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Communication between the enteric nervous system (ENS) of the gastrointestinal (GI) tract and the central

nervous system (CNS) is vital for maintaining systemic homeostasis. Intrinsic and extrinsic neurological inputs of

the gut regulate blood flow, peristalsis, hormone release, and immunological function. The health of the gut

microbiome plays a vital role in regulating the overall function and well-being of the individual. Microbes release

short-chain fatty acids (SCFAs) that regulate G-protein-coupled receptors to mediate hormone release,

neurotransmitter release (i.e., serotonin, dopamine, noradrenaline, γ-aminobutyric acid (GABA), acetylcholine, and

histamine), and regulate inflammation and mood. Further gaseous factors (i.e., nitric oxide) are important in

regulating inflammation and have a response in injury. 

gut microbiome  neurologic injury  enteric nervous system

1. Introduction

An intricate communication between the gastrointestinal (GI) tract’s enteric nervous system (ENS) and the central

nervous system (CNS) creates a unique dynamic unlike any other peripheral organ system. Together, the GI tract’s

intrinsic and extrinsic neurologic inputs influence its movement patterns, blood flow, reflexes, and interactions with

the gut immune and endocrine systems . While the GI tract’s intrinsic neural plexuses allow the system a degree

of autonomy in executing many of these functions, the CNS plays an integral role in regulating and modulating

these in response to external stimuli .

Extrinsic neuronal communication with the GI tract occurs via vagal, spinal thoracolumbar, and spinal lumbosacral

innervation . Vagal efferents arising from the dorsal motor nucleus (DMN) consist of both excitatory and

inhibitory lower motor neurons (LMNs) as well as preganglionic parasympathetic fibers . Vagal influence on the

GI tract is most prominent in the esophagus and stomach, where responsibilities include upper esophageal

sphincter (UES) contraction, striated and smooth muscle peristalsis, and regulation of hormonal release .

Without vagal efferents, the upper and lower esophagus can no longer propel its contents forward . Vagal

sensory neurons, or afferents, at the level of the esophagus, stomach, and proximal small intestine communicate

with the CNS to mediate numerous vasovagal reflexes in addition to sensing satiety . Similar to vagal

innervation in the upper GI tract, thoracolumbar innervation on the middle GI tract consists of both efferents and

afferents. Thoracolumbar preganglionic sympathetic efferents innervate their postganglionic counterparts in the

celiac, superior mesenteric, and inferior mesenteric ganglia. In addition to their significant influence on GI tract

vasculature, these fibers function in slowing transit times of tract contents directly via sphincter contraction and
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indirectly via inhibition of myenteric and submucosal ganglia . Thoracolumbar afferents compromise the

majority of thoracolumbar innervation in the GI tract. Although primarily inactive in nonpathological states,

sensitization of thoracolumbar afferents via gut inflammation plays a role in pain sensation . Lumbosacral input

on the GI tract is primarily in the form of parasympathetics which innervate their respective postganglionic cell

bodies in the pelvic plexus or act indirectly via the ENS myenteric plexus . Similar to vagal parasympathetics in

the upper GI tract, lumbosacral parasympathetic efferents provide excitatory and inhibitory innervation to the distal

colon to increase or decrease motility, respectively . Lumbosacral afferents communicate stretch and pain to

the CNS, namely Barrington’s nucleus . Lumbosacral sensory and motor neurons also function in

important lower GI reflexes, such as defecation .

Despite the importance of CNS innervation in proper digestive system functioning described above, the ENS gives

the GI tract the ability to maintain many of its functions independent of extrinsic support . The ENS

consists of approximately 20 neuronal subtypes dispersed in its two major ganglia, the myenteric extending from

esophagus to anus and submucosal in the small and large intestines . In the esophagus, nitric oxide producing

enteric neurons allow for sphincter relaxation independent of vagal inhibition . ENS innervation in the stomach

is responsible for gastric acid secretion through its direct innervation of gastrin-releasing G cells . In the

small and large intestines, enteric neurons function in fluid movement and balance; blood flow; nutrient handling;

gut-wall integrity; and communicating with local and peripheral neural, endocrine, and immune cells .

Through intrinsic sensory neurons, interneurons, and motor neurons, the ENS is responsible for controlling small

intestine motility and propulsion . Likewise, the migrating motor complex (MMC), a small intestinal

phenomenon important for preventing bacterial overgrowth, is dependent entirely on ENS neurons . Enteric

nociceptive neurons are important for retropulsive reflexes such as vomiting in the small intestine and for

propulsive contractions and copious fluid secretion in the colon . With the support of sympathetic pathways,

small intestinal secretomotor neurons regulate fluid movement and electrolyte secretion between the intestinal

lumen and body fluid compartments . In the colon, the ENS is capable of reproducing the

defecation reflex with lumbosacral stimulation independent of central command .

