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Abstract

The enteric nervous system (ENS) is large, complex and uniquely able to orchestrate
gastrointestinal behaviour independently of the central nervous system (CNS). An intact ENS is
essential for life and ENS dysfunction is often linked to digestive disorders. The part the ENS
plays in neurological disorders, as a portal or participant, has also become increasingly evident.
ENS structure and neurochemistry resemble that of the CNS, therefore pathogenic mechanisms
that give rise to CNS disorders might also lead to ENS dysfunction, and nerves that interconnect
the ENS and CNS can be conduits for disease spread. We review evidence for ENS dysfunction in
the aetiopathogenesis oflautism spectrum disorder, amyotrophic lateral sclerosis, transmissible
spongiform encephalopathies, Parkinson diseaseland(Alzheimer disease. (Animal models suggest
that common pathophysiological mechanisms account for the frequency of gastrointestinal
comorbidity in these conditions.|Moreover, the neurotropic pathogen, varicella zoster virus (VZV),
unexpectedly establishes latency in enteric and other autonomic neurons that do not innervate skin.
VZV reactivation in these neurons produces no rash and is therefore a clandestine cause of
gastrointestinal disease, meningitis and strokes.|The gut-brain alliance has raised consciousness as
a contributor to health, but a gut-brain axis that contributes to disease merits equal @ttention:

The gut is a complicated organl. A byzantine array of events is required for digestion and
absorption to be successful. Muscular sphincters compartmentalize the bowel, dividing it
into functionally distinct regions with radically different luminal environments. Neuronal
monitoring of luminal contents permits ingested material to be transported aborally at a rate
that allows each compartment to accomplish its task2. Contractions by smooth muscle (along
the entire gastrointestinal tract) and skeletal muscle (in the oesophagus and anus) are thus
choreographed into activity patterns, such asichurning (in the stomach), segmentation (in the
small intestine), or'haustration (in the colon) that grind, mix, or temporarily hold luminal
contents, in addition to providing aboral power propulsion and retropulsion?. Secretory

Correspondence to M.D.G. mdg4@cumc.columbia.edu.
Author contributions
The authors contributed equally to the review.

Competing interests statement
The authors declare no competing interests.


albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 


1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rao and Gershon

Page 2

mechanisms maintain a regionally appropriate pH as well as tightly regulated concentrations
of electrolytes, enzymes and mucus. A thin semipermeable epithelial barrier, which is
continuously regenerated from gastrointestinal stem cells3, separates the lumen from the
body’s internal milieu. This barrier facilitates absorption, but also prevents the leakage of
essential molecules into the intestinal lumen as well as the translocation of digestive
enzymes, toxins and gut microbiota into the body from the lumen®. (A scaffold of loose
connective tissue, which contains the body’s largest array of immune effector cells, provides
mechanical and defensive support for the barrier®. All of these functions — Secretion,
motility,imucosal maintenance and immunological defence — require an exquisite degree of
regulation and coordination, which the enteric nervous system (ENS) provides (FIG. 1).

The ENS is one of three divisions of the autonomic nervous system, defined as sympathetic,
parasympathetic and enteric by the British physiologist John Newport Langley®. The human
ENS contains more than 100 million neurons, which dwarf the number of efferent fibres that
reach the gut in the vagus nerves’.The complexity of managing the behaviour of the bowel is
sufficiently great that, in contrast to the remainder of the peripheral nervous system (PNS),
evolution has endowed the ENS with the ability to manifest integrative neuronal activity
(that is, uniting complex inputs into a coherent and purposeful behavioural output) and the
ability to control gastrointestinal behaviour independently of input from brain or spinal
cord!28, The ENS has more neurons than the aggregate of all other peripheral ganglia,
containing at least as many as the spinal cord. Uniquely for the PNS, the ENS is organized
in microcircuits, with interneurons and intrinsic primary afferent neurons (IPANs), which are
able to initiate reflexes (FIGS 2,3).(Enteric neuronal phenotypic diversity is extensive and
virtually every class of neurotransmitter found in the CNS has also been detected in the
ENS?. Although the ENS can function without input from the CNS, it does not normally do
s0; the CNS influences enteric behaviour and the gut also sends information to the brain. In
fact, 90% of vagal fibres between the gut and brain are afferent, suggesting that the brain is
more of a receiver than a transmitter with respect to brain-gut communication?9. Some of
the signals that the brain receives initiate/vagovagal reflexesiin which neurons within the
CNS respond to enteric stimuli to regulate motility patterns in the oesophagus or stomach?-°.
Additionally, gut-to-brain signalling transmits sensations ofinausea, bloating, or/satiety.
Much of the information sent from the bowel to the CNS, however, is ‘homeostatic’ and
might not reach consciousness, yet could be a determinant of mood. (\Vagus nerve
stimulation, which mimics afferent signalling from the bowel, has been used successfully to
treat depression and has been demonstrated to improve learning and memory in animals and
humans!0-11, Furthermore, the vagus nerve is also a potential conduit of signals from the
luminal microbiota that affect mood, behaviour and brain development®12-14,

