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Abstract

The devastating losses following traumatic spinal cord injury (SCI) encompass the motor, sensory and au-
tonomic nervous systems. Neurogenic bowel is a slow transit colonic dysfunction marked by constipation,
rectal evacuation difficulties, decreased anorectal sensation, fecal incontinence or some combination there-
of. Furthermore, neurogenic bowel is one of the most prevalent comorbidities of SCI and is recognized
by afflicted individuals and caregivers as a lifelong physical and psychological challenge that profoundly
affects quality of life. The restoration of post-injury control of movement has received considerable scien-
tific scrutiny yet the daily necessity of voiding the bowel and bladder remains critically under-investigated.
Subsequently, physicians and caregivers are rarely presented with consistent, evidence-based strategies to
successfully address the consequences of dysregulated voiding reflexes. Neurogenic bowel is commonly
believed to result from the interruption of the supraspinal control of the spinal autonomic circuits regu-
lating the colon. In this mini-review, we discuss the clinical challenges presented by neurogenic bowel and
emerging pre-clinical evidence that is revealing that SCI also initiates functional remodeling of the colonic
wall concurrent with a decrease in local enteric neurons. Since the enteric input to the colonic smooth
muscle is the final common pathway for functional contractions of the colon, changes to the neuromus-
cular interface must first be understood in order to maximize the efficacy of therapeutic interventions
targeting colonic dysfunction following SCI.
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Neurogenic Bowel is A Multifactorial
Consequence of Spinal Cord Injury

Colonic dysfunction following spinal cord injury (SCI),
often referred to as neurogenic bowel, is one of the most
prevalent and clinically recognized autonomic nervous sys-
tem comorbidities of spinal trauma and disease (Coggrave
and Norton, 2013). Epidemiological reports place the yearly
incidence of SCI at approximately 17,000 annually and over
250,000 persons living with chronic injury (National Spinal
Cord Injury Statistical Center, 2016) and estimates regard-
ing the prevalence of neurogenic bowel range from 20-60%
in the SCI population (Lynch et al.,, 2001; Coggrave and
Norton, 2013).

Depending upon the injury level, neurogenic bowel is
manifested as diminished colonic transit, constipation, evac-
uation dyssynergy, and the potential for overflow inconti-
nence if the lesion is above the second sacral level. Lesions
of this nature are commonly referred to as an upper motor
neuron lesion. The polysymptomatic nature of neurogenic
bowel stems from the fact that the functions and neural
circuits innervating the colon are heterogeneous in order to
achieve the diverse processes necessary for the final stages of
digestion (Callaghan et al., 2018). In health, normal bowel
function is the result of coordinated actions between the en-
teric, sympathetic and parasympathetic nervous systems. At
the local level, enteric control is comprised of a polysynaptic
reflex circuit (Figure 1) consisting of sensory neurons, inter-

222

neurons and motoneurons governing secretory processes of
the luminal epithelium as well as smooth muscle-mediated
propulsion and segmentation (Furness et al., 2014). Even
ex-vivo studies employing whole-tissue organ baths demon-
strate that the enteric neurocircuitry of the muscularis pro-
pria is sufficient to achieve reflexive propulsion of colonic
contents. At the segmental level, the colon receives sympa-
thetic innervation from the hypogastric nerve (spinal level
T12-L1) and parasympathetic innervation from the pelvic
nerve (spinal level S2—-4). The parasympathetic neurons, both
preganglionic and postganglionic, are cholinergic and exert
excitatory effects on enteric neurons. The parasympathetic
system functions to modulate the tone and compliance of
the muscles of the colonic wall allowing for the transport of
colonic contents and promoting peristalsis. However, the
parasympathetic innervation of the internal anal sphincter
(IAS) through the pelvic nerves conveys both cholinergic
and non-cholinergic excitatory, as well as non-adrenergic,
non-cholinergic inhibitory input to the rectum and IAS. As
such this confers a more nuanced role (and effect) of the
parasympathetic nervous system. Specifically, experimental
data indicates that stimulation of the pelvic or rectal nerves
induces either (i) an increase in motility through the cho-
linergic pathways, or (ii) an inhibition of motility, via acti-
vation of an atropine-insensitive, nonadrenergic noncho-
linergic pathway that involves release of nitric oxide and/or
purines [reviewed in Furness et al. (2014)]. These effects re-
flect the mixed excitatory and inhibitory nature of the enter-
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Figure 1 Intrinsic neural circuits for colonic propulsion.