2. Neurologic Control of the Gut Microbiome

The gut microbiome contains trillions of bacteria, viruses, and fungi that are critical for the health of the organism.

The majority of these microbes are symbiotic; however, pathogenic bacteria can invade the gut and lead to

diseases such as cancer, autoimmunity, and multiple sclerosis . Thus, tight neuronal control of this system is

critical in order to maintain homeostasis and prevent disease. This control is achieved through intrinsic (enteric)

and extrinsic innervation of the gut.

2.1. Intrinsic (Enteric) Nervous System

Intrinsic, or enteric, neurons function to regulate the motility, secretion, and immunologic defense of the gut largely

independent of CNS control . There are nearly 600 million enteric neurons within the gastrointestinal (GI)

smooth muscle stemming from the myenteric and submucosal plexuses . These neurons communicate with
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enteric glial cells to control the enteroendocrine cells on the epithelial lining which are responsible for secreting

peptide hormones that regulate GI inflammation, secretion, and motility . One such hormone is glucagon-like

peptide 2 (GLP-2) which acts to decrease intestinal inflammation . Within the ENS there are afferent neurons,

interneurons, and motoneurons . Afferent neurons, or intrinsic primary afferent neurons (IPANs), are responsible

for relaying stimuli from the gut to the ENS . IPANs relay information to the interneurons. Interneurons of the

ENS are subdivided into ascending and descending interneurons . Ascending interneurons are those that are

projected orally and release acetylcholine (Ach), and descending interneurons are those that are projected anally

and are grouped into three classes based on the signaling molecule they produce/release. Descending

interneurons can release (1) acetylcholine, nitric oxide (NO), and vasoactive intestinal peptide (VIP); (2)

acetylcholine and somatostatin; or (3) acetylcholine and serotonin . Interneurons then pass the signal to

motoneurons which function to innervate the musculature of the GI tract. There are excitatory motoneurons which

secrete Ach and substance P (SP) and inhibitory motoneurons which secrete NO and VIP. Through muscular

innervation, these neurons direct GI motility from mouth to anus.

2.2. Microbiome Effect on Enteric Nervous System

The microbes that make up the gut microbiome are capable of releasing short-chain fatty acids (SCFAs),

neurotransmitters, gaseous factors, and lipopolysaccharides that have an effect on the functions of the ENS .

Lipopolysaccharides have been shown to act on toll-like receptors (TLRs) 2 and 9 in the ENS, leading to anti-

inflammatory effects . Similarly, SCFAs are natural byproducts of microbial metabolism which have been shown

to bind G-protein-coupled receptors (GPCRs) located on the enteroendocrine cells, leading to hormone modulation

and motility effects . Additionally, there are many strains of bacteria that are known to release neurotransmitters

serotonin, dopamine, noradrenaline, γ-aminobutyric acid (GABA), acetylcholine, and histamine . These

neurotransmitters have a wide effect including anti-inflammation through histamine, impacts on mood and behavior

through serotonin and tryptamine, and increases in motility and gastric emptying through GABA.

2.3. Extrinsic Innervation of Gut

Extrinsic innervation of the gut describes communication from the brain to the gut (brain–gut axis) through

autonomic neurons and from the gut to the brain (gut–brain axis) through somatosensory neurons. The extrinsic

somatosensory neurons contain nerve endings in the gut that project into the central nervous system . This

allows a connection between the gut and CNS that gives information about the condition of the gut. The connection

is achieved through vagal and spinal pathways . Cholecystokinin (CCK) is another major mediator of

gastrointestinal feedback to the central nervous system through the afferent component of the vagus nerve .

As previously mentioned, the gut microbiota is capable of consuming and releasing neurotransmitters such as γ-

aminobutyric acid (GABA), serotonin, glutamate, dopamine, and norepinephrine . It has been shown that the

presence of GABA-producing bacteria can lead to depression, showing a relationship between the gut microbiome

and the CNS .
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3. Mechanisms of Microbiome Disruption in Neurologic
Disease

The brain–gut axis  is a well-characterized, multidirectional interaction between the gastrointestinal, immune,

and nervous systems. Injury, disease, or other perturbation of these systems affects the function of the others 

. For example, activation of certain neuronal circuits can increase immune response to bacterial infection, and

microbiota-depleted mice display altered behavioral patterns and CNS structure . The precise mechanisms

by which these systems interact in health and disease are still under investigation. The leading hypotheses suggest

immune cell education and development in the gut and CNS alter trafficking patterns and proinflammatory pathway

activation after injury. Immune cells, which are constantly surveilling both the gut and CNS, respond to

neurotransmitters, providing a straightforward mechanism for neuronal activity to alter immune cell function 

.