Key points

. The enteric nervous system (ENS) is the largest component of the
autonomic nervous system and is uniquely equipped with intrinsic
microcircuits that enable it to orchestrate gastrointestinal function
independently of central nervous system (CNS) input
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. Because many neurotransmitters, signalling pathways and anatomical
properties are common to the ENS and CNS, pathophysiological
processes that underlie CNS disease often have enteric manifestations

. Neuronal connections and the immune system might provide conduits
that allow diseases acquired in the gut to spread to the brain

. Transmissible spongiform encephalopathies, autistic spectrum
disorders, Parkinson disease, Alzheimer disease, amyotrophic lateral
sclerosis, and varicella zoster virus (VZV) infection are examples of
disorders with both gastrointestinal and neurological consequences

. VZV reactivations from latency in enteric and other autonomic neurons
that lack cutaneous projections are occult causes of zoster without rash
that lead to gastrointestinal disease, meningitis and strokes

. Research on the gut-brain axis of disease is reasonably new, concepts
are changing rapidly, and further investigation is much needed

The importance of efferent signal traffic from the CNS is greatest in the most proximal and
distal bowel?. Mastication and swallowing are CNS-dependent; moreover, the CNS directly
innervates oesophageal striated muscle, which responds to vagovagal reflexes and pattern
generators within the brain.Vagovagal reflexes also control gastric motility and compliance,
which enables the stomach to expand without increasing intraluminal pressure and thus to
store and grind down ingested contents until they can be moved to the small intestine?. By
contrast, the details of the movements of the small and large intestines are controlled and
safeguarded by the ENS, and in fact, if all connections to the CNS are severed, essential
motility in these regions of the bowel is unimpaired. Conversely, a lethal pseudo-obstruction
occurs if even a small segment of the ENS is missing, which might happen congenitally (in
Hirschsprung disease)1>-17 or as a acquired illness (in Chagas disease)!8. The ENS is
therefore essential for life.

Primary disorders of the CNS

Given the importance, size and complexity of the ENS, it is not surprising that it contributes
to the pathophysiology of gastrointestinal disorders. There is also no reason to believe that
pathophysiological mechanisms underlying CNS disorders should not also affect the ENS.
Many neurotransmitters are common to the CNS and ENS?2 and similar mechanisms govern
development of both systems!®. The pathophysiology that gives rise to CNS disorders
therefore might also be operative in the ENS. ENS deficits are now reported to accompany
an increasing number of CNS disorders (FIG. 4), from neurodevelopmental to
neurodegenerative, and dysfunctional gastrointestinal manifestations might occur even
before CNS symptoms become evident20.

Transmissible spongiform encephalopathies

Because afferent and efferent nerves each link the CNS to the gut, it is plausible that these
nerves act as conduits, enabling the spread of disorders from one to the other. Transmissible
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spongiform encephalopathies (TSESs), which include kuru, variant Creutzfeldt-Jakob disease
(vCJD), scrapie, chronic wasting disease and bovine spongiform encephalopathy, are
progressive and uniformly fatal diseases that provide a paradigm of CNS disorders that
might originate or enter the body through the gut?l. The pathogenic agents that cause TSEs
are abnormally folded forms of normal cellular prion glycoproteins: the normal protein is
called PrPC (prion protein cellular) and the abnormal protein derived from it is called PrPSC
(prion protein scrapie, no matter in which TSE it occurs)?2. PrPSC is a transmissible agent
that acts as a template that causes replacement of alpha-helix with beta-sheet conformations
in normal cellular PrPC, which then undergoes abnormal folding. Misfolded PrP aggregates
into oligomers and becomes PrPSC (REF. 23), which spreads inexorably to and through the
CNS. The neurodegeneration that underlies the signs and symptoms of TSEs follows in the
wake of spreading PrPSC¢ (REFS 22,24). In addition to these neural pathways, the immune
system provides a potential gut-to-brain conduit for ingested PrPSC (REF. 25). M cells might
translocate PrPSC to lymphoid cells, and receptors for PrPS¢ could also be present on the
brush border of enterocytes26:27, Furthermore, enteric glia?® and neurons?? express PrPC and
might thus be vulnerable to ingested PrPSC early in the disease course because of their
proximity to the gut lumenZ®.

