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Spinal cord injury (SCI) is a devastating injury to the central nervous system in which 60 to 80% of patients
experience chronic pain. Unfortunately, this pain is notoriously difficult to treat, with few effective options
currently available. Patients are also commonly faced with various compounding injuries and medical chal-
lenges, often requiring frequent hospitalization and antibiotic treatment. Change in the gut microbiome from the
“normal” state to one of imbalance, referred to as gut dysbiosis, has been found in both patients and rodent
models following SCI. Similarities exist in the bacterial changes observed after SCI and other diseases with

chronic pain as an outcome. These changes cause a shift in the regulation of inflammation, causing immune cell
activation and secretion of inflammatory mediators that likely contribute to the generation/maintenance of SCI
pain. Therefore, correcting gut dysbiosis may be used as a tool towards providing patients with effective pain
management and improved quality of life.

1. Introduction

Spinal cord injury (SCI) is a devastating injury affecting approxi-
mately 2.5 million people worldwide (Kopp et al., 2013). While direct
damage is restricted to the central nervous system (CNS), people often
experience adverse effects in multiple organ systems that can depend on
injury level and severity. For example, SCI patients have a significantly
higher risk of developing cardiovascular disease and blood pressure ir-
regularities (Nash and Gater, 2020), renal deterioration (Romo et al.,
2018), and bowel and urinary tract dysfunction (Nseyo and Santiago-
Lastra, 2017; Bernardi et al., 2020), all of which can result in life-
threatening outcomes. These changes in the digestive and urinary sys-
tems are particularly severe and include bowel obstruction, gastroin-
testinal (GI) hemorrhage, oesophagitis, gastric ulcers, cholecystitis, and
lithiasis (Karlsson, 2006; Pan et al., 2014; Holmes and Blanke, 2019).
Approximately 11% of SCI patient rehospitalization is due to GI issues
(Middleton et al., 2004; Jaglal et al., 2009).

Bacterial pneumonia and septicemia are among the leading causes of
death after SCI (DeVivo et al., 1989; Soden et al., 2000) and are known

to impair functional recovery (Failli et al., 2012). The majority of SCI
patients receive multiple rounds of antibiotic treatment after injury due
to secondary bacterial infections and urinary tract infections, leading to
an increased risk of antibiotic resistance (Mylotte et al., 2000; Jahromi
et al., 2014) and adversely affecting the GI microbiota (GIM). Alterna-
tively, several host immune markers, including decreases in CD14"
monocytes, CD3" T lymphocytes, MHC class II cells, and CD19" B
lymphocytes in the circulatory system (Riegger et al., 2009) have been
documented, suggesting that SCI results in imbalances in both the GIM
and the host immune system. This reduction in immune cells may be
dependent on injury level and completeness and/or severity, with a
more detrimental effect in more severe injuries and those located at
higher levels of the spinal cord (Hong et al., 2019).

The gut microbiota, a term used to describe the collection of mi-
croorganisms residing in the human GI system, plays a central role in
overall health, acting on cardiovascular health, digestion, nutrient ab-
sorption, training/maintenance of the mucosal immune system (Shi
et al., 2017; Gorkiewicz and Moschen, 2018). Dysbiosis, the develop-
ment of imbalance in the GIM, correlates with pronounced systemic and
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localized effects on the host, including increased inflammation,
decreased functional recovery, and increased pain or hypersensitivity.
The interplay between the GIM and the host immune system contributes
to immune cell maturation and activity (Rizzetto et al., 2018). Dysbiosis
of the GIM can result in changes in the expression of immune cell-
derived mediators, which in turn can alter the immune response
(Rosser and Mauri, 2016). The GIM plays an essential role in the regu-
lation of both the innate and adaptive immune systems (Belkaid and
Harrison, 2017) by not only providing feedback, but also in the devel-
opment of the immune system in neonates and the functional tuning
throughout life. The production of various compounds by the GIM, such
as short-chain fatty acids (SCFAs) highlighted in this review, also have
the ability to influence the immune system within the GI tract (Chang
et al.,, 2014) and also in peripheral tissues where they promote the
release of immune cells into the bloodstream (Clarke et al., 2010; Bel-
kaid and Harrison, 2017).

The potential interplay between altered immune cell activation and
gut dysbiosis have been suggested to contribute to the development of
chronic pain in various diseases, including cancer pain (Shen et al.,
2017), multiple sclerosis (Mirza and Mao-Draayer, 2017), fibromyalgia
(Clos-Garcia et al., 2019), and irritable bowel syndrome (IBS) (Jeffery
et al., 2012; Hugerth et al., 2020). Many of these diseases include
damage to the CNS and a strong pain phenotype. This chronic pain is
often coupled with depression and a decreased quality of life (Kennedy
and Hasson, 2017; Muller et al., 2017). Here, we explore how changes in
the GIM may play a role in changes to the neuroimmune response both
peripherally and centrally, and, consequently, the development of
chronic pain after SCI (see Fig. 1).

2. Spinal cord injury pain in humans

Pain is categorized as having either a neuropathic (pain developing
from damage to the somatosensory nervous system that does not
diminish as the body heals), inflammatory (pain caused directly by tis-
sue damage and inflammation, which is most often acute but can
become chronic), or nociceptive (pain that occurs in response to im-
mediate tissue damage and which serves as an early-warning protective
response) origin (Woolf, 2010; Pinho-Ribeiro et al., 2017). Nociceptive
pain is common after SCI and is primarily due to the overuse of the upper
body, muscle weakness, poor posture, and spasticity (Bryce et al., 2012).
Approximately 60-80% of SCI patients will experience chronic pain
after their injury (van Gorp et al., 2015). While conventional pharma-
ceutical means such as opioids (e.g., tramadol, morphine, oxycodone),
nonsteroidal anti-inflammatories (e.g., aspirin, ibuprofen), and anti-
convulsants (e.g., gabapentin, pregabalin) are frequently used to aid
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those suffering from SCI pain, this pain is often refractory to treatment
(Mehta et al., 2016). More than half of SCI patients will develop
neuropathic pain (Burke et al., 2017), which is particularly challenging
to treat, given that the mechanisms behind its development are poorly
understood. Neuropathic pain is felt either at-level (meaning, felt at the
spinal injury level and up to 3 segments rostral) and below-level (below
the level of injury) (Bryce et al., 2012). Typically, at-level pain occurs
early after injury, while below-level pain develops in the more chronic
stages — months or years post-injury (Siddall et al., 1997, 2003). Below-
level pain after partial interruption of axonal tracts has been attributed
to a loss of descending inhibition on below-level nociceptive pathways,
such that activity in surviving ascending pain pathways is increased
(Bruce et al., 2002; Hains et al., 2002; You et al., 2008). At-level pain is
typically due to damage to the spinal roots as well as to the cord itself,
whereas below-level pain is due only to spinal cord damage (Siddall
et al., 2003). The majority of patients with at- and below-level pain
experience spontaneous neuropathic pain (Finnerup et al., 2014).