Another possible mechanism is the function of gut microbiota-derived metabolites. Microbiota depletion disrupts

microglia development and function; however, treatment with microbiota-derived short-chain fatty acids (SCFAs)

can restore these phenotypes. Further, knockout of an SCFA receptor causes microglia phenotypes similar to those

seen in microbiota-depleted mice . Other gut flora-associated metabolites, particularly those of tryptophan, are

associated with CNS regulation, possibly acting through aryl hydrocarbon receptors .

3.1. Ischemic Stroke

The contribution of the gut microbiota to ischemic stroke is unique in that it affects both risk and outcome. Cross-

sectional clinical studies indicate that patients with the most known risk factors for ischemic stroke have

significantly altered microbiota composition . Further, high-risk patients have decreased butyrate-producing

bacteria and lower fecal butyrate concentrations. Other human studies evaluating outcome after ischemic stroke

also find decreased SCFA concentrations in stroke patients compared to healthy controls . Fecal SCFA

concentration is also inversely associated with functional outcome at 90 days poststroke. However, it is important

to note that these changes could be an epiphenomenon of the disease rather than causative.

3.2. Spinal Cord Injury

The precise mechanisms of how gut microbiota can affect spinal cord injury (SCI) pathology remain unclear, but

there is clearly a functional role for the microbiota in disease progression. Mice, like humans, develop gut dysbiosis

after SCI, which can be reduced with fecal transplant . Fecal transplant and probiotic treatment also improve

some parameters of behavioral and functional outcome after SCI in mice, suggesting that gut dysbiosis does

exacerbate the pathophysiological process . On the other hand, a broad-spectrum depletion of

microorganisms worsens recovery . A more targeted approach to microbiota manipulation could further elucidate

the mechanisms by which the microbiota regulates SCI pathology.

3.3. Traumatic Brain Injury
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As in ischemic stroke, the brain–gut axis is functionally bidirectional after traumatic brain injury (TBI); in recent

mouse studies, neurological injury appears to induce gut dysbiosis which in turn aggravates neuroinflammation and

worsens outcome . Gut-dysbiosis-induced neuroinflammation seems to be at least partially mediated by

microglia and astrocytes, which have also been shown to be regulated by enteric metabolites . Restoration

of healthy microbiota can interrupt this process and improve neurological deficits after TBI . Consistent with the

general model of the gut–brain axis, SCFA metabolism seems to be a critical element of TBI-induced gut dysbiosis.

The abundance of SCFA-producing bacteria is diminished after TBI, and SCFA supplementation is sufficient to

improve neurological function .

The role of the gut microbiota after TBI is distinguished from that of the other previously discussed neurological

injuries in several ways. First, broad-spectrum antibiotic treatment seems to be neuroprotective after TBI .

Similar antibiotic regimens used in models of ischemic stroke and SCI worsen histologic and/or behavioral

pathology . Another unique element of TBI pathology is that its relationship with the gut microbiota is

dependent on the mechanism of injury. While most studies use a model of single, severe cortical impact, others

use mild, repetitive TBI as a model of sports- or military-related injury. When mice are subjected to this model of

TBI, their microbiota is minimally altered .

3.4. Hemorrhagic Cerebrovascular Lesions

Intracerebral hemorrhage (ICH), which can be caused by many lesions, including CCMs , is also associated with

gut dysbiosis . Fecal transplant is capable of improving neurological outcome after ICH , though the exact

bacterial populations responsible for this effect remain uncertain. 

Another type of hemorrhagic stroke, spontaneous subarachnoid hemorrhage (SAH), is primarily caused by

intracranial aneurysms . There is some evidence that the gut microbiota influences aneurysm formation;

depletion of gut bacteria through orally administered broad-spectrum antibiotics reduces aneurysm formation in

mice .

References

1. Furness, J.B.; Callaghan, B.P.; Rivera, L.R.; Cho, H.-J. The Enteric Nervous System and
Gastrointestinal Innervation: Integrated Local and Central Control. In Microbial Endocrinology:
The Microbiota-Gut-Brain Axis in Health and Disease; Lyte, M., Cryan, J.F., Eds.; Springer: New
York, NY, USA, 2014; pp. 39–71. ISBN 978-1-4939-0897-4.

2. Browning, K.N.; Travagli, R.A. Central Nervous System Control of Gastrointestinal Motility and
Secretion and Modulation of Gastrointestinal Functions. In Comprehensive Physiology; Terjung,
R., Ed.; Wiley: Hoboken, NJ, USA, 2014; pp. 1339–1368. ISBN 978-0-470-65071-4.

