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Neural pathways for colorectal control, relevance to spinal cord injury and treatment: a narrative review
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Abstract
Study design  Narrative review.
Objectives The purpose is to review the organisation of the nerve pathways that control defecation and to relate this knowledge to the deﬁcits in colorectal function after SCI.
Methods A literature review was conducted to identify salient features of defecation control pathways and the functional
consequences of damage to these pathways in SCI.
Results The control pathways for defecation have separate pontine centres under cortical control that inﬂuence defecation. The pontine centres connect, separately, with autonomic preganglionic neurons of the spinal defecation centres and somatic motor neurons of Onuf’s nucleus in the sacral spinal cord. Organised propulsive motor patterns can be generated by stimulation of the spinal defecation centres. Activation of the somatic neurons contracts the external sphincter. The analysis aids in interpreting the consequences of SCI and predicts therapeutic strategies.
Conclusions Analysis of the bowel control circuits identiﬁes sites at which bowel function may be modulated after SCI.
Colokinetic drugs that  elicit propulsive contractions of  the  colorectum may  provide valuable augmentation of  non- pharmacological bowel management procedures.









Introduction

This paper provides a contemporary review of the central and  peripheral components of  the  control pathways for faecal continence and defecation that is currently lacking. In particular we relate these pathways to the changes seen after spinal cord injury and consider sites to which drugs that could be used in the treatment of fecal retention after spinal cord injury could be targeted.
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Methods

Literature  reviews  were  conducted  using  PubMed  and
Google Scholar. We searched for papers published after
1974. When relevant papers were identiﬁed, earlier litera- ture referred to was sought out. Searches combining the terms defecation and/or micturition with spinal cord injury, spinal cord, CNS and pathway tracing were used. We also investigated citing literature that was related to publications that were identiﬁed in the searches. Literature has been eval- uated for relevance to analysis of neural pathways for defe- cation control and for relevance to the bowel consequences experienced by people living with spinal cord injury.


Results

Changed bowel function in SCI

The majority of spinal injuries occur early in life, and a high proportion of injuries that lead to para- or tetraplegia compromise bowel  function.  It  has  been  estimated that disturbances of bowel function occur in over 80% of people
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Fig.  1  The nerve pathways for voluntary control of defecation and fecal continence. Cortical centres that govern voluntary control pro- vide inputs that either inhibit or enhance excitability of neurons in the brain  stem,  a  medial nucleus (Barrington’s nucleus, BN)  through which autonomic pathways to the distal colon and rectum are acti- vated, and a lateral cell group (LCG) that controls the external anal sphincter. The medial group of neurons projects to the spinal defeca- tion centre in the intermediolateral column (IML) at S1 level. This in turn connects with intrinsic reﬂex pathways of the enteric nervous

system (ENS), via the pelvic ganglia. Afferent (sensory) neurons that detect pressure and mucosal irritation in the colon contribute to urge and  neurons that  sense pressure in  the  abdominal cavity enhance defecation. These connect to second order (2 ord) neurons that make local connections in the spinal cord and provide sensory information to the pons and cortex. Descending neurons from the LCG synapse in Onuf’s nucleus (ON) on motor neurons that supply the external sphincter

with spinal cord injury (SCI) [1]. Challenges related to living with the bowel complications of SCI include costs, emotional impact, diet, education and  employment, inti- macy and interpersonal relations, social participation, spontaneity and daily schedule, travel, lack of appropriate and consistent assistance, loss of autonomy (independence, privacy), lack of predictability and fear of incontinence, medical complications, pain or discomfort, physical effort of the bowel routine, physical experience, and time requirements to deal with bowel problems [2, 3].
A  major problem identiﬁed in  SCI is an  inability to empty  the  bowel  when  defecation  is  convenient and  a leakage  of  bowel  contents  (overﬂow  incontinence) that occurs at inappropriate times [4–7]. Over half of all SCI patients with an injury above L2 suffer from constipation [8]. Constipation and fecal leakage is highly inconvenient and often embarrassing for the patient. Surveys indicate that bowel  problems are  amongst  the  commonest secondary effects of SCI that trouble people living with SCI [2, 9–12].