Most spinal cord injuries occur in the cervical region (C1 to C7-T1) of
the cord (Sekhon and Fehlings, 2001). Siddall and colleagues found that
a higher proportion of patients with injuries caudal to or at the cervical
region experienced below-level neuropathic pain than those with SCI
rostral to the cervical region of the cord (Siddall et al., 2003). In addition
to location, a positive correlation is observed between the prevalence of
below-level pain and the severity of injury (Kolstadbraaten et al., 2019).
It is also important to note that SCI rarely happens in the absence of
other injuries. It is often accompanied by a traumatic brain or peripheral
nerve injury, or in the case of motor vehicle accidents with severe
trauma to critical organs, which can complicate the presentation of pain
phenotypes.

After the spinal cord is injured, it can take patients several years to
recover, if at all, and the degree of recovery can be minimal in some
cases (Fakhoury, 2015). In a study of 265 SCI patients, it was observed
that over 80% of patients remained within two sensory levels — defined
as the lowest spinal cord level that still has normal touch sensation — one
year after their injury (Lee et al., 2016). Spontaneous recovery in
humans often does not reach a plateau until approximately 6-12 months
after injury (Kjell and Olson, 2016). Several surveys have found that
people with SCI often place the return of sexual, bladder, and bowel
function and the reduction of chronic pain as key quality-of-life concerns
(Ku, 2006; Sezer et al., 2015; Burke et al., 2018). A challenge that comes
along with SCI research and assessing functional sensory recovery is that
SCI is incredibly heterogeneous. Thus, a concern among the research
community is that limited functional recoveries might be challenging to
detect. Although individual patient recovery scores may only improve to
a small degree, any change is likely to be meaningful to patients and may
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Fig. 1. A decrease in butyrate-producing organisms in the gastrointestinal tract is observed after a spinal cord injury. There is also an increase in TNF-a, IL-B, IL-6,
IFN-y, and CCL2 from activated immune cells and colonic tissue. This increase in inflammatory cytokines pushes macrophages to an M1 phenotype, which has been
shown to result in increased demyelination, nociceptor activation, and hypersensitivity.
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represent a higher degree of independence (Wu et al., 2015).
3. Rodent models of spinal cord injury pain

SCI is usually modelled in the laboratory using rodents (rats and
mice) due to cost, ease of care, and somewhat similar pathologies to the
human response to injury. While rodent models of SCI have some
notable differences to humans, such as the proliferation of cells at the
site of injury (Ma et al., 2001; Goritz et al., 2011) and the lack of the
development of fluid-filled cysts in the mouse (Fleming et al., 2006),
they provide a consistent and cost-effective strategy to study SCI with
the goal of translating findings to the clinic. Most SCI studies are per-
formed in female rats or mice due to ease of bladder expression after
injury. While male and female rats exhibit similar pain profiles, loco-
motor recovery, and microglial/astrocytic reactivity after SCI (Gaudet
etal., 2017, 2018; Walker et al., 2019), myelin sparing is slightly greater
in female rats than in males (Walker et al., 2019). In mice, males
recovered more frequent hindlimb stepping than female mice, with
slightly increased lesion length (McFarlane et al., 2020). Female mice,
on the other hand, exhibit increased anxiety scores using the light-dark
box test and the elevated plus-maze (Fukutoku et al., 2020).

SCI is modelled using various methods, including hemisection,
complete transection, clip-compression, or contusion/compression of
the spinal cord, with each suited to address specific biological questions.
In humans, the majority of SCI cases are due to motor vehicle accidents,
falls, and violence (DeVivo and Chen, 2011); these types of injuries most
closely resemble those produced using the contusive model. Several
tools exist to carry out contusion injury in rodents, including the Ohio
State University electromagnetic SCI device (Behrmann et al., 1992;
Jakeman et al., 2000), the Infinite Horizon Impactor (Scheff et al., 2003;
Ghasemlou et al., 2005), and the New York University Impactor (Gruner,
1992; Kuhn and Wrathall, 1998). There are several recent reviews on
rodent models of SCI (Cheriyan et al., 2014; Steward and Willenberg,
2017; Ahmed et al., 2019; Alizadeh et al., 2019). Most injuries per-
formed in rodents are contusion injuries, and most often in the thoracic
region of the spinal cord (Kramer et al., 2017). Many laboratories are
also now using cervical injury, where most human injuries occur
(Sekhon and Fehlings, 2001).

Pain has been defined by the International Association for the Study
of Pain (IASP) as “an unpleasant sensory and emotional experience asso-
ciated with actual or potential tissue damage, or described in terms of such
damage,” while the newly proposed definition would be “an aversive
sensory and emotional experience typically caused by, or resembling that
caused by, actual or potential tissue injury” (Raja et al., 2020). Given the
difficulty in measuring emotional experience in the rodent, the terms
allodynia (pain from a normally non-noxious stimulus), hyperalgesia
(increased pain from a normally noxious stimulus), and hypersensitivity
(increased response to a stimulus) are often used instead. Changes in
responses to mechanical, cold, and heat stimulus are measured in the
laboratory using various tools, including von Frey monofilaments (me-
chanical), the acetone test (cold), and the hot plate or Hargreaves
radiant heat tests (thermal heat). Several groups have found injury
severity as a critical modulator of the mechanical and thermal behav-
ioural response to SCI in rodents (Lindsey et al., 2000; Boadas-Vaello
et al., 2018), as well as in a single study in patients (Marcondes et al.,
2016).