[54][69]

[54][61][64]

[70]

[71]

[72]

[73][68]

[74]

[75]

[76] [76]

[77][78]

[79]



Link between Gastrointestinal Microbiome and Neurologic Injury | Encyclopedia.pub

https://encyclopedia.pub/entry/20175 6/12

3. Chang, H.Y.; Mashimo, H.; Goyal, R.K., IV. Current Concepts of Vagal Efferent Projections to the
Gut. Am. J. Physiol.-Gastrointest. Liver Physiol. 2003, 284, G357–G366.

4. Cannon, W.B. Oesophageal Peristalsis after Bilateral Vagotomy. Am. J. Physiol.-Leg. Content
1907, 19, 436–444.

5. Furness, J.B. The Enteric Nervous System and Neurogastroenterology. Nat. Rev. Gastroenterol.
Hepatol. 2012, 9, 286–294.

6. Berthoud, H.R.; Blackshaw, L.A.; Brookes, S.J.H.; Grundy, D. Neuroanatomy of Extrinsic Afferents
Supplying the Gastrointestinal Tract. Neurogastroenterol. Motil. 2004, 16, 28–33.

7. Le Roux, C.W.; Neary, N.M.; Halsey, T.J.; Small, C.J.; Martinez-Isla, A.M.; Ghatei, M.A.;
Theodorou, N.A.; Bloom, S.R. Ghrelin Does Not Stimulate Food Intake in Patients with Surgical
Procedures Involving Vagotomy. J. Clin. Endocrinol. Metab. 2005, 90, 4521–4524.

8. Jänig, W. 3 Integration of Gut Function by Sympathetic Reflexes. Baillière’s Clin. Gastroenterol.
1988, 2, 45–62.

9. Garry, R.C. The Nervous Control of the Caudal Region of the Large Bowel in the Cat. J. Physiol.
1933, 77, 422–431.

10. King, B.F.; Townsend-Nicholson, A. Involvement of P2Y 1 and P2Y 11 Purinoceptors in
Parasympathetic Inhibition of Colonic Smooth Muscle. J. Pharm. Exp. 2008, 324, 1055–1063.

11. Kyloh, M.; Nicholas, S.; Zagorodnyuk, V.P.; Brookes, S.J.; Spencer, N.J. Identification of the
Visceral Pain Pathway Activated by Noxious Colorectal Distension in Mice. Front. Neurosci. 2011,
5, 16.

12. Valentino, R.J.; Page, M.E.; Luppi, P.-H.; Zhu, Y.; Van Bockstaele, E.; Aston-Jones, G. Evidence
for Widespread Afferents to Barrington’s Nucleus, a Brainstem Region Rich in Corticotropin-
Releasing Hormone Neurons. Neuroscience 1994, 62, 125–143.

13. Ding, Y.-Q.; Zheng, H.-X.; Gong, L.-W.; Lu, Y.; Zhao, H.; Qin, B.-Z. Direct Projections from the
Lumbosacral Spinal Cord to Barrington’s Nucleus in the Rat: A Special Reference to Micturition
Reflex. J. Comp. Neurol. 1997, 389, 149–160.

14. De Groat, W.C.; Krier, J. The Sacral Parasympathetic Reflex Pathway Regulating Colonic Motility
and Defaecation in the Cat. J. Physiol. 1978, 276, 481–500.

15. De Groat, W.C.; Nadelhaft, I.; Milne, R.J.; Booth, A.M.; Morgan, C.; Thor, K. Organization of the
Sacral Parasympathetic Reflex Pathways to the Urinary Bladder and Large Intestine. J. Auton.
Nerv. Syst. 1981, 3, 135–160.

16. Pavlov, I.P. The Work of the Digestive Glands; C. Griffin & Company Limited: London, UK, 1910.



Link between Gastrointestinal Microbiome and Neurologic Injury | Encyclopedia.pub

https://encyclopedia.pub/entry/20175 7/12

17. Cannon, W.B.; Newton, H.F.; Bright, E.M.; Menkin, V.; Moore, R.M. Some Aspects of the
Physiology of Animals Surviving Complete Exclusion of Sympathetic Nerve Impulses. Am. J.
Physiol.-Leg. Content 1929, 89, 84–107.

18. Bingham, J.R.; Ingelfinger, F.J.; Smithwick, R.H. The Effects of Sympathectomy on Abdominal
Pain in Man. Gastroenterology 1950, 15, 18–33.

19. Kang, C.M.; Lee, H.Y.; Yang, H.J.; Jang, H.J.; Chun Gil, Y.; Kim, K.S.; Choi, J.S.; Lee, W.J.; Kim,
B.R. Bilateral Thoracoscopic Splanchnicectomy with Sympathectomy for Managing Abdominal
Pain in Cancer Patients. Am. J. Surg. 2007, 194, 23–29.