Autism spectrum disorder

Autism spectrum disorder (ASD) is a common neurodevelopmental disorder that is
diagnosed in childhood on the basis of evidence of social withdrawal, impaired
communication and repetitive behaviours3C. Gastrointestinal symptoms are 3-4 times more
common in children with ASD than in unaffected children3! but are often overlooked or
considered components of comorbidities. ASD is diagnosed on the basis of behaviour, which
directs focus to the brain, and no anatomical or biochemical diagnostic marker is currently
available. Moreover, many different behaviourally defined conditions have now been
combined under the umbrella term ASD in the 5™ edition of the Diagnostic and Statistical
Manual of Mental Disorders32, which means that the phenotypes of individuals with ASD
are necessarily varied. The genetic causes of ASD are similarly diverse, with at least 100 and
as many as 800 genes or genomic regions associated with ASD to date33-37,

Because of the diversity of ASD manifestations and abundance of genes associated with the
condition, it has been difficult to link underlying molecular mechanisms to subtypes of
ASD. One way to bring order to a diverse condition defined only by symptoms is to first
identify a genetic abnormality and then to define the phenotype that arises from it. This
classification of a condition can be achieved by ‘reverse phenotyping’, a process in which
genetic marker data is used to refine phenotypic descriptions. This approach is the reverse of
the traditional method by which signs and symptoms are first used to define a disease and a
search is subsequently made for the underlying genotype. Reverse phenotyping is a
potentially valuable method of determining molecular mechanisms that cause disease38. An
example of the power of this approach is the analysis of the syndrome associated with a
defect in the gene encoding chromodomain-helicase-DNA-binding protein 8 (CHDS), a
transcriptional repressor that negatively regulates the Wnt signalling pathway. Mutations in
the CHDE8 gene have been associated with a genetically defined ASD subtype, typified by
macrocephaly, characteristic facial features and gastrointestinal symptoms due to slow-
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transit constipation39. Expression of the abnormal human gene encoding CHDS8 in zebrafish
caused a deficiency in enteric neurogenesis and slow gastrointestinal transit3°. These
observations suggest that slow gastrointestinal transit is not just a comorbidity but as much a
part of the CHDE& phenotype as the behavioural symptoms of ASD. Similarly, Pitt—Hopkins
syndrome is a subtype of ASD caused by haploinsufficiency of transcription factor 4
(TCF4). Constipation and gastro-oesophageal reflux are common in patients with Pitt—
Hopkins syndrome?°. Consistent with these human manifestations, mice with TCF4
haploinsufficiency have impaired upper gastrointestinal transit and rectal motility1.

A study published in 2016 examining patients with ASD indicated that lower gastrointestinal
symptoms, including abdominal pain, stool retention and large bowel movements, correlated
with the level of serotonin (5-HT) in the blood*2. Furthermore, an elevated level of blood 5-
HT has been found in about one-third of patients with ASD*3. Blood 5-HT is almost entirely
derived from the gut. Although platelets carry 5-HT in blood they do not synthesize it*4, and
instead utilize the sodium-dependent 5-HT transporter (SERT, also known as SLC6A4) to
take up this molecule® as they circulate through the bowel. An elevation of blood 5-HT
levels is, therefore, itself suggestive of gastrointestinal dysfunction. Indeed, gain-of-function
mutations in the SLC6A4 gene that encodes SERT are over-transmitted in patients with
ASD?*®. In mice, expression of SERT Ala56 — a mutated form of the protein in which
alanine is substituted for glycine 56 — results in ASD-like behaviour and a gastrointestinal
phenotype characterized by ENS hypoplasia and slow gastrointestinal transit4”. This
observation is consistent with the idea that an ENS abnormality might define yet another
subset of ASD.