Failure of normal bowel control can have signiﬁcant downstream clinical effects, including impaction, haemor- rhoids, rectal bleeding, prolapse, formation of anal ﬁssures and chronic constipation leading to megacolon requiring operative diversion [5].

The neural pathways for volitional  bowel control

Although we emphasise control pathways in humans, we have relied on studies in other species for some aspects of the neural circuits. Many of the detailed studies of the nerve pathways that control colorectal function have been made in rats and other laboratory animals. Rats are tetrapedal. They do not stop normal activity to defecate, nor do they adopt a defecatory posture. Thus, they exhibit a different control over defecatory behaviour when compared to humans, who normally retain faeces and defecate only intermittently. An upright, bipedal posture is also associated with differences in the structure and functional characteristics of the pelvic


ﬂoor  of  humans compared with  tetrapods, reﬂecting its important role in continence imposed by an upright posture [13]. Pelvic ﬂoor differences include the greater prominence of the puborectalis and the presence of slow twitch ﬁbres in the external anal sphincter of humans. Nevertheless, the organisation of the nerve circuits that control defecation show similarities between species.
Voluntary (conscious) defecation is controlled from the cerebral cortex, which allows humans to make a decision to defecate or not when the urge is sensed. Two pathways are activated: (i) an autonomic pathway that controls propulsive activity of the smooth muscle of the colorectum and relaxation of the internal anal sphincter that is co-ordinated with propulsive activity and (2) a somatic pathway to the striated muscle of the external anal sphincter that is initially constricted and then relaxed under descending volitional control (Fig. 1). The autonomic pathways impinge on enteric reﬂex pathways that can cause propulsion even in the absence of central input. These are discussed in the context of involuntary reﬂexes below. Once the decision to defecate has been made the message travels from the cortex via the spinal cord [14]. In the spinal cord, control of the colorectum is relayed through the sacral spinal defecation centre [15,  16]  and  control of  the  external sphincter is relayed through Onuf’s nucleus in  the sacral cord [17]. Signals from the spinal defecation centre direct movements of the wall of the gut to cause bowel emptying (Fig. 1). The extrinsic anal sphincter relaxes in co-ordination with col- orectal propulsion.
The brain stem centre for control of the smooth muscle of the colorectum and internal anal sphincter is Barrington’s nucleus, which lies near the ﬂoor of the fourth ventricle, adjacent to the locus coeruleus [18]. Although most of the information on the roles of this nucleus comes from animal studies, lesion and  imaging studies in human identify a region in the human brain stem for the control of micturition that   is   equivalent  to   Barrington’s  nucleus  [13,   19]. While animal studies suggest overlap of micturition with defecatory control, no speciﬁc evidence exists for the role of Barrington’s nucleus in human defecation control. In animals, neurons in Barrington’s nucleus are activated by colon  distension  and  by  corticotrophin releasing factor, and are subject to over-riding cortical control. Stimulation of Barrington’s nucleus increases colonic intraluminal pressure  [20]  and  injection  of  radioactive  amino  acids into Barrington’s nucleus labels nerve ﬁbres surrounding preganglionic neurons  in  the  region  of  the  lumbosacral defecation centre [21]. Barrington’s nucleus contains both the pontine defecation centre and the pontine micturition centre and it has not been possible to distinguish neurons with bladder and bowel controlling functions by morphol- ogy, size, position or chemistry in this nucleus. Injection of retrograde label  into  the  defecation centre region labels