20. Rivera, L.R.; Poole, D.P.; Thacker, M.; Furness, J.B. The Involvement of Nitric Oxide Synthase
Neurons in Enteric Neuropathies: NOS Neurons in Enteric Neuropathology. Neurogastroenterol.
Motil. 2011, 23, 980–988.

21. Schubert, M.L.; Peura, D.A. Control of Gastric Acid Secretion in Health and Disease.
Gastroenterology 2008, 134, 1842–1860.

22. Toumi, F.; Neunlist, M.; Cassagnau, E.; Parois, S.; Laboisse, C.L.; Galmiche, J.-P.; Jarry, A.
Human Submucosal Neurones Regulate Intestinal Epithelial Cell Proliferation: Evidence from a
Novel Co-Culture Model. Neurogastroenterol. Motil. 2003, 15, 239–242.

23. Bayliss, W.M.; Starling, E.H. The Movements and Innervation of the Small Intestine. J. Physiol.
1899, 24, 99–143.

24. Gwynne, R.M.; Thomas, E.A.; Goh, S.M.; Sjövall, H.; Bornstein, J.C. Segmentation Induced by
Intraluminal Fatty Acid in Isolated Guinea-Pig Duodenum and Jejunum: Nutrient-Induced
Segmentation in vitro. J. Physiol. 2004, 556, 557–569.

25. El-Sharkawy, T.Y.; Markus, H.; Diamant, N.E. Neural Control of the Intestinal Migrating
Myoelectric Complex. A Pharmacological Analysis. Can. J. Physiol. Pharmacol. 1982, 60, 794–
804.

26. Sarna, S.; Stoddard, C.; Belbeck, L.; McWade, D. Intrinsic Nervous Control of Migrating
Myoelectric Complexes. Am. J. Physiol.-Gastrointest. Liver Physiol. 1981, 241, G16–G23.

27. Ehrlein, H.J. Retroperistaltism and Duodenogastric Reflux in Dogs. Scand. J. Gastroenterol.
Suppl. 1981, 67, 29–32.

28. Vallance, B.A.; Blennerhassett, P.A.; Collins, S.M. Increased Intestinal Muscle Contractility and
Worm Expulsion in Nematode-Infected Mice. Am. J. Physiol.-Gastrointest. Liver Physiol. 1997,
272, G321–G327.

29. Lundgren, O. Enteric Nerves and Diarrhoea: Enteric Nerves, Secretion and Diarrhoea.
Pharmacol. Toxicol. 2002, 90, 109–120.



Link between Gastrointestinal Microbiome and Neurologic Injury | Encyclopedia.pub

https://encyclopedia.pub/entry/20175 8/12

30. Sjovall, H.; Abrahamsson, H.; Westlander, G.; Gillberg, R.; Redfors, S.; Jodal, M.; Lundgren, O.
Intestinal Fluid and Electrolyte Transport in Man during Reduced Circulating Blood Volume. Gut
1986, 27, 913–918.

31. Shirazi-Beechey, S.P.; Moran, A.W.; Batchelor, D.J.; Daly, K.; Al-Rammahi, M. Glucose Sensing
and Signalling; Regulation of Intestinal Glucose Transport. Proc. Nutr. Soc. 2011, 70, 185–193.

32. Gwynne, R.M.; Ellis, M.; Sjövall, H.; Bornstein, J.C. Cholera Toxin Induces Sustained
Hyperexcitability in Submucosal Secretomotor Neurons in Guinea Pig Jejunum. Gastroenterology
2009, 136, 299–308.e4.

33. Sayegh, A.I.; Covasa, M.; Ritter, R.C. Intestinal Infusions of Oleate and Glucose Activate Distinct
Enteric Neurons in the Rat. Auton. Neurosci. 2004, 115, 54–63.

34. Ferens, D.M.; Habgood, M.D.; Saunders, N.R.; Tan, Y.H.; Brown, D.J.; Brock, J.A.; Furness, J.B.
Stimulation of Defecation in Spinal Cord-Injured Rats by a Centrally Acting Ghrelin Receptor
Agonist. Spinal Cord 2011, 49, 1036–1041.

35. Brody, H. The Gut Microbiome. Nature 2020, 577, S5.

36. Margolis, K.G.; Cryan, J.F.; Mayer, E.A. The Microbiota-Gut-Brain Axis: From Motility to Mood.
Gastroenterology 2021, 160, 1486–1501.

37. Giuffrè, M.; Moretti, R.; Campisciano, G.; da Silveira, A.B.M.; Monda, V.M.; Comar, M.; Di Bella,
S.; Antonello, R.M.; Luzzati, R.; Crocè, L.S. You Talking to Me? Says the Enteric Nervous System
(ENS) to the Microbe. How Intestinal Microbes Interact with the ENS. J. Clin. Med. 2020, 9, 3705.