Several groups have sought to provide a detailed characterization of
the development and maintenance of the hypersensitivity response after
SCI, while others have provided insight into changes at specific time-
points (Bruce et al., 2002). In these studies, mechanical hypersensitivity
is most often observed at 14 days post-injury (dpi) but can develop as
early as 7 dpi or late as 28 dpi depending on injury severity, strain, and
model used (Kerr and David, 2007; Watanabe et al., 2015; Fandel et al.,
2016; Martini et al., 2016; Qian et al., 2017; Tateda et al., 2017; Shin
etal., 2018; Lietal., 2019; Wang et al., 2019). The emergence of thermal
heat hypersensitivity shows more variability but is found to start
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between 7 and 21 dpi (Meisner et al., 2010; Chen et al., 2012; Falnikar
et al., 2016; Nees et al., 2016; Castany et al., 2018; Liu et al., 2019).
Recent work from our laboratory has found that moderate (50kdyn)
contusion injury with 60 s of sustained spinal cord compression results
in an earlier onset of thermal heat and mechanical hypersensitivity
when compared to a moderate contusion injury without compression of
the spinal cord. Sustained compression of the spinal cord results in
increased neuroinflammation and reduced white matter sparing, which
have been correlated with the development of hypersensitivity in mouse
models of SCI (Lindsey et al., 2000; Hoschouer et al., 2010; Boadas-
Vaello et al., 2018; Park et al., 2018). Connections between pain and
the immune response have been recently identified and have been
reviewed by others (Scholz and Woolf, 2007; Ren and Dubner, 2010;
Verma et al., 2015; Raoof et al., 2018); these are discussed only briefly
here. Work from several groups is starting to unravel the mechanisms
underlying the interaction between the nervous and immune systems in
SCI pain (Bastien and Lacroix, 2014; Lerch et al., 2014; Matyas et al.,
2017; Aceves et al., 2019; Chhaya et al., 2019). Immune cells that can
contribute to the pain response include circulatory myeloid and
lymphoid cells and tissue-resident cells.

Microglia proliferate extensively during the first week after injury,
and form a scar in the weeks following injury with astrocytes and
infiltrating macrophages (Bellver-Landete et al., 2019). This microglial
response leads to the recruitment of circulatory immune cells to the site
of injury through the release of various cytokines, such as IL-1f and TNF-
o; the mRNA of these cytokines can be detected within 1-12 h after
injury in mice (Pineau and Lacroix, 2007), while secretion of IL-1f, IL-6,
and TNF-a has been detected from microglia as early as 5 h after injury
in patients (Yang et al., 2004). Neutrophils are the first circulatory cells
to infiltrate the spinal cord and can remain in the cord for at least 72 h
post-injury (Beck et al., 2010). Dampened neutrophil trafficking to the
spinal cord results in a reduction of IL-6, TNF-a, and IL-1f at 12 h post-
injury, and leads to improved locomotor recovery (Saiwai et al., 2010).
These same cytokines have all been implicated in pain development
(Leung and Cahill, 2010; Guptarak et al., 2013; Xiang et al., 2019).

Following the infiltration of neutrophils, circulating monocytes are
recruited to the spinal cord and are likely persist indefinitely in the cord
as macrophages (Donnelly and Popovich, 2008). These macrophages,
which can consist of both microglia and monocytes, exist in a spectrum
of pro- and anti-inflammatory states (previously referred to as M1 and
M2). Flow cytometric analysis suggests that once macrophages phago-
cytose myelin, they shift to an anti-inflammatory phenotype (Boven
et al., 2006). In contrast, the phagocytosis of iron, through the phago-
cytosis of red blood cells, shifts them towards a more pro-inflammatory
state (Kroner et al., 2014). Mice with reduced numbers of proin-
flammatory macrophages have significantly less thermal heat and me-
chanical hypersensitivity 2 weeks after SCI (Honjoh et al., 2019). After
injury, the role of macrophages is not purely detrimental. Recent work
has demonstrated that peripheral macrophages help control microglia
activation, preventing acute and chronic inflammation in the injured
spinal cord (Greenhalgh et al., 2018), and the contribution of these cells
to repair and revascularization in SCI has also been well-characterized
(David et al., 2015; Gensel and Zhang, 2015; Wynn and Vannella,
2016; Orr and Gensel, 2018).

Finally, T and B lymphocytes infiltrate the spinal cord 2-3 weeks
after injury, depending on the species or rodent strains used (Sroga et al.,
2003). The role of T cells in SCI is less clear than that of myeloid cells,
though there is evidence that they can modulate macrophage function,
microvascular endothelial integrity, and axonal conduction (Yarom
et al., 1983; Naparstek et al., 1984; Janeway et al., 1988). For example,
CD4 + T cells secrete immune mediators or express factors implicated in
immune cell recruitment including IL23, IL23R, IFN-y, CXCL9, CXCL11,
and iNOS after SCI (Li et al., 2018). A reduction of CD4 + T cells in the
spinal cord of mice following injury has also been associated with a
reduced risk of developing thermal hypersensitivity (Li et al., 2018).
While only CD4" T cells have been shown to have a role in SCI pain at
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this time, both CD8™ and y5 T cells have the potential also to be involved
in the response to injury (Sun et al., 2018; Liu et al., 2019).

4. The microbiome in health and disease

The bacterial population inhabiting the GI tract, called the GIM, is
made up of trillions of organisms and are emerging as critical players in
both local and systemic host processes (Gill et al., 2006). The microbiota
composition varies according to the region of the GI tract, with gram-
positive facultative anaerobes predominating in the proximal small in-
testine, gram-negative anaerobes in the distal small intestine, and obli-
gate anaerobes in the colon (Chichlowski and Rudolph, 2015). Bacteria
within the GIM contain a repertoire of enzymes that vastly outnumber
those in their host. Therefore, a significant contribution to host health is
the ability to metabolize nutrients that the host cannot (Oliphant and
Allen-Vercoe, 2019). Once nutrient substrates reach the GIM, they are
utilized by bacteria as carbon sources resulting in the production of
bacterial metabolites, such as SCFAs, which are the most abundant mi-
crobial end-product, contributing to approximately 10% of the caloric
content required by the host (den Besten et al., 2013). The SCFAs ace-
tate, propionate, and butyrate have well-studied and vital physiological
functions in the host, such as providing energy to intestinal epithelial
cells and regulating inflammatory responses (Morrison and Preston,
2016).

The degradation of specific molecules produces other bacterial me-
tabolites; for example, aromatic amino acid degradation can result in
compounds that act as toxins or neurotransmitters (Oliphant and Allen-
Vercoe, 2019). The catabolism of tryptophan yields tryptamine and in-
doles, where tryptamine not only plays a role in regulating intestinal
motility and immune function but can also potentiate the inhibitory
response of cells to serotonin (Takaki et al., 1985; Gao et al., 2018).
Furthermore, basic amino acid fermentation can yield biogenic amines
which act as neurotransmitters (Carabotti et al., 2015). Therefore, the
composition of the microbiota, as well as their microbial end-products,
are critical for mediating several processes within the host.