Simplified schematic of the enteric neural circuitry involved in colonic
contractions. Intrinsic primary afferent neurons (IPANSs; blue) within the
myenteric plexus (MP) transduce mechanical (stretch) or chemical stimuli
from the colonic lumen. IPANs synapse upon interneurons (yellow) that
project proximally (orad) and distally (caudad). Orad-projecting inter-
neurons synapse onto excitatory motor neurons (green) that utilize ace-
tylcholine (ACh) as a primary neurotransmitter to provoke contraction of
circular and longitudinal smooth muscle (CM and LM, respectively). Cau-
dad-projecting interneurons synapse onto inhibitory motor neurons (red)
that utilize fast, purinergic (ATP), neurotransmission or slower nitrergic
(NO") neurotransmission to provoke relaxation of circular and longitudi-
nal smooth muscle; thus generating a pressure gradient for movement of
colonic contents. Vasoactive intestinal peptide (VIP) is also implicated in
inhibitory neurotransmission. These intrinsic neural circuits are modulated
by extrinsic innervation by the sympathetic and parasympathetic nervous
system fibers that also project into the submucosal plexus (SMP) adjoining
the muscularis mucosae (MM). Neurogenic bowel is likely a result of the
effects of interruption of the supraspinal inputs onto extrinsic autonomic

preganglionic neurons coupled with damage to intrinsic circuits by local
and systemic inflammation.

ic neuronal output. Conversely, the sympathetic innervation
decreases overall motility by relaxing the muscles within the
colonic wall (de Groat and Krier, 1978; Krier, 1989). Finally,
defecation has both voluntary and reflexive components.
The pudendal nerve (spinal level S2-4) provides somatic
innervation to the muscles of the pelvic floor that reduce the
sigmoid flexure that is associated with the bipedal anatomy
of humans as well as external anal sphincter tone that can be
relaxed voluntarily when voiding is appropriate (Dubrovsky
and Filipini, 1990). Damage to the sacral region affects the
somatic and preganglionic parasympathetic circuits and is
considered a lower motor neuron lesion. Injury at this level
is frequently accompanied by incontinence due to the dam-
age to the motor neurons innervating the striated external
anal sphincter.

Clinical Consequences and the Patient

Experience

Neurogenic bowel is an unpredictable and recurring prob-
lem that does not resolve over time and may worsen with
age. Upon transitioning to the rehabilitative phase following
injury, individuals with SCI are commonly offered limited,
sometimes invasive, interventions to manage long-term gas-
trointestinal symptoms (Multidisciplinary Association of Spi-
nal Cord Injured Professionals, 2012; Wheeler et al., 2018).
While conservative bowel programs can manage neurogenic
bowel, an increasing incidence of clinical complications are
reported to accompany aging with injury (Lynch et al., 2000;
Nielsen et al., 2017; Wheeler et al., 2018). Subsequently, bow-
el dysfunction is a major physical and psychological challenge
that reduces quality of life. The reported quality of life chal-
lenges associated with the inordinate amount of time devoted
to bowel care is compounded by the necessity of tetraplegics
to rely upon assistance from care-givers for bowel manage-
ment. Broader clinical consequences of neurogenic bowel are
reflected in the fact that gastrointestinal complications are
reported to be responsible for roughly 11% of hospitalizations
in the SCI population (Middleton et al., 2004; Jaglal et al.,
2009; Hammond et al., 2013; Gabbe and Nunn, 2016). The
side effects of long-term neurogenic bowel include impaction,
megacolon, hemorrhoids, rectal bleeding, prolapse, formation
of anal fissures in addition to chronic constipation and fecal
incontinence (Lynch et al., 2001).