38. Radocchia, G.; Neroni, B.; Marazzato, M.; Capuzzo, E.; Zuccari, S.; Pantanella, F.; Zenzeri, L.;
Evangelisti, M.; Vassallo, F.; Parisi, P.; et al. Chronic Intestinal Pseudo-Obstruction: Is There a
Connection with Gut Microbiota? Microorganisms 2021, 9, 2549.

39. Worthington, J.J.; Reimann, F.; Gribble, F.M. Enteroendocrine Cells-Sensory Sentinels of the
Intestinal Environment and Orchestrators of Mucosal Immunity. Mucosal Immunol. 2018, 11, 3–
20.

40. Sigalet, D.L.; Wallace, L.E.; Holst, J.J.; Martin, G.R.; Kaji, T.; Tanaka, H.; Sharkey, K.A. Enteric
Neural Pathways Mediate the Anti-Inflammatory Actions of Glucagon-like Peptide 2. Am. J.
Physiol.-Gastrointest. Liver Physiol. 2007, 293, G211–G221.

41. Fried, S.; Wemelle, E.; Cani, P.D.; Knauf, C. Interactions between the Microbiota and Enteric
Nervous System during Gut-Brain Disorders. Neuropharmacology 2021, 197, 108721.

42. Furness, J.B.; Jones, C.; Nurgali, K.; Clerc, N. Intrinsic Primary Afferent Neurons and Nerve
Circuits within the Intestine. Prog. Neurobiol. 2004, 72, 143–164.

43. Fung, C.; Vanden Berghe, P. Functional Circuits and Signal Processing in the Enteric Nervous
System. Cell. Mol. Life Sci. 2020, 77, 4505–4522.



Link between Gastrointestinal Microbiome and Neurologic Injury | Encyclopedia.pub

https://encyclopedia.pub/entry/20175 9/12

44. Natale, G.; Ryskalin, L.; Morucci, G.; Lazzeri, G.; Frati, A.; Fornai, F. The Baseline Structure of the
Enteric Nervous System and Its Role in Parkinson’s Disease. Life 2021, 11, 732.

45. Furness, J.B. Types of Neurons in the Enteric Nervous System. J. Auton. Nerv. Syst. 2000, 81,
87–96.

46. Brun, P.; Giron, M.C.; Qesari, M.; Porzionato, A.; Caputi, V.; Zoppellaro, C.; Banzato, S.; Grillo,
A.R.; Spagnol, L.; De Caro, R.; et al. Toll-like Receptor 2 Regulates Intestinal Inflammation by
Controlling Integrity of the Enteric Nervous System. Gastroenterology 2013, 145, 1323–1333.

47. Kim, M.H.; Kang, S.G.; Park, J.H.; Yanagisawa, M.; Kim, C.H. Short-Chain Fatty Acids Activate
GPR41 and GPR43 on Intestinal Epithelial Cells to Promote Inflammatory Responses in Mice.
Gastroenterology 2013, 145, 396–406.e10.

48. Clarke, G.; Stilling, R.M.; Kennedy, P.J.; Stanton, C.; Cryan, J.F.; Dinan, T.G. Minireview: Gut
Microbiota: The Neglected Endocrine Organ. Mol. Endocrinol. 2014, 28, 1221–1238.

49. Brierley, S.M.; Linden, D.R. Neuroplasticity and Dysfunction after Gastrointestinal Inflammation.
Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 611–627.

50. Ojeda, J.; Ávila, A.; Vidal, P.M. Gut Microbiota Interaction with the Central Nervous System
throughout Life. J. Clin. Med. 2021, 10, 1299.

51. Strandwitz, P.; Kim, K.H.; Terekhova, D.; Liu, J.K.; Sharma, A.; Levering, J.; McDonald, D.;
Dietrich, D.; Ramadhar, T.R.; Lekbua, A.; et al. GABA-Modulating Bacteria of the Human Gut
Microbiota. Nat. Microbiol. 2019, 4, 396–403.

52. Collins, S.M.; Surette, M.; Bercik, P. The Interplay between the Intestinal Microbiota and the Brain.
Nat. Rev. Microbiol. 2012, 10, 735–742.

53. Fung, T.C.; Olson, C.A.; Hsiao, E.Y. Interactions between the Microbiota, Immune and Nervous
Systems in Health and Disease. Nat. Neurosci. 2017, 20, 145–155.

54. Ma, E.L.; Smith, A.D.; Desai, N.; Cheung, L.; Hanscom, M.; Stoica, B.A.; Loane, D.J.; Shea-
Donohue, T.; Faden, A.I. Bidirectional Brain-Gut Interactions and Chronic Pathological Changes
after Traumatic Brain Injury in Mice. Brain Behav. Immun. 2017, 66, 56–69.