The GIM forms a symbiotic relationship with the host, and dysbiosis
leads to changes in the microbial community structure that have been
associated with several host pathologies (Guarner and Malagelada,
2003). One main sign of dysbiosis is a loss in overall bacterial diversity.
As such, diversity measures are frequently used in microbiome studies to
analyze community membership. A common approach to assessing
community diversity is by measuring changes in alpha and beta diversity
within and between samples (Wagner et al., 2018). Alpha diversity
measures intrasample richness, which is how many different species are
detected in a microbial community, and evenness refers to how similar
taxa abundance levels are in a community (Wagner et al., 2018). Beta
diversity represents the similarity or distance (dissimilarity) between
each pair of samples by comparing microbial communities based on
their composition (Wagner et al., 2018). Beta diversity allows re-
searchers to explore the rate of change in species composition or bac-
terial turnover from one community to another (Goodrich et al., 2014).
The concept of community diversity is vital for human health since
several pathologies correlate with decreased microbiome diversity, as
certain species overgrow or are depleted during dysbiosis.

5. Bacterial changes in the gut microbiome of patients after a
spinal cord injury

Bacteria can be classified and subdivided into ever more specific
categories using taxonomic ranks. Bacteria are classified as a kingdom;
within this kingdom exists many phyla. Two phyla that are a focus of this
review are Bacteroidetes and Firmicutes. Classification of bacteria
populations has become increasingly more specific with ever greater
members of each phyla discovered, providing richer details in class,
order, family, genus, and species of bacteria. Most microbiome studies
cited in this review evaluate changes at the phylum, class and order
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level.

Microbiota changes after an injury have been documented in both
mice and humans (Kigerl et al., 2018, 2020; Wallace et al., 2019); see
Supplemental Table 1 for a list of all SCI microbiome studies (as of
August 2020) and their major findings. Studies show that the diversity of
the gut microbiome after injury was drastically reduced, along with a
change in the gut structural composition (Zhang et al., 2018, 2019). One
study found an increase in the abundance of bacteria within the families
Veillonellaceae and Prevotellaceae and a decrease of Bacteroidaceae and
Bacteroides after SCI. The amount of Bacteroidaceae and Bacteroides in
the quadriplegia group and Acidaminococcaceae, Blautia, Porphyr-
omonadaceae, and Lachnoclostridium in the paraplegia group were
significantly increased after injury (Zhang et al., 2018); while bowel
dysfunction is not related to the neurological level of SCI or injury
severity (Han et al., 1998), changes in GIM may be affected. At the
phylum level, there was a significant decrease in Firmicutes in SCI pa-
tients (Zhang et al., 2019). In another similar study looking at only
quadriplegic patients, Bacteroides and Blautia were significantly more
abundant in patients than in healthy subjects, along with a decrease in
Faecalibacterium and Megamonas. Although not all of these bacteria have
been investigated for their role in pain, a decrease in Faecalibacterium
numbers has been associated with worse pain scores in myalgic
encephalomyelitis/chronic fatigue syndrome patients (Nagy-Szakal
et al., 2017).

A study subdividing patients into upper motor neuron (complete
injuries C4-T5) and lower motor neuron (complete T1-L2) injuries found
that Pseudobutyrivibrio, Dialister, and Megamonas genera were signifi-
cantly lower in the upper motor neuron group than in healthy controls
(Gungor et al., 2016). Meanwhile, Roseburia, Pseudobutyrivibrio, and
Megamonas genera were significantly reduced in the lower motor neuron
group. Between the two groups, there was significantly less Marvin-
bryantia genus in the upper motor neuron group than in the lower motor
neuron group; similar trends have been observed in a recent study of SCI
patients (Lin et al.,, 2020). Overall, these findings suggest a marked
difference between studies investigating changes in the microbiome
after injury, which is likely due to the high variability that exists be-
tween people. It is also important to note that post-injury SCI patients
have a high prevalence of multi-drug resistant organisms colonization or
infection due to extended hospital stays and increased exposure to an-
tibiotics. A retrospective analysis found that 43% of acute SCI patients
were either colonized or infected with multi-drug resistant organisms,
with methicillin-resistant Staphylococcus aureus being the most common
in 34% of patients (Toh et al., 2020).

An essential role of a healthy microbiome is preventing the coloni-
zation of the gut by pathogenic bacteria. With reduced microbiome di-
versity, these patients are at a greater risk for GI tract diseases, including
Clostridium difficile (Dumford et al., 2011). SCI can directly impact the GI
tract, with as many as 1 in 3 patients complaining of chronic GI problems
that include localized abdominal pain, difficulties with bowel evacua-
tion, abdominal distention, and GI hyperreflexia (Stone et al., 1990;
Nielsen et al., 2017). Furthermore, almost 1 in 4 require at least one
admission to the hospital for a GI complaint following their injury (Stone
et al., 1990). The pathophysiology of GI pain in SCI patients is still not
completely understood; however, emerging evidence suggests GI resi-
dent bacteria may play a role in modulating pain (Moloney et al., 2016;
Arora et al., 2017; Russo et al., 2018; Guo et al., 2019).