Pathophysiological remodeling of the spinal neural cir-
cuits that provide the diffuse innervation of the viscera
(Gebhart and Bielefeldt, 2016) may lead to the presenta-
tion of referred pain symptoms. Perhaps the most urgent
co-morbidity involving these heightened nociceptive pro-
cesses involves the combined cardiovascular remodeling
that occurs following SCI (Maiorov et al., 1998; Furlan et al.,
2003; Wan and Krassioukov, 2013). Individuals with a SCI
above the level of T6, have a greater risk of experiencing a
phenomenon commonly referred to as autonomic dysreflex-
ia. It is well established that during an instance of autonomic
dysreflexia, a noxious stimulus is accompanied by a substan-
tial increase in sympathetic discharge below the injury level
[reviewed in Al Dera and Brock (2018)]. In rodent models
of SCI, this episodic sympathetic discharge begins within 2
weeks following complete SCI (Rummery et al., 2010). Au-
tonomic dysreflexia is a potentially life threatening medical
emergency and it is an indicator of over-activity of the auto-
nomic nervous system typically in response to a noxious or
irritating stimulus, such as colon distension, below the level
of injury. Lastly, the specter of social embarrassment associ-
ated with bowel incontinence contributes to the incidence of
anxiety and depression in SCI individuals (Ng et al., 2005).

Subsequently, surveys among the SCI population often
rank colorectal, bladder and sexual dysfunction as signifi-
cant obstacles to daily life pursuits and prioritize recovery of
bowel function above the ability to walk (Lynch et al., 2001;
Anderson, 2004; Simpson et al., 2012). Despite these conse-
quences, pre-clinical investigation of bowel dysfunction is
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profoundly lacking and substantial knowledge gaps persist
between the neurotrauma and gastroenterological fields in
understanding neurogenic bowel.

Pre-Clinical Evidence and Focus

The association of SCI with storage and evacuation defi-
cits promotes an inherent tendency to focus upon the loss
of supraspinal regulation of somatic (Holmes et al., 1998,
2005; Callaghan et al., 2018) and autonomic circuitry of
the spinal cord (Chung and Emmanuel, 2005; Ferens et al.,
2011; Callaghan et al., 2018). Hyperreflexic contractions
of the external anal sphincter following experimental SCI
(Holmes et al., 1998) or targeted supraspinal lesions (Holmes
et al., 2002) suggest dysregulation of voiding reflexes that
may be analogous to bladder smooth muscle and striated
sphincter dyssynergy following injury. Recently, pre-clinical
models of SCI have investigated the efficacy of the endoge-
nous prokinetic ghrelin to act directly upon the segmental
lumbosacral defecation reflex circuits (Ferens et al., 2011)
while derangements in the prokinetic signaling mediated
by acetylcholine have also been explored (Joo et al., 2011).
Prokinetic effects of neurokinin receptor agonists are of-
fering promising results for colon and bladder dysfunction
with attention also directed at simultaneous cardiovascular
stability (Kullmann et al., 2017; Marson et al., 2018). Finally,
the anecdotal reports of improvements in bladder and bowel
function following treadmill training or epidural stimulation
have generated interest in the development of intermediate
animal models to test colorectal pressure responses (Guiho
etal., 2016, 2017).

Clearly, data collected in neurally-intact organisms pro-
vides abundant evident that somatic motoneurons and au-
tonomic preganglionic neurons are ultimately modulated by
the central nervous system in the form of a complex network

of brainstem, limbic, and cortical inputs [see Furness et al.
(2014)]. The multiple levels of colonic neural regulation
(enteric, lumbosacral segmental reflexes, and modulation by
the descending supraspinal inputs) demonstrate that neuro-
genic bowel is more nuanced than what is sometimes con-
sidered in pre-clinical and clinical research. We conducted
a literature search (PubMed, Web of Science) to identify
published pre-clinical studies of neurogenic bowel following
SCI (summarized in Table 1) (Krogh et al., 2001). Our anal-
ysis reveals the paucity of pre-clinical research addressing
colonic and defecation abnormalities after SCI. Interpreta-
tion of this limited pre-clinical data is further compounded
by the lack of standardized outcome measures these studies
employed for assessing neurogenic bowel experimentally.