55. Ben-Shaanan, T.L.; Azulay-Debby, H.; Dubovik, T.; Starosvetsky, E.; Korin, B.; Schiller, M.; Green,
N.L.; Admon, Y.; Hakim, F.; Shen-Orr, S.S.; et al. Activation of the Reward System Boosts Innate
and Adaptive Immunity. Nat. Med. 2016, 22, 940–944.

56. Braniste, V.; Al-Asmakh, M.; Kowal, C.; Anuar, F.; Abbaspour, A.; Tóth, M.; Korecka, A.;
Bakocevic, N.; Guan, N.L.; Kundu, P.; et al. The Gut Microbiota Influences Blood-Brain Barrier
Permeability in Mice. Sci. Transl. Med. 2014, 6, 263ra158.

57. Neufeld, K.M.; Kang, N.; Bienenstock, J.; Foster, J.A. Reduced Anxiety-like Behavior and Central
Neurochemical Change in Germ-Free Mice. Neurogastroenterol. Motil. Off. J. Eur. Gastrointest.



Link between Gastrointestinal Microbiome and Neurologic Injury | Encyclopedia.pub

https://encyclopedia.pub/entry/20175 10/12

Motil. Soc. 2011, 23, 255-e119.

58. Ahern, G.P. 5-HT and the Immune System. Curr. Opin. Pharmacol. 2011, 11, 29–33.

59. Barragan, A.; Weidner, J.M.; Jin, Z.; Korpi, E.R.; Birnir, B. GABAergic Signalling in the Immune
System. Acta Physiol. 2015, 213, 819–827.

60. Islas Weinstein, L.; Revuelta, A.; Pando, R.H. Catecholamines and Acetylcholine Are Key
Regulators of the Interaction between Microbes and the Immune System. Ann. N. Y. Acad. Sci.
2015, 1351, 39–51.

61. Erny, D.; Angelis, A.L.H.; Jaitin, D.; Wieghofer, P.; Staszewski, O.; David, E.; Keren-Shaul, H.;
Mahlakoiv, T.; Jakobshagen, K.; Buch, T.; et al. Host Microbiota Constantly Control Maturation and
Function of Microglia in the CNS. Nat. Neurosci. 2015, 18, 965–977.

62. Zelante, T.; Iannitti, R.G.; Cunha, C.; DeLuca, A.; Giovannini, G.; Pieraccini, G.; Zecchi, R.;
D’Angelo, C.; Massi-Benedetti, C.; Fallarino, F.; et al. Tryptophan Catabolites from Microbiota
Engage Aryl Hydrocarbon Receptor and Balance Mucosal Reactivity via Interleukin-22. Immunity
2013, 39, 372–385.

63. Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G.; Lesley, S.A.; Peters, E.C.; Siuzdak, G.
Metabolomics Analysis Reveals Large Effects of Gut Microflora on Mammalian Blood Metabolites.
Proc. Natl. Acad. Sci. USA 2009, 106, 3698–3703.

64. Rothhammer, V.; Mascanfroni, I.D.; Bunse, L.; Takenaka, M.C.; Kenison, J.E.; Mayo, L.; Chao,
C.C.; Patel, B.; Yan, R.; Blain, M.; et al. Type I Interferons and Microbial Metabolites of
Tryptophan Modulate Astrocyte Activity and Central Nervous System Inflammation via the Aryl
Hydrocarbon Receptor. Nat. Med. 2016, 22, 586–597.

65. Zeng, X.; Gao, X.; Peng, Y.; Wu, Q.; Zhu, J.; Tan, C.; Xia, G.; You, C.; Xu, R.; Pan, S.; et al.
Higher Risk of Stroke Is Correlated with Increased Opportunistic Pathogen Load and Reduced
Levels of Butyrate-Producing Bacteria in the Gut. Front. Cell. Infect. Microbiol. 2019, 9, 4.

66. Tan, C.; Wu, Q.; Wang, H.; Gao, X.; Xu, R.; Cui, Z.; Zhu, J.; Zeng, X.; Zhou, H.; He, Y.; et al.
Dysbiosis of Gut Microbiota and Short-Chain Fatty Acids in Acute Ischemic Stroke and the
Subsequent Risk for Poor Functional Outcomes. JPEN J. Parenter. Enter. Nutr. 2021, 45, 518–
529.

67. Schmidt, E.K.A.; Torres-Espin, A.; Raposo, P.J.F.; Madsen, K.L.; Kigerl, K.A.; Popovich, P.G.;
Fenrich, K.K.; Fouad, K. Fecal Transplant Prevents Gut Dysbiosis and Anxiety-like Behaviour
after Spinal Cord Injury in Rats. PLoS ONE 2020, 15, e0226128.