6. Bacterial changes in the gut microbiome of laboratory
rodents after a spinal cord injury

The Popovich group from Ohio State University was the first to study
the contribution of the microbiome in SCI, showing that the microbiome
plays an important role in functional recovery after injury (Kigerl et al.,
2016; Schmidt et al., 2020). There is, therefore, a potential link between
the GIM, the gut, and the brain, modulating visceral pain within the GI
mucosa (see Fig. 2). This complex interaction is mediated locally
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Table 1
summary of all SCI microbiome studies.
Species ~ Microbiome Injury type # of Increased bacteria populations Decreased bacteria populations Conclusions Reference
location patients
Mouse GI Contusion at T9 6-10 Clostridiales Bacteriodales GD impairs functional (Kigerl
(Female recovery, correcting etal,
C57BL/6) the microbiome 2016)
results in improved
locomotion
Mouse GI Contusion at T9 6 (Female Bacteroidetes, Proteobacteria Firmicutes Activated astrocytes, (Myers
C57BL/6) and CD11b + cells in etal.,
the SC correlated with 2019)
increased GD
Mouse GI Contusion at 4 (Female Bacteroidetes, Clostridiales Firmicutes, Lactobacillales, Melatonin helps (Jing et al.,
T10 C57BL/6) Bifidobacteriales correct GD, improving 2019)
locomotion and
reducing CCL2, IL-17,
INF-y
Rat GI Contusion at 8 Bifidobacteriaceae, Clostridiaceae Clostridium saccharogumia Levels of IL-14, IL-12, (O’ Connor
T10 (Female) and MIP-2 correlate etal.,
with GD 2018)
Rat GI Contusion at C5 Female Dysbiosis was observed but exact changing populations not reported Fecal transplants (Schmidt
Lewis improve anxiety etal,
2020)
Human  GI Complete T6 or 30 (Male None reported Pseudobutyrivibrio, Dialister, Butyrate-producing (Gungor
above, or and Megamonas bacteria are et al.,
Traumatic female) significantly reduced 2016)
cauda equina
syndrome
Human GI Chronic 43 (Male) Bacteroides, Blautia, Megamonas, Dialister, GD correlates with (Zhang
traumatic Lachnoclostridium, Escherichia Subdoligranulum neurogenic bowel et al.,
complete SCI shigella dysfunction 2018)
Human GI Complete C3 to 20 (Male) Proteobacteria, Verrucomicrobia, Firmicutes, Faecalibacterium, GD correlates with (Zhang
c8 Bacteroides, Blautia, Escherichia Megamonas, Dialister, changes in lipid et al.,
Shigella, Lactobacillus, Akkermansia subdoligranulum metabolism 2019)
Human GI Cervical to 32 (Male Erysipelotrichaceae, Campylobacter, Burkholderiaceae Microbiome can differ (Li, 2020)
lumbar and Acidaminococcaceae, Rikenellaceae, depending time after
female) Lachnoclostridium, Eisenbergiella, SCI
Alistipes, Oscillibacter, Anaerotruncus
Human GI Cervical to 23 (Male Parabacteroides, Alistipes, Haemophilus, Clostridium sensu GD occurs after SCI (Lin et al.,
lumbar, both and Phascolarctobacterium, stricto 1, Veillonella, Dialister, 2020)
complete and female) Christensenella, Barnesiella, Roseburia, Megamonus,
incomplete Holdemania, Eggerthella, Leuconostoc, Lachnospira,
Intestinimonas, Gordonibacter, Megasphaera, Rhodococcus,
Bilophila, Flavonifractor, and Ruminococcus, Subdoligranulum,
Coprobacillus Pesudobeautyrivibrio, and
Faecalibacterium
Human  Urinary Complete T4 1 (Male) Baseline or control measurements not taken Bacteria may be found  (Nally,
in urine 2018)
Human  Urinary C3-C6, ASIA A/ 3 (Male) Proteobacteria and Firmicutes were the dominate bacteria type Probiotic treatment (Bossa
B effects are transient et al.,
2017)
Human Urinary Not reported 27 (Male Klebsiella (male), Escherichia Lactobacillus, Corynebacterium, Different (Fouts
and (female), Enterococcus (female) Staphylococcus (male), catheterization et al.,
female) Streptococcus (male), Prevotella methods can alter 2012)
(female) microbiome
Human  Urinary Not reported 45 (Male E. coli and Klebsiella seen at study start Weekly oral cyclic (Dinh etal.,
and antibiotics are 2019)
female) effective at reducing
UTIs
Human  Urinary Cervical to 5 (Male) Pseudomonas and E. coli are dominant bacteria types Probiotic instillationis  (Forster
lumbar well-tolerated et al.,
2019)
Human  Vaginal Tetraplegic or 52 E. coli, Corynebacterium Lactobacillus SCI alters vaginal (Pires,
paraplegic (Female) bacteria populations 2016)

GI = Gastrointestinal, GD = Gut dysbiosis, SC = Spinal cord.

through endocrine or immune activity, and systemically through the
production of bacterial metabolites, including SCFAs vitamins such as
folate and biotin. It is also mediated by neuroactive metabolites like
serotonin and gamma-butyric acid (Sharon, 2014; Chichlowski and
Rudolph, 2015). Various environmental stressors, such as the use of
antibiotics, advancing age, or trauma to the GI tract, can disrupt the
relationship between the GIM, the gut, and the brain and alter the
composition of the microbiota as well as visceral pain. The use of rodents
allows researchers to study the effects of altering the microbiome on

cellular and molecular outcomes, such as immune cell activation or
demyelination in the spinal cord. Mice show an increase in the abun-
dance of Bacteroidetes and a decrease in Firmicutes after injury. Rodents
who received a severe contusion injury showed a significant decrease in
the relative abundance of Lactobacillales and Bifidobacteriales and an
increase of Clostridiales (Kigerl et al., 2016; O’Connor et al., 2018; Jing
et al., 2019). Myers et al. also saw a decrease in Firmicutes with an in-
crease in Bacteroidetes and Proteobacteria at 42 days post-SCI (Myers
et al., 2019). These microbiome changes can be seen very early after
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injury, often as early as 3-7 dpi (Myers et al., 2019; Schmidt et al.,
2020).

Gut vascular permeability, the ability for substances or cells to move
in and out of the GI tract, is an essential aspect of gut health and directly
impacts the GIM composition. GI vascular permeability in adult male
C57BL6 mice who received a moderate contusion at T9 is increased in
the acute phase (48 hr) after injury and maintained into the chronic
phase (4 weeks) (Herrera et al., 2020). It has been observed that the GI
mucosal tissue was compromised as early as 3dpi though the resulting
damage was repaired by 3 weeks after a 300-kdyn impact (15 s dwell) at
T3 in male Wistar rats. There is also evidence of reduced blood flow to
the GI tract early after SCI in rats fed a liquid nutrient meal (Besecker
et al., 2017). Interestingly, male Wistar rats with a contusive 300-kdyn
SCI at T3 showed a reduction of gut emptying starting at 3dpi that
diminished until at least 3 weeks post-injury (Qualls-Creekmore et al.,
2010). Acutely after injury, there is an increase in the gastric expression
of the inflammatory cytokine transcripts ICAM1 and CCL3 (Besecker
et al., 2017), with an increase in IL-17, IFN-y, CCL2, and IL-1p measured
from colonic tissues at more chronic stages of injury (Jing et al., 2019).
The production of these inflammatory cytokines could potentially play a
role in the chronic activation of the immune system, increased second-
ary damage, and negatively impact functional outcomes (see Fig. 1).