The observations discussed in the previous paragraphs suggest that genetic defects affecting
CNS function in a neurodevelopmental disorder, such as ASD, might also affect ENS
function, leading to the high prevalence of gastrointestinal symptoms. Data from animal
models of ASD suggest that agents causing congenitally acquired insults to the CNS could
similarly provoke an ENS defect. Large epidemiological studies have shown a strong link
between prenatal exposure to the anti-epileptic drug valproic acid and increased risk of
autism?#849, Rats and mice exposed to valproic acid during fetal development exhibit altered
social interaction, increased anxiety and repetitive behaviours, mimicking deficits in children
with autism®0. Male mice exposed to valproic acid 7 utero also exhibit intestinal
inflammation, which is associated with decreased intestinal 5-HT levels®1, suggesting that
toxic exposures that affect the CNS also affect the gut. Although it is not clear whether the
decrease of intestinal 5-HT levels is due to a direct effect of valproic acid or inflammation
resulting from valproic acid, mucosal 5-HT is strongly pro-inflammatory whereas enteric
neuronal 5-HT is anti-inflammatory®2-56, These data are thus consistent with the possibility
that /n utero exposure to valproic acid predisposes children to intestinal inflammation
through altered enteric 5-HT signalling.

Interest in the possibility that the gastrointestinal tract is not just an innocent bystander in
ASD, but that it might actually play a part in pathogenesis, is long-standing. The ‘leaky gut’
hypothesis of ASD pathophysiology is based on the idea that defects in intestinal epithelial
barrier permeability lead to inappropriate signalling by luminal components including
bacteria, environmental toxins and even dietary macromolecules®’. Although this hypothesis
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remains popular and has driven many parents to place children with autism on special diets,
the data to support an intestinal permeability deficit in ASD are limited and conflicting,
given that both increased intestinal permeability®® and normal intestinal permeability®? in
ASD have been reported. One study reported that the permeability of the intestine to
lactulose and mannitol was abnormal in 36.7% of children with ASD, in 21.2% of their first-
degree relatives and in 4.8% of healthy adults as controls, but was always normal in children
without ASD®0. Mouse models provide some support for the ‘leaky gut’ hypothesis and
suggest that host gut microbiota are important determinants. In the maternal immune
activation (MIA) model of ASD, pregnant mice are treated with immune-stimulatory
molecules that mimic viral infection. MIA pups exhibit features of ASD including decreased
ultrasonic vocalizations, impaired social interactions and repetitive behaviours®l. MIA pups
also have increased intestinal barrier permeability62. Additionally, treating MIA mice with
the bacteria Bacteroides fragilis restores the integrity of the intestinal barrier, and is
associated with improvement in some of the ASD-like behaviours, such as open field
exploration, impaired sensorimotor gating and repetitive marble burying®2. This exciting
study shows that CNS impairments that result in an ASD-like behaviour, such as reduced
expressive communication, are not necessarily irreversible and could be ameliorated by
altering the intestinal microbiota and barrier permeability. Enteric neurons and glia both
have important roles in maintaining the integrity of the intestinal epithelial barrier3. Further
study is therefore needed to determine whether ENS dysfunction underlies barrier defects in
ASD, and whether modulating ENS function might offer an opportunity for treatment of
behavioural and/or gastrointestinal symptoms in patients with ASD.