nerve cells in Barrington’s nucleus, as does the injection of trans-synaptic retrograde tracer into the wall of the colon [15]. Labelling of Barrington’s nucleus from the colon was prevented by spinal cord transection. The projection from the pontine defecation centre to the lumbosacral defecation centre is bilateral [22], but the neurons from the pontine defecation centre do not innervate Onuf’s nucleus, the nucleus through which the external sphincter is controlled [23]. Inputs to the region of the pontine defecation centre come  from  neurons at  the  same  level  (ponto-medullary neurons), the hypothalamus and the cerebral cortex, notably the  medial-frontal cortex  [23–26].  Consistent  with  this neuroanatomy, injection of  trans-synaptically transported retrograde tracer into the colon labelled cells in the medial- frontal cortex [15]. Neurons in the caudal nucleus raphe obscurus (nRO), in the midline of the lower brain stem, also project to the defecation centres [25]. When the nRO is electrically stimulated, these  pathways inhibit  colorectal motility, and thus may be involved in maintaining con- tinence, and also inhibit internal and external anal sphincter contraction, which could be permissive to defecation. Electrical stimulation is rather a blunt tool, and could acti- vate more than one mechanism emanating from nRO. It is notable that injection of tracer into the colon of spinally transected rats labelled neurons of the area postrema, nucleus of the solitary tract, dorsal nucleus of the vagus and nucleus ambiguus, but not Barrington’s nucleus [15]. This indicates that there is a  vagal innervation of  the colon. However, the  vagal  pathways have  little  or  no  role  in voluntary defecation, which is lost after signiﬁcant damage to the spinal cord.
Onuf’s nucleus, which supplies the muscles of the pelvic ﬂoor that form the external anal and external urethral sphincters, is also innervated by motor pathways from the ponto-medullary region [18, 27]. Within Onuf’s nucleus, regions containing motor neurons to the external anal and external urethral sphincters are distinct [28–30]. In the cat, the ponto-medullary premotor neurons supplying Onuf’s nucleus  are  laterally located,  and  are  distinct  from  the medially located neurons of Barrington’s nucleus, with which they make no direct connection [17], whereas in the rat the  cell groups  are close or  intermingled [27]. It is concluded from the cat data that co-ordination of colon and extrinsic sphincter movements occurs at centres that in turn connect with these two neuron groups [17]. In uninjured individuals, cortical inhibition of  external anal sphincter contractile tone occurs in a co-ordinated fashion on strain- ing [6]. There is evidence for studies of human volunteers that connections in the spinal cord, independently of des- cending pathways from the brain, can inﬂuence the external sphincter [31]. The authors propose that afferents in the rectum initiate contractions of the external sphincter through a spinal reﬂex. Consistent with the presence of local


reﬂex control of the external sphincter, there are connec- tions to Onuf’s nucleus from spinal afferents and the region of the defecation centre at the sacral level [32]. Some of the local inputs to Onuf’s nucleus are inhibitory.
Defecation is facilitated by increasing intra-abdominal pressure or by irritation of the mucosal lining of the rectum [33], indicating that sensory pathways from the abdomen and rectum impinge on the defecation control pathways. This facilitation can assist defecation in spinal injured patients, but not if the injury is below the conus, i.e., below the  spinal defecation centres [34]. This agrees with the anatomy, in which the afferents project to the lumbosacral spinal cord (Fig. 1).
Therefore, the act of defecation is co-ordinated by interaction between the brain, spinal cord, enteric neurons, and the muscle of the colon, rectum, anus, and pelvic ﬂoor and is dependent on conscious control.

Bowel control after spinal cord injury

Because the pathways for voluntary control of the color- ectum and  external sphincter run down the spinal cord, voluntary  control  of  fecal  continence and  defecation is disrupted by  SCI,  to  varying extents  dependent  on  the completeness of the interruption. However, involuntary portions of the defecation reﬂex remain intact after SCI, notably after supraconal SCI. The spinal defecation centre, located in the sacral cord, is usually intact following SCI, as approximately 90% of traumatic spinal cord injuries are at cervical or thoracic levels [35]. Moreover, the enteric ner- vous system (ENS) and its reﬂex pathways remain intact (Fig. 1). Comparison of colonic myoelectric activity between a group of para- or tetraplegic subjects, ranging from 3 months to 11 years post injury, and uninjured individuals showed that there is no loss of colonic muscle contractility [36], consistent with the muscle retaining its enteric innervation. In fact, the basal myoelectrical activity was  slightly, about  25%,  higher in  the  injured subjects compared to controls. This may be contributed to by a loss of the central inhibition that contributes to fecal continence.
The recto-anal reﬂex, which relies on ENS nerve circuits, causes the internal anal sphincter to relax when the colon is distended or the colonic mucosa is stimulated mechanically or chemically [33, 37]. Anorectal manometry demonstrates normal internal anal sphincter relaxation after rectal dis- tention in people with SCI, demonstrating intact enteric defecation reﬂexes [36]. If the injury is distal to the S1 defecation centres (infraconal), the colorectal reﬂexes are deﬁcient [5]. This suggests that in intact humans, the co- ordinated propulsive activity of the colorectum depends on command signals from  the  sacral defecation centre  [5]. Individuals with injury below the defecation centre present