Due to the comorbid injuries also seen with SCI, such as frequent
UTIs, the inability to completely void their bladder, and a reduced
ability to fight off infections, many patients are often overprescribed
antibiotics (Brommer et al., 2016; Clarke et al., 2020; Guilcher et al.,
2020). The effects of antibiotics on the diversity of the GIM have been
well documented and reviewed (Guarner and Malagelada, 2003; Ferrer
et al., 2017; Guzman-Rodriguez et al., 2018). Interestingly, SCI mice
who had their GIM disrupted with antibiotics before injury show
reduced locomotor recovery (Kigerl et al., 2016; Jing et al., 2019). There
is, however, emerging literature pointing to the potential benefits of
antibiotics, particularly minocycline, in reducing chronic pain after SCI
in rats and its ability to be neuroprotective (Marchand et al., 2009; Cho
etal., 2011; Aceves et al., 2019). This is due to the ability of minocycline
to decrease microglial activation, TNF-a, and IL-6 expression in the
spinal cord after injury (Sencar et al., 2020). Azithromycin, another
antibiotic with neuroprotective and analgesic properties after SCI, has
also been associated with a reduction in the proportion of proin-
flammatory macrophages (Gensel et al., 2019; Kopper et al., 2019).
There can be a great deal of variation with the gut motility and integrity
between various rodent studies; this could be due to several factors. It is
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Fig. 2. The microbiome, immune system,
and nervous system intensively interact with
each other in both conditions of health and
disease. The naive mouse the spinal cord (A)
is considered to be an “immune privileged”
site, protected by the blood brain barrier
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plays an important role in the production of
2 neurotransmitters and short-chain fatty acids
3‘(& (SCFAs). The immune system surveys and
protects both the spinal cord and gastroin-
testinal tract. There is a breakdown of the
BBB after spinal cord injury (B), allowing for
the influx of neutrophils, lymphocytes, and
macrophages, as well as the activation of
microglia. These cells will produce various
inflammatory mediators that will not only
act upon the other immune cells but also the
central nervous system, causing increased
inflammation and pain. The altered expres-
sion of SCFAs, vitamins, and neurotransmit-
ters in the gut can in turn influence the
immune and nervous systems.
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not uncommon for SCI researchers to treat rodents with antibiotics after
surgery, which may affect the GIM and functional outcomes. The loca-
tion and severity of the injury will also significantly affect functional
outcomes as well, as cervical SCI may have a more profound effect on
recovery than those occurring caudally.

7. Contribution of the microbiome to the development of pain

Recent work from across different injury and disease models have
now shown that bacteria contribute to the development and mainte-
nance of pain. However, the microbiome itself only becomes harmful
when there is a dramatic change in the proportions of bacteria. Patients
with IBS commonly describe pain in their abdominal region. Although
there is no clear microbiome profile that denotes an IBS patient, there is
an increase in Firmicutes-associated taxa and decreased Bacteroides-
associated taxa (Jeffery et al., 2012; Zhang et al., 2018; Hugerth et al.,
2020). Microbiome analysis was also done in fibromyalgia patients
living with severe chronic pain, demonstrated a similar decrease in
overall microbiome diversity, specifically of Lachnospiraceae and Fir-
micutes (Clos-Garcia et al., 2019). A decrease in butyrate-producing
Bacteroides, a subset of bacteria in the phylum Firmicutes (Fu et al.,
2019), has also been observed in multiple sclerosis, which shares many
similarities with SCI, including neuroinflammation, demyelination, and
a majority of patients with chronic pain (Miyake et al., 2015; Chen et al.,
2016a; Mirza and Mao-Draayer, 2017). Finally, the fecal matter of
complex regional pain syndrome patients showed decreased micro-
biome diversity and Firmicutes in particular, when compared to healthy
patients (Reichenberger et al., 2013). Although these diseases all have
different mechanisms of action, they share reductions in Bacteroides and
Firmicutes.

Bacteroides plays a generally beneficial role in GI health, fermenting
indigestible polysaccharides into SCFAs, particularly acetate and pro-
pionate, which are a vital source of energy (Cummings, 1981). Like
Bacteroides, Firmicutes are also involved in the fermentation of dietary
products and the production of SCFAs SC (Duncan et al., 2007) with
butyrate being the primary product (Macfarlane and Macfarlane, 2003).
Associations are observed between the amount of Firmicutes and
depression and anxiety states (Bangsgaard Bendtsen, 2012; Yu, 2017),
which are common among those living with SCI (Craig et al., 2009).
Decreased levels of Firmicutes in inflammatory bowel disease has also
been associated with reduced intestinal mucosal protection function
(Sokol et al., 2009), which also occurs in SCI. These SCFAs could
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contribute to pain by modulating the inflammatory response. Recent
work investigating IBS has shown SCFAs, specifically butyrate, to be
effective in reducing pain, controlling inflammation, and peripheral
nerve sensitization (Kannampalli et al., 2011). Both Bacteroides and
Firmicutes are essential in maintaining a healthy GIM and dramatic
changes in either population or the substances they produce can
adversely impact overall wellbeing and pain outcomes.

8. Neuroinflammation and the microbiome

Among bacterial products, butyrate and acetate SCFA can exert anti-
inflammatory effects on macrophages (Chen et al., 2007). There
appeared to be a significant decrease in the number of butyrate-
producing members after SCI, potentially resulting in an unchecked
pro-inflammatory population of macrophages (Ji et al, 2016).
Furthermore, the central role of both butyrate and butyric acid in
maintaining the patency of the GI barrier (Rios-Covian et al., 2016)
suggests that a reduction in butyrate-producing bacteria may lead to
reduced integrity of the intestinal barrier leading to increased microbial
translocation of bacteria across the GI barrier. Translocation of bacteria
and bacterial constituents result in the activation of the peripheral im-
mune system (Brenchley et al., 2006) and with-it increased hypersen-
sitivity (Canani et al., 2011). The Lachnospiraceae family, which includes
Pseudobutyrivibrio and Roseburia, is decreased after injury and respon-
sible for producing butyric acid (Meehan and Beiko, 2014). It has been
found that butyrate administration decreased inflammation triggered by
high-fat diets, with a notable decrease in TNF-a (Mattace Raso et al.,
2013). The family of Lactobacillales is responsible for fermenting car-
bohydrates into lactic acid in the GI tract. Improved locomotor recovery,
increased white matter sparing, and protective immune response in the
gut-associated lymphoid tissues was seen when SCI mice were enriched
with lactic acid-producing bacteria (Kigerl et al., 2016). Increased white
matter sparing, among other mechanisms, has been associated with
reduced hypersensitivity (Vierck, 2019).

