
axonal pathology in both mice and rats, leading to increased
tissue destruction [43,44]. Inflammatory signals generated
or stimulated by these cells may be critical for functional
recovery after SCI. Therefore, it is necessary to investigate
how various cell types orchestrate inflammatory signaling
and contribute to neural remodeling.

Zebrafish inflammation in SCI

Both larval and adult zebrafish can regenerate axons and
functionally recover from SCI [45]. Because of the high molec-
ular and genetic conservation between teleosts and mammals,
zebrafish research may be able to overcome the limitations of
non-regenerative mammalian models.

Zebrafish with central nervous system injury may benefit
from acute inflammation, which promotes healing [46]. For
instance, injection of the inflammatory mediator IL-6 into the
ventricles of embryonic zebrafish promotes spinal cord axon
regrowth [47]. Microglia/macrophages in zebrafish express
typical vertebrate macrophage genes, including a variety of
transcriptional regulators, immune pathogen receptors and
pruning-associated genes, suggesting functional conservation
between mammals and fish [48]. It is interesting to note
that in early SCI, many M2-type macrophage genes are
upregulated, whereas changes in the expression of M1-type
macrophage genes are very limited [49]. This rapid expansion
of M2 anti-inflammatory macrophages may contribute to the
advantageous benefits of acute inflammation in zebrafish.

Rapid remission of inflammation is observed in zebrafish
following SCI. Temporal activation of microglia and
macrophages differs between zebrafish and mammals,
although early activation of microglia and the infiltra-
tion of blood-borne macrophages have been observed at
the wound site in the two species [50]. In mammals,
macrophages and microglia persist at the injury site (for
at least 42 days in rodents and 12 months in humans)
[51-53]. After damage, M1-polarized macrophages persist
for an extended period of time and exert neurotoxic effects
that result in chronic inflammation and poor functional
recovery [54-56]. However, macrophage depletion was
observed 10 dpi in adult zebrafish spinal cords [50], while
in larval zebrafish, microglia and macrophages peaked at 2
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dpi before significantly declining by 5 dpi [47]. Additionally,
neutrophil counts peaked at 2 hour post injury in larval
zebrafish and then rapidly declined thereafter [47]. The rapid
resolution of inflammation in zebrafish SCI may provide a
favorable extracellular environment for axon growth.

Regulatory T cells, a distinct subtype of T cells that plays a
central role in preserving self-antigen tolerance and reducing
inflammatory tissue injury, are another element in the treat-
ment of SCI. Zebrafish regulatory T cells quickly migrate to
the injured region in damaged organs and produce tissue-
specific regenerative factors through a procedure distinct
from the classic anti-inflammatory pathway to promote the
proliferation of regenerative precursor cells [57].

These findings provide compelling evidence that inflam-
mation plays a role in the pathogenesis of SCI. The timing
and level of immune cell activation may determine whether
inflammation is beneficial or detrimental. The results in
zebrafish show that acute inflammation is mostly advan-
tageous. However, prolonged inflammation may deteriorate
the reorganization of neural circuits. Understanding how to
maximize the role of acute inflammation in neural regenera-
tion and efficiently resolve inflammation is important for the
development of regenerative medicines.

Immune-targeting strategies for spinal cord
regeneration

To date, methylprednisolone is the only pharmacological
agent that has received clinical approval for the treatment of
SCIL, but the risks associated with corticosteroid treatment
(e.g. gastrointestinal bleeding and wound infection) and
limitations in functional recovery restrict its use [1]. Despite
these drawbacks, it has been demonstrated that methyl-
prednisolone is beneficial in suppressing inflammation,
particularly microglial and macrophage activation, which
aids in preventing tissue loss. Minocycline is a clinically
available antibiotic with anti-inflammatory properties.
Numerous animal models have revealed promising neuro-
protective effects of minocycline. Minocycline pretreatment
and treatment can significantly prevent production of the
proinflammatory and neurotoxic cytokines TNF-o and
IL-1B, thereby significantly reducing spinal cord tissue
damage and functional and sensory complications after
injury [2]. In clinical trials, minocycline can effectively
suppress inflammation [58], and its administration tends to
promote sensory and function outcomes, though no statistical
significance has been observed [59]. The combination of
minocycline and methylprednisolone is more effective than
either drug alone. After SCI, combination therapy can
effectively lower levels of lipid peroxidation as well as TNF-
« and IL-6 levels, preventing the death of neuronal and glial
cells [60].

A variety of targeting strategies for microglia and
macrophages have been suggested to be effective. Pro-
inflammatory M1 macrophages and anti-inflammatory M2
macrophages have been identified as a result of research
into macrophage heterogeneity [54]. Overall, a strategy that

boosts M2 activation or prevents the activation of M1
cells is advantageous for SCI recovery. For example, the
administration of cytokines associated with M2 activation,
including IL-4, IL-10 and IL-13, improves functional
outcomes in SCIL. Blocking M1 activation by blocking
IL-6 or TNF-a facilitates tissue repair and functional
recovery [61]. Minocycline can reduce macrophage activation
(Table 1). Granulocyte-colony stimulating factor (G-CSF)
and substance P can induce M2 macrophages (Table 1).
These strategies have significantly enhanced neural circuit
reorganization in SCI. Clinical trials revealed that G-CSF can
slightly improve sensory and motor function in SCI patients,
as shown by anti-inflammatory, myelin-protective and axon-
regenerative effects [62], though its long-term effects require
further investigation [63]. Table 1 also summarizes additional
anti-inflammatory drugs used in the treatment of SCI and
their potential roles in neural circuits.

Conclusions

Inflammation plays a complex role in SCI injury and regen-
eration. Generally, early inflammatory events are critical for
removing pathogens and cellular debris, as well as limiting
the severity of acute injury. Excessive inflammatory responses
after acute stages may impair axonal regeneration, neuronal
regrowth and remyelination, resulting in severe neurological
dysfunction. Notably, some inflammatory events, such as the
activation of M2 macrophages, may be beneficial for regener-
ation. Inflammation management has emerged as one of the
most important therapeutic strategies preventing apoptosis
and oxidative damage, as well as promoting angiogenesis
and neuronal regeneration. Future studies may focus on the
precise function of distinct immune cells and the downstream
signaling networks triggered by inflammation, as well as
the ideal way to develop regenerative medicine strategies by
effectively targeting inflammation. Due to the complexity of
inflammation, it is feasible that concurrently targeting multi-
ple immune cells or signaling may have synergistic effects that
separate signaling cannot foresee.
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