Local and Systemic Inflammatory Responses
following SCI

While the interruption of supraspinal inputs onto spinal
GI neural circuits following SCI is self-evident, emerg-
ing evidence is expanding our understanding of the early
inflammatory responses that likely affect gastrointestinal
(GI) health. Proper GI function requires adequate blood
flow at the local organ level to a degree that is second only
to central nervous system tissue. Reduction or loss of GI
vascular supply provokes localized inflammatory responses
and pathophysiological changes to GI function. Spinal cord
injury brings about diminished sympathetic tone as a result
of the interruption descending brainstem presympathetic
vasomotor neurons that is accompanied by a brief inflam-
matory bout and a reduction in GI vascular tone and reflex-
es (Besecker et al., 2017). The local inflammatory response
in GI tissues is superimposed by a systemic inflammatory
cascade that can induce multi-organ dysfunction known
as systemic inflammatory response syndrome [SIRS; see

Table 1 Pre-clinical studies of neurogenic bowel following traumatic spinal cord injury (SCI)

Investigators SCI model & species Measures

Summarized conclusions

de Groat and Krier (1978) T10-12 transection

Nerve recording of postganglionic

Rhythmic activity to colon is maintained following
decentralization.

Cat parasympathetic fibers
Holmes et al. (1998) T9-10 transection External anal sphincter
Rat Electromyogrphy
Holmes et al. (2002) Indirect - brainstem lesion External anal sphincter
Rat Electromyogrphy

Holmes et al. (2005) T9-10 contusion

Rat
T9-10 contusion
Rat

Ferens et al. (2011)

T9-10 transection
Rat

T9-10 transection
Rat

T9-10 transection
Rat

T3 contusion

Rat

Joo etal. (2011)
Kullman et al. (2017)
Marson et al. (2018)

White and Holmes (2018)

External anal sphincter
Electromyogrphy

Colonic pressure following 4
mg/kg (intravenous) ghrelin
mimetic capromorelin
Contractions of isolated colonic
smooth muscle strips

Balloon manometry of colorectal
pressure changes

Balloon manometry of colorectal
pressure changes

Sub-miniature pressure recordings
of proximal and distal colon
contractions.

Spinalization provokes hyperreflexia of lumbosacral
defecation circuits.

Lesion of a supraspinal nucleus previously shown to
project to lumbosacral defecation circuits mimics
post-SCI hyperreflexia.

Descending serotonergic fiber loss mirrors post-SCI
hyperreflexia of lumbosacral defecation circuits.
Ghrelin receptor stimulation produced similar
colonic pressure elevation in SCI and control rats.

Ex vivo M2 acetylcholine-mediated colonic
contractions are diminished following SCI.
Neurokinin receptor induced increase in colorectal
pressure 1 hour post-SCI.

Selective neurokinin receptor agonist induced
increase in colorectal pressure 1 hour post-SCI.

In vivo colonic motility and enteric neuronal number
is reduced by SCIL.
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Anthony and Couch (2014)]. Generally, SIRS is associated
with hepatic, renal and pulmonary damage and the relative
contributions of circulating inflammatory mediators upon
GI function remains as unclear as the widespread loss of the
spinal integrative control upon digestive system physiology.
Finally, it is increasingly evident that there is bidirectional
communication between gut microbiota and the nervous
system by way of neural, endocrine and metabolic pathways
(Bonaz et al., 2018). These interrelationships are proposed to
alter the anti-inflammatory properties in response to vagal
nerve activity; in addition to the normal physiological reg-
ulation of digestive reflexes within the GI tract by the vagus
nerve. Furthermore, in addition to shifts in the diversity of
gut microbiota, the loss of GI mucosal barrier integrity fol-
lowing SCI is well recognized and bacterial translocation of
some or all of the constituents of the microbial flora is also
emerging as a significant co-morbidity of SCL