Parkinson disease

Progressive neurodegenerative disorders such as Parkinson disease (PD), Alzheimer disease
(AD) and amyotrophic lateral sclerosis (ALS) are defined by CNS dysfunction in specific
regions characteristic to each disease. In PD, for example, degeneration of nigrostriatal
dopaminergic neurons is associated with a movement disorder characterized by rigidity,
resting tremor, postural instability and bradykinesia®4. The identification of gastrointestinal
abnormalities in patients with PD over 30 years ago first raised the possibility that the ENS
could be involved in PD85-67_ Dopaminergic neurons are found in the ENS68.89 and are
essential for normal gastrointestinal motility’%. Both chemical injury and genetically derived
animal models commonly used to study the pathogenesis of PD suggest that the ENS is
vulnerable to degeneration in PD. One such animal model involves systemic administration
of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which causes
nigrostriatal damage and PD-like symptoms in mice, primates and humans’l. MPTP
damages the ENS and the CNS, with up to 40% loss of enteric dopaminergic neurons
occurring within 10 days of MPTP administration in mice, which suggests that toxic insults
to the CNS associated with PD can exert similar effects on the ENS2. Mouse genetic
models of PD pathogenesis also exhibit varying degrees of enteric neuronal dysfunction. a-
synuclein is a member of a presynaptic family of synuclein proteins that are expressed
widely in the nervous system’3-73  including the ENS20:76-78 Synucleins can function as
chaperone proteins and are necessary for neuronal survival’3. Monomeric synucleins also
function in promoting the curvature of cell membranes’4, and regulate the kinetics of
endocytosis of synaptic vesicle proteins’®. In PD, a-synuclein forms protease-resistant
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aggregates that are the primary molecular constituent of Lewy bodies, the pathognomonic
lesion that remains the gold standard for definitive neuropathological diagnosis of
PD20.78.79 Transgenic mice engineered to overexpress normal human a-synuclein in
neurons exhibit colonic dysmotility associated with insoluble a-synuclein aggregates within
enteric neurons, which precedes onset of subcortical changes®®-82. Autosomal dominant
familial forms of PD have been linked to two missense mutations in a-synuclein, encoding
Ala30Pro and Ala53Thr substitutions83:84, Expression of these mutant forms of human a.-
synuclein in mice lacking endogenous a-synuclein leads to proteinase-K-resistant inclusion
bodies within enteric neurons that display a.-synuclein-immunoreactivity8®. Ala30Pro and
Ala53Thr mice have a statistically significantly greater total gastrointestinal transit time and
slower colonic motility than wild-type or a-synuclein-null mice, even in the absence of CNS
pathology8°. Mouse models of PD therefore suggest that both toxic and genetic insults
linked to PD are associated with ENS deficits, which could precede the onset of CNS
symptoms or pathology. One limitation of the genetic models remains that they all involve
overexpression of either wild-type or mutant a-synuclein proteins, which may or may not
reflect the pathophysiology of human disease. Regardless of this limitation, the observations
support the exciting possibility that the ENS offers an accessible site for the diagnosis and
monitoring of treatment in PD’®,

Routine biopsy samples obtained by colonoscopy can sample up to 150 submucosal neurons
and many more mucosal nerve fibres®®, making it plausible that ENS pathology could be
used to diagnose and/or monitor PD. Since the initial report of Lewy bodies in the human
ENS63, investigations have sought to determine whether enteric Lewy bodies are specific for
PD, whether the extent of Lewy pathology in the ENS correlates with disease severity, and
whether PD causes enteric neuronal degeneration. One study examined the ENS in seven
patients with PD who had undergone autopsy and in age-matched controls without PD in
whom brain sections revealed no Lewy bodies, and detected Lewy bodies in both enteric
plexuses of all patients with PD examined, but only eight of 24 controls®”. Lewy bodies
were also more numerous in patients with PD than in control patients. Another autopsy
study compared enteric a-synuclein expression in ten patients with PD, eight patients with
AD and 77 controls who were negative for markers of PD or AD. Enteric a-synuclein
expression was detectable in at least half of the controls and patients with AD, but was found
universally in patients with PD; furthermore, levels of staining were also much higher in the
bowel of PD patients than in other patients®”. Additional studies have also focused on the
prognostic value of endoscopic biopsies, which sample mostly mucosa and some submucosa
but are routinely performed in the USA and Germany for colon cancer screening in adults
over the age of 50, according to guidelines of the US Preventative Services Task Force®8.
Some of these studies have suggested that a-synuclein* Lewy neurites detected in the
submucosa of colonic biopsy samples are specific for PD86:89.90 \whereas others have shown
that aggregated a-synuclein in the mucosa and submucosa is a common finding that is
unrelated to PD9, The use of multiple antibodies and careful examination of the
morphologies of the resulting patterns of immunostaining might improve the prognostic
value of immunocytochemical detection of a-synucleinopathies’8. The discrepancies in
reported observations of Lewy bodies in the ENS will have to be resolved before intestinal
biopsy samples can be used to diagnose PD. Diagnostic use of Lewy pathology in the ENS,
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perhaps in association with another biomarker, ought to be beneficial because evidence is
good that prodromal lesions appear in the bowel in a substantial fraction of patients with PD
up to 20 years before the onset of CNS manifestations®2.