with slow stool propulsion, hypotonic anal sphincter, deﬁ- cient recto-colic reﬂex, constipation and incontinence [5]. Consistent with  these  results,  studies in  cats  show  that activation of  colorectal afferents causes propulsive con- tractile activity in the colon that depends on the pelvic nerve being intact and which persists after transection of the cord rostral to the defection centres [38].
A study of 23 subjects with complete traumatic spinal injury (at C6-L1) with age matched controls reported that external anal sphincter response to rectal distension was noticeably attenuated [39]. This suggests that adequate control of the external sphincter is dependent on descending spinal pathways, as the organisation of the nerve circuits suggests (Fig. 1). However, the changes in external sphincter functions are quite variable between patients, and can be inﬂuenced by trans-synaptic changes that depend on time since injury [40]. The bladder and bowel dyssynergia that occurs in patients with spinal cord injury [34] suggests that co-ordination of external anal sphincter relaxation with colorectal propulsion is inﬂuenced by centres rostral to the spinal cord, most likely in the cortex and pons.
The gastro-colic reﬂex, through which colonic activity is enhanced at the time of a meal or soon after, was absent in SCI subjects, while it was present in uninjured subjects in the same study [36]. A  later study  also reported that a gastro-colic reﬂex was not seen in the rectosigmoid region in SCI individuals, but that a reﬂex was seen more proxi- mally, in the descending colon [41]. This suggests that the gastro-colic reﬂex may inﬂuence more proximal regions through the vagus nerve, while the pathways that increase contractile activity in the distal colon and rectum travel in the spinal cord and pelvic nerves.
Gastrointestinal disturbances caused by neurogenic bowel were more often seen in patients with motor com- plete SCI and injury above about T5 to 7; 67% of those patients suffered from constipation as  well as  85%  had some level of incontinence [42, 43]. A possible reason that SCI above about T5-7 causes greater problems is that these individuals either cannot, or have reduced ability to, voluntarily contract abdominal muscles. For lesions below T7, patients can increase intra-abdominal pressure by con- tracting the abdominal wall [44]. Although this assists in activating colorectal propulsion, there is still dyssynergia, with the external anal sphincter commonly contracting when the intra-abdominal pressure is increased [44].
The deduction that the integrity of co-ordinated color- ectal  propulsive  reﬂex  activity  is  dependent  on  signals from the defecation centre is consistent with experimental studies in spinal injured rats that show that ghrelin receptor agonists, which are speciﬁc stimulants of the defecation centres cause propulsion of the colorectal contents after SCI [45].


Long-term consequences

The frequency and severity of constipation-related symp- toms and their impact on quality of life increase with time since injury [46–48], although physiological investigations do not indicate a loss of colon function (see below). The changes for patients includes an increase in the time spent at defecation, the requirement for digital anorectal stimulation at least once every week, an increase in the number who report an impact of colorectal dysfunction on quality of life and an increase in the number of respondents who defecated less than every second day. There was, however, a decrease in fecal incontinence [47].
However, there was no change in the gastrointestinal transit time nor in the incidence of megacolon in patients who  were  examined 1  year  post  injury,  with  a  second analysis 10 years post injury, nor in a second group that were on average 19 years post injury when ﬁrst examined and an average of 29 years post injury at retest [49]. These results are in agreement with an earlier study that found no change in fecal incontinence score with either duration of injury or age for SCI patients, although there was an increase in laxative use [46]. Another questionnaire based cross-sectional study of spinal cord-injured individuals showed that a high level of cord lesion, completeness of cord injury and longer duration of injury (≥ 10 years) can predict the severity of bowel dysfunction [12].
Chronic abdominal pain was found to affect over 30% of paraplegic respondents to a longitudinal postal survey with a mean time post injury of 30 years [50]. The abdominal pain was related to constipation with a higher frequency of self-reported constipation. Full bladder and bladder infec- tion  often increased abdominal pain  or  discomfort. The study also found that opioids, which could exacerbate constipation, were the most common treatment reported for abdominal pain.