Role of Inflammatory Processes in Colonic
Dysmotility

With such a severe knowledge gap pertaining to neurogenic
bowel, it is tempting to draw upon other disorders, such as
inflammatory bowel diseases (IBDs) that share similar abnor-
malities in colonic motility, to elucidate possible underlying
mechanisms. Specific IBDs, such as Crohn’s disease and
ulcerative colitis, are distinguished by their clinical manifes-
tation, sites of inflammation, immunologic profiles, as well as
marked abnormalities in colonic motility such as abnormal
transit and decreased contractility of colonic smooth muscle.
Experimental models of IBD have demonstrated pathophys-
iological remodeling of the neuromuscular compartment as-
sociated with dysmotility. Physical evidence of IBD oxidative
damage and inflammation include architectural changes to
the colonic mucosa, increased collagen deposition, thickening
of the colonic smooth muscle, as well as a loss of enteric neu-
rons. The effect of increased collagen deposition serves to re-
duce the compliancy of the colon by making the colonic wall
stiffer and ultimately reducing propulsive capacity. Myenteric
alterations are also frequently noted and may explain the dis-
rupted motor activity that persists long after resolution of the
inflammatory bout [reviewed in Mawe (2015)]. Specifically, it
is the reduction of inhibitory neurotransmission involving the
loss of enteric neurons that frequently affects colonic motility.
Receptive relaxation of distal colonic segments is as necessary
as propulsive contractions to prevent delayed colonic transit,
constipation, and impaction.

Due to the profound, and persistent, physiological changes
following SCI, comparisons regarding parallel mechanistic
changes with IBD must be made cautiously. An integrated
assessment of the colonic pathophysiology associated with
SCI in humans has recently received systematic, though
semiquantitative, investigation. Analysis of archival samples
identified an increase in collagen within the longitudinal
muscle layer as well as a general reduction in myenteric
neuronal density in individuals with chronic SCI (den Bra-
ber-Ymker et al., 2017). Similar changes have been observed
in rats with acute (3 day) and semi-chronic (3 week) experi-

mental SCI. Specifically, the proximal and distal colons from
rats that displayed in vivo reductions in colonic contractions
also demonstrated increased collagen content and muscle
thickness along with a progressive reduction myenteric neu-
ronal density (White and Holmes, 2018). The progressive
reduction in the myenteric neurons that ultimately drive
peristalsis (refer to Figure 1) suggests that neurogenic bowel
includes remodeling of the enteric neuromuscular control of
the colon.

Potential Implications of Colonic
Neuromuscular Remodeling upon

Therapeutic Strategies

Current bowel management programs frequently range
from overly conservative and noninvasive strategies to
surgical treatments (Coggrave and Norton, 2013). Unfortu-
nately, many of these bowel management strategies offered
to the SCI individual or caretakers are based upon anecdotal
reports or trial and error in the absence of evidence-based
support. Lifestyle strategies, digital rectal stimulation and
multiple pharmacological approaches with osmotic and
stimulant laxatives (poly-pharmacy) are the primary means
for symptom management of neurogenic bowel. Only as
conservative symptom management deteriorates are many
individuals willing to consider invasive surgical interven-
tions or implanted neuromodulatory devices. Therapies
designed to promote the restoration of descending inputs to
the lumbosacral autonomic and somatic circuits innervating
the colon may achieve greater success than those targeting
locomotion due to the relative simplicity of visceral reflexes.
However, failure to take into consideration the remodeling
of the enteric neuromuscular compartment may profoundly
limit the efficacy of such approaches.

Conclusions

The intrinsic (e.g., enteric) nervous control of the colon com-
bined with the extrinsic (sympathetic and parasympathetic)
modulation of the enteric neural circuitry demonstrates
that there are multiple underlying factors that contribute to
the development of neurogenic bowel. While each level re-
quires greater research focus in order to elucidate the post-
SCI changes to colonic function, the enteric neuromuscular
junction is the final common pathway for the extrinsic reg-
ulation of the colon by segmental reflex arcs and serves as a
logical starting point for investigation. The secondary organ
dysfunction that results from the local and systemic inflam-
matory cascade immediately following a SCI lesion suggests
that neurogenic bowel is not merely a lack of descending
neural control and greater emphasis must be placed on the
potential post-inflammatory remodeling of the critical en-
teric neuromuscular interface. Both the local and systemic
inflammatory response can incite elevated levels of oxidative
stress within multiple tissues and the therapeutic targeting
of this process in the broader context of neural protection in
the brain or spinal cord may also offer a common element
for protection of the enteric nervous system.
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