68. Kigerl, K.A.; Hall, J.C.E.; Wang, L.; Mo, X.; Yu, Z.; Popovich, P.G. Gut Dysbiosis Impairs Recovery
after Spinal Cord Injury. J. Exp. Med. 2016, 213, 2603–2620.



Link between Gastrointestinal Microbiome and Neurologic Injury | Encyclopedia.pub

https://encyclopedia.pub/entry/20175 11/12

69. Hanscom, M.; Loane, D.J.; Shea-Donohue, T. Brain-Gut Axis Dysfunction in the Pathogenesis of
Traumatic Brain Injury. J. Clin. Investig. 2021, 131, e143777.

70. Du, D.; Tang, W.; Zhou, C.; Sun, X.; Wei, Z.; Zhong, J.; Huang, Z. Fecal Microbiota
Transplantation Is a Promising Method to Restore Gut Microbiota Dysbiosis and Relieve
Neurological Deficits after Traumatic Brain Injury. Oxidative Med. Cell. Longev. 2021, 2021,
5816837.

71. Opeyemi, O.M.; Rogers, M.B.; Firek, B.A.; Janesko-Feldman, K.; Vagni, V.; Mullett, S.J.; Wendell,
S.G.; Nelson, B.P.; New, L.A.; Mariño, E.; et al. Sustained Dysbiosis and Decreased Fecal Short-
Chain Fatty Acids after Traumatic Brain Injury and Impact on Neurologic Outcome. J.
Neurotrauma 2021, 38, 2610–2621.

72. Simon, D.W.; Rogers, M.B.; Gao, Y.; Vincent, G.; Firek, B.A.; Janesko-Feldman, K.; Vagni, V.;
Kochanek, P.M.; Ozolek, J.A.; Mollen, K.P.; et al. Depletion of Gut Microbiota Is Associated with
Improved Neurologic Outcome Following Traumatic Brain Injury. Brain Res. 2020, 1747, 147056.

73. Winek, K.; Engel, O.; Koduah, P.; Heimesaat, M.M.; Fischer, A.; Bereswill, S.; Dames, C.;
Kershaw, O.; Gruber, A.D.; Curato, C.; et al. Depletion of Cultivatable Gut Microbiota by Broad-
Spectrum Antibiotic Pretreatment Worsens Outcome After Murine Stroke. Stroke 2016, 47, 1354–
1363.

74. Angoa-Pérez, M.; Zagorac, B.; Anneken, J.H.; Briggs, D.I.; Winters, A.D.; Greenberg, J.M.;
Ahmad, M.; Theis, K.R.; Kuhn, D.M. Repetitive, Mild Traumatic Brain Injury Results in a
Progressive White Matter Pathology, Cognitive Deterioration, and a Transient Gut Microbiota
Dysbiosis. Sci. Rep. 2020, 10, 8949.

75. Mouchtouris, N.; Chalouhi, N.; Chitale, A.; Starke, R.M.; Tjoumakaris, S.I.; Rosenwasser, R.H.;
Jabbour, P.M. Management of Cerebral Cavernous Malformations: From Diagnosis to Treatment.
Sci. World J. 2015, 2015, 808314.

76. Yu, X.; Zhou, G.; Shao, B.; Zhou, H.; Xu, C.; Yan, F.; Wang, L.; Chen, G.; Li, J.; Fu, X. Gut
Microbiota Dysbiosis Induced by Intracerebral Hemorrhage Aggravates Neuroinflammation in
Mice. Front. Microbiol. 2021, 12, 876.

77. Vivancos, J.; Gilo, F.; Frutos, R.; Maestre, J.; García-Pastor, A.; Quintana, F.; Roda, J.M.;
Ximénez-Carrillo, A.; Díez Tejedor, E.; Fuentes, B.; et al. Clinical Management Guidelines for
Subarachnoid Haemorrhage. Diagnosis and Treatment. Neurología 2014, 29, 353–370.

78. Macdonald, R.L.; Schweizer, T.A. Spontaneous Subarachnoid Haemorrhage. Lancet 2017, 389,
655–666.

79. Shikata, F.; Shimada, K.; Sato, H.; Ikedo, T.; Kuwabara, A.; Furukawa, H.; Korai, M.; Kotoda, M.;
Yokosuka, K.; Makino, H.; et al. Potential Influences of Gut Microbiota on the Formation of
Intracranial Aneurysm. Hypertension 2019, 73, 491–496.



Link between Gastrointestinal Microbiome and Neurologic Injury | Encyclopedia.pub

https://encyclopedia.pub/entry/20175 12/12

Retrieved from https://encyclopedia.pub/entry/history/show/48383