Bowel management

Conservative management includes mechanical means of aiding emptying (abdominal massage, digital rectal stimu- lation,  manual  evacuation,  trans-anal  irrigation), use  of chemical agents (oral laxatives, stool softeners, colonic stimulants, bulk forming agents, bisacodyl suppositories), changes in diet (high dietary ﬁbre) and pharmacological agents, notably anticholinesterases [51–53]. Most people with SCI develop a bowel routine using more than one conservative management procedure [44, 52].
Evaluation of procedures in controlled, adequately powered trials has been inadequate [52]. Nevertheless, there is some evidence to support these approaches, particularly in combination, and about two thirds of patients ﬁnd bowel routines that improve their situation [53].

Where these conservative measures prove inadequate, surgical treatments are available, that include sacral nerve stimulation or sacral anterior roots stimulation (SARS) with implanted stimulation systems, creating a  colostomy, or providing a surgical entry to allow bowel irrigation (Malone procedure). The SARS procedure involves placing stimu- lating electrodes on the ventral roots at S2-S4 and severing the dorsal roots. The method is commonly used to treat neurogenic urinary bladder disorders, but has also been used to treat bowel dysfunction in people living with spinal cord injury [54]. In a study of over 200 patients, SARS increased the frequency of defecation, reduced bowel emptying times and reduced the use of laxatives, suppositories and digital evacuation [54].

Colokinetic drugs

Some SCI patients have had success in relieving constipa- tion with 5-HT receptor stimulants, tegaserod and cisapride, but these colokinetics have been removed from the market due to side effects [52]. The other colokinetic protocol is to use the anti-cholinesterase, neostigmine plus an antagonist (glycopyrrolate) that is used to limit the effects of increased acetylcholine availability on the heart [55, 56]. In animal studies neostigmine has been found to enhance contractions in the colorectum, but the contractions are commonly not propulsive.
More could probably be done to investigate further colokinetic drugs  that  do  enhance  colorectal propulsive activity. Prucalopride, also a 5-HT agonist, is approved to treat constipation in Europe [57]. It had earlier been trialled in SCI [58], but has not become a regularly used drug treatment.
As mentioned above, in human the co-ordinated pro- pulsive activity of the colorectum depends on both the ENS and the spinal defecation centres. Thus, agents that activate the spinal defecation centres may be useful colokinetics. The only class of drug that has been identiﬁed that stimu- lates the defecation centre to cause co-ordinated propulsion is ghrelin receptor agonists that cross the blood-spinal cord barrier [59–61]. These compounds also cause defecation in human volunteers and humans with SCI [62–64]. Animal studies show that an anti-cholinesterase enhances colorectal contractions, but these contractions are poorly propulsive, whereas ghrelin receptor agonists elicit propulsive contractions.


Discussion

Injury to the spinal cord that is located below the cortical centres for voluntary control of continence and defecation, and below the ponto-medullary centres for co-ordination of


bowel emptying and external anal sphincter relaxation, causes loss of colorectal control (Fig. 1). Autonomic neural circuits for co-ordinated movement of the bowel are also located at the sacral level of the spine (spinal defecation centre) and in the bowel wall (the enteric nervous system). These centres and  their local connections constitute the involuntary parts of the autonomic defecation control sys- tem. The somatic circuits that control the external sphincter are directed from the cortex and pons. Because the spinal and enteric autonomic circuits that control the distal colon and rectum remain intact when injury is above the sacral level, pharmaceutical agents can be used to trigger or aug- ment their function, although it needs to be considered that denervation can lead to changes in neural properties, for example, denervation supersensitivity [40,  65],  meaning that sensitivities to drugs may differ between patients and uninjured controls. However, there is no available phar- macological method to relax the eternal sphincter. Thus, new drug therapies will most likely be adjuncts to non- pharmacological methods to aid bowel function.
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