In contrast to the protective effects offered by butyrate and butyrate-
producing bacteria, an increase in gram-negative bacteria, such as
Bacteroidetes, can lead to increased plasma levels of Lipopolysaccha-
rides (LPS) and cause increased inflammation, as shown by an increase
in the marker CD14 and IL-6 (Laugerette et al., 2011; Graham et al.,
2015). Four inflammatory cytokines have been identified to be released
from colonic tissue after an injury, IL-17, IL-1p, IFN-y, and CCL2, some of
which could be responsible for driving the immune system to a more
inflammatory state. IL-17 has been shown to activate astrocytes in the
spinal cord (You et al., 2017) as well as be involved with synergistic
inflammatory signalling with other cytokines, including TNFa, IL-1f,
IFN-y, and CCL2 (Chabaud et al., 1998; Bastien and Lacroix, 2014;
Bastien et al., 2015; Bellver-Landete et al., 2019). It may play an
essential role in promoting neuroinflammation by activation of STAT3
(Zong et al., 2014). IL-1f plays a vital role in immune cell recruitment
(Pineau and Lacroix, 2007). It also seems to play a role in pain as mice
with impaired IL-1p signalling do not develop mechanical hypersensi-
tivity after a spinal nerve ligation (Kleibeuker et al., 2008). IFN-y has
also been shown to aggravate spinal cord lesions and reduce locomotor
recovery after injury (Sun et al., 2018) as well as polarize macrophages
to a pro-inflammatory phenotype (Shapouri-Moghaddam et al., 2018).
Finally, CCL2 contributes to the recruitment and activation of macro-
phages, T cells, and B cells. In human SCI, it has been found to increase
in the cerebrospinal fluid in a severity dependent manner (Liu et al.,
2005; Kwon et al., 2010).

The gut microbiome not only interacts with the immune system but
also with the nervous system. Recent work has demonstrated that bac-
teria can, directly and indirectly, sensitize nociceptors (Chiu et al., 2013;
Shen et al., 2017; Boer et al., 2019). The activation of nociceptors, either
by the bacteria itself or through the products they secrete, can result in
the release of neuropeptides from the peripheral terminals and can
induce neurogenic inflammation (Saria, 1984; Sauer et al., 2001;
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Meseguer et al., 2014; Lai et al., 2020). For example, LPS is a component
of the cell wall of gram-negative bacteria, including Bacteroidetes. An
increase in LPS levels has been observed after SCI in blood plasma, most
likely due to bacterial translocation from the gut (Liu et al., 2004; Zhang
et al., 2019). Its receptor, TLR4, is expressed by TRPV1-positive noci-
ceptor neurons resulting in their sensitization (Wadachi and Hargreaves,
2006; Diogenes et al., 2011). TRPV1 expression has been shown to in-
crease after SCI (Zeng et al., 2018). The sensitization of TRPV1 positive
neurons by increased LPS could potentially contribute to increased hy-
persensitivity, with a similar mechanism being found in the onset of
cancer pain (Li et al., 2015).

Bacteria can also interact directly with nociceptors to sensitize them.
Work by Chiu and colleagues was among the first to show that bacteria
can cause calcium flux in nociceptors and that bacterial load correlates
with the onset of mechanical and thermal hypersensitivity (Chiu et al.,
2013). However, nociceptor sensory neurons, specifically TRPV1™"
neurons, can also have an immunosuppressive effect on peripheral im-
mune cells (Baral et al., 2018). The gut contains not only a large number
of peripheral immune cells but also is highly richly innervated by sen-
sory neurons. Although inflammation after SCI is commonly thought to
be detrimental, it is also necessary to help clear tissue debris in an effort
to allow for regeneration to occur. SCI can result in “leaky gut”, where
bacteria are more likely to translocate from the GI lumen into extra-
intestinal sites, including organ spaces, or into the bloodstream (Liu
et al., 2004; Kigerl et al., 2016). This increase in bacterial translocation
could increase the chance of bacteria interacting with nociceptors
resulting in increased sensitization.

Modulating the microbiome may provide new avenues towards the
treatment of SCI pain in an effort to improve the quality of life for pa-
tients. Although there are currently no published studies using pro-
biotics or prebiotics to correct the GIM in patients, probiotic use in
rodents has been shown to improve locomotor function and to be neu-
roprotective (Kigerl et al., 2016). Probiotics can also correct the urinary
microbiome, offering short term improvements, but it is unclear how
these changes directly affect UTI outcomes or frequency (Bossa et al.,
2017). Both rodent and human SCI studies have successfully corrected
the GIM using fecal transplantation (Brechmann et al., 2015). Rats
receiving a fecal transplant after an SCI were found to have reduced
anxiety levels, although no differences in locomotor recovery or lesion
size were observed (Schmidt et al., 2020). Specialized diets, specifically
low-carbohydrate/high-protein diets, have been suggested to provide
benefit to patients by not only modifying the GIM composition but also
improving metabolic function and pain behaviour. A study is currently
underway to investigate the effect of such a diet (Yarar-Fisher et al.,
2019).

9. Changes to the genito-urinary microbiome in spinal cord
injury patients

Compared to GIM composition, which is highly dynamic and dis-
plays significant inter-individual variability, the genito-urinary micro-
biome is relatively stable. The male urethra is colonized with a high
abundance of Corynebacterium, bacteria that colonize the skin near the
male urethra (Lo et al., 2015). Women, on the other hand, exhibit a
significant shift in the urinary microbiome composition from pre-
pubescence to pubescence, and again from pubescence to menopause,
where the composition returns to a similar community to pre-
pubescence (Gupta et al., 2006; Zhou et al., 2007). Factors that
directly alter the composition of the urinary microbiome are infections
or catheterization, which are common in SCI patients both in early and
later stages of injury. While the GIM is the focus of this review, a sig-
nificant concern for patients with SCI is the development of neurogenic
bladder (NB) after injury, a condition where nerve damage results in loss
of bladder control and dysfunction (Hamid et al., 2018). It has been
found that the presence of an overgrowth of bacteria in the urethra,
during NB, and urinary catheterization methods can alter the healthy
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urinary microbiome (Fouts et al., 2012). Catheterization is also an in-
dependent risk factor for the development of UTI, with SCI patients at
high risk (Esclarin De Ruz et al., 2000; Farrelly et al., 2019). SCI leads to
significant changes in uroepithelial morphology as early as two hours
post-injury, which results in increased urea and water permeability until
14dpi when the uroepithelia has regenerated (Apodaca et al., 2003).
Although catheterization for NB after SCI is often necessary for the
wellbeing of the patient, it can lead to significant changes in the urinary
microbiome.

SCI patients are at high risk for infections by multi-drug resistant
organisms. Therefore, it is imperative to develop strategies to control
urinary tract infections. In a cohort of Canadian veterans with SCI,
urinary tract infections were responsible for 51.2% of hospital visits
(Guilcher et al., 2013). In healthy non-SCI patients, men and women do
show the presence of different populations of bacteria: pubescent
women have more Lactobacillus counts, and Corynebacterium colonizes
the urethra of men. Both males and females showed a reduction in these
bacteria post-injury, suggesting a departure from a normal, healthy
urinary microbiome (Fouts et al., 2012; Groah et al., 2016). Enter-
obacteriales were identified as a potential major contributor to the
pathogenic urine microbiome (Fouts et al., 2012). In a study including
both males and females, it was found that 84.4% of patients (n = 45)
were positive for Escherichia coli in their urine cultures. This could have
been a result of reoccurring UTIs or asymptomatic bacteriuria (Dinh
et al., 2019).

Lactobacillus species contribute to controlling the growth of more
virulent bacteria (Lee et al., 2009; Fouts et al., 2012), and as such has
been investigated as a potential protective treatment against UTIs. It was
also found that the inflammation caused by UTI after SCI could be
detected in serum with significantly elevated levels of IL-6 and IL-1RA in
patients with UTIs. The elevation of these cytokines was similar to pa-
tients who had an SCI and experienced pain (Davies et al., 2007). It
could be possible that the inflammation from the UTI exacerbates
inflammation already present from the injury, potentially increasing the
pain response. Thus, changes to the urinary microbiome can be of sig-
nificant concern for SCI patients, and its effects on recovery after injury
may be similar to that of the gut microbiome.

10. Linking the microbiome, spinal cord injury, and pain

The gut is innervated by the parasympathetic vagus nerve and
sympathetic spinal nerves originating in the brainstem and spinal cord.
After SCI, damaged nociceptors also innervating the gut release in-
flammatory mediators. This can result in neurogenic bowel, with pa-
tients experiencing constipation, fecal incontinence, and abdominal
bloating and distension (Qi et al., 2018). There is mixed literature as to
whether SCI affects colonic transit time. Gaudet and colleauges have
demonstrated that both female and male rats receiving moderate SCI
exhibit reduced whole-gut transit time 7 and 14 dpi compared to sham
injured rats, with males showing reduced transit time at 43 dpi (Gaudet
et al., 2019). In contrast, Jing et al. concluded that severe SCI in female
mice resulted in increased whole-gut transit time 28dpi in comparison to
sham injured mice (Jing et al., 2019). Some studies do suggest that
increased microbial richness can help increase colonic transit time
(Roager et al., 2016; Ge et al., 2017; Ding et al., 2018). Changes in gut
innervation after SCI (Tottey et al., 2017; Besecker et al., 2020; Muller
et al., 2020) is among the factors that may play a role in this response.
Strong similarities are also observed in the frequency of abdominal pain
between SCI patients and those living with chronic idiopathic con-
stipation (Faaborg et al., 2013). However, it is difficult to determine if a
neurogenic bowel and increased colonic transit time precede or is the
result of GIM dysbiosis. Gut dysbiosis could exacerbate colonic transit
time, further compounding abdominal pain.

A decrease in the number of bacteria producing SCFAs, namely
butyrate, may lead to increased inflammation and immune cells shifting
to a more proinflammatory phenotype, both of which have been
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associated with increased hypersensitivity after injury. Studies that have
looked to correct the GIM have seen a decrease in the levels of inflam-
matory cytokines (Jing et al., 2019). There is a decrease in the epithelial
integrity of the gut after injury, due to a decrease in tight junction
proteins — as occurs in the rat bladder after SCI. Depending on the
severity of injury, this could result in bacteria migrating out of the gut
and interacting with sensory neurons and the immune system (Kigerl
et al., 2016). This could induce a sizeable inflammatory response, no-
ciceptor sensitization, and as a result, increased pain hypersensitivity.

GIM also plays an essential role in producing neurotransmitters.
Lactobacillus and Bifidobacterium, two genera of bacteria that decrease
after injury (Jing et al., 2019), play an important part in producing
neurotransmitters such as serotonin, dopamine, and y-aminobutyric acid
(O’Mahony et al., 2015). Patients living with fibromyalgia, who also
show gut dysbiosis, often have low levels of serotonin (Erdrich et al.,
2020). Treatments that offer patients pain relief also increase serotonin
levels, although it is unknown if these treatments affect the GIM (Kar-
atay et al., 2018). Antidepressants commonly used in pain management
modulate levels of neurotransmitters, including serotonin, glutamate,
and y-aminobutyric acid, which have also been observed in rodents after
SCI. Thus, dysbiosis of the GIM may result in decreased neurotransmitter
generation, increasing not only levels of pain but also mental health
disorders seen in SCI patients.

11. Future directions

We are just now starting to understand the complex interactions
through which the GIM can affect physiological outcomes in various
models of injury and disease. Although shifts in microbial communities
have been observed, a great deal more work is needed to understand
how injury or disease can affect the GIM and conversely, how the GIM
might affect physiological outcomes in health and disease. Many
research groups are now working to study these interactions using an-
tibiotics and/or probiotics, to determine whether and how an altered
GIM may be of benefit (Ji et al., 2012; Dylag et al., 2014; Ahmad and
Akbar, 2016; Kim et al., 2019). This new area of research will be key to
offering potential new therapeutics for the treatment of disease. Others
now focus on altering diets as an alternative to using probiotics/anti-
biotics to alter the GIM, a line of research that could easily be imple-
mented in daily patient care (Singh et al., 2017; Zmora et al., 2019).

A challenge that comes with investigating the microbiome, however,
is the significant variability observed between patients. The microbiome
differs drastically between different races (Chen et al., 2016b) and ge-
ography (De Filippo et al., 2010), making this work even more chal-
lenging. In the search for new therapeutics, the microbiome and overall
gut health should be more closely monitored, given our increased un-
derstanding of the importance of the microbiome in modulating SCI
neuroimmune responses and pain. By correcting the GIM or reducing gut
dysbiosis, patients could experience reduced pain, improved bowel
function, and overall enriched quality of life.
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