Lewy pathology can affect the gut, however, it remains unresolved to what degree PD causes
neurodegeneration in the ENS and, if it does, whether dopaminergic neurons are more
vulnerable than other subpopulations. One group of investigators compared colonic surgical
specimens from 11 patients with advanced PD with specimens from patients who underwent
colonic resection for either adenocarcinoma or chronic constipation®3. They reported that the
proportion of myenteric dopaminergic neurons was selectively decreased by 10-fold in
patients with PD; moreover, the PD-related decrease in enteric neurons was associated with
the presence of Lewy bodies in both dopaminergic and non-dopaminergic myenteric
neurons®3. By contrast, another group reported that, compared with age-matched controls,
there was no difference in either the density of total myenteric neurons or the density of
subpopulations of myenteric neurons throughout the gastrointestinal tract in postmortem
samples from 13 patients with advanced PD%. Several challenges unique to studying the
ENS have made it particularly difficult to assess the extent of neurodegeneration. Enteric
neurons are irregularly distributed in two interconnected plexuses that are integrated into 7.5
m (~25 ft) of bowel in a human adult. Histopathological studies using paraffin sections from
autopsy or surgical specimens to quantify neuronal density are therefore highly prone to
sampling error. The sections pass randomly through the enteric plexuses and relatively few
neurons are present in any one section. The underlying logic of ENS organization,
furthermore, is not fully understood. This aspect means that enteric neurodegeneration in PD
might be restricted to functionally specific regions or ganglia, much as it is in the CNS, and
be easily missed. Finally, tyrosine hydroxylase immunoreactivity is often used to identify
dopaminergic neurons both in the bowel® and the brain%. Tyrosine hydroxylase, however,
is not actually a dopaminergic neuronal marker because it is also found in noradrenergic
neurons®. In the gut, moreover, the vast majority of tyrosine hydroxylase-immunoreactive
fibres are sympathetic axons, which are noradrenergic projections from the extrinsic
prevertebral ganglia to the bowel®®. Greater understanding of ENS biology and more
effective strategies to quantify the densities of total and dopaminergic neurons in human
bowel are therefore needed.

In sum, data from human and mouse studies suggest that a-synuclein has a role in ENS
function in the normal bowel and that protease-resistant aggregates of a-synuclein can be
seen in enteric ganglia in the presence and absence of CNS pathology. Studies of transgenic
mice engineered to express human mutant a-synuclein, as well as studies of the pathology
of human specimens, suggest that the myenteric plexus might be more affected by Lewy
body pathology than the submucosal plexus. Additionally, these studies indicate that
pathological findings in the ENS are not restricted to dopaminergic neurons. Although the
myenteric plexus is not sampled by routine endoscopic biopsies, it remains much more
accessible than the CNS. Further studies are needed to determine whether full-thickness
biopsies of the bowel wall that include the myenteric plexus will be helpful in the diagnosis
or monitoring of PD.
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Although the data on the diagnostic utility of Lewy pathology in the ENS remains equivocal,
evidence exists that the gastrointestinal tract might play a part in PD pathogenesis. Braak
and colleagues characterized brainstem pathology in patients with PD and found,
unexpectedly, that a-synuclein* inclusion bodies could be identified within very specific
subpopulations of neurons in some brainstem nuclei, including visceromotor projection
neurons in the dorsal motor nucleus of the vagus (DMV)%7:98 This finding led Braak to
propose that PD might be caused by a neurotropic pathogen, which first crosses the mucosal
barrier to enter enteric neurons and then moves by retrograde transport along efferent vagal
fibres to the DMV to gain access to the cerebral cortex%°. Consistent with Braak’s
hypothesis, Lewy pathology is detectable in the peripheral vagus, as well as the enteric
plexuses in the stomach and oesophagus of patients with PD%0; moreover, rat vagal efferent
axons are a-synuclein-immunoreactive, whereas vagal afferent axons are not101, Studies in
rodents have now provided the proof of principle that gastrointestinal exposure to a toxic
insult can trigger CNS pathology in PD9:96. Pesticide exposure has been linked to PD in
epidemiological studies1%? and the administration of the pesticide rotenone has been
explored in a mouse model of PD71. Chronic intragastric administration of low doses of
rotenone leads to progressive accumulation of a-synuclein™ inclusion bodies — first in
enteric neurons, then the DMV, and finally in the substantia nigra — in the absence of
detectable rotenone in the CNS or systemic circulation193.194, Other groups have shown that
injection of human a-synuclein or brain lysate from a patient with PD into the intestinal
walls of rats leads, over time, to progressive a-synuclein immunoreactivity along vagal
fibres and eventually in the DMV195.106 These data demonstrate that retrograde transport of
a-synuclein in vagal efferent axons from the DMV is possible, and that insults to the
gastrointestinal tract can trigger ascending pathology along the gut-brain axis.

Although causality is difficult to assess in humans, intriguing evidence supporting Braak’s
hypothesis is provided by one epidemiological study, which proposed that if vagal
projections to the gastrointestinal tract are indeed important in the pathogenesis of PD, then
patients who undergo a vagotomy would be protected from developing PD107. To test this
hypothesis, the researchers assembled a cohort of over 14,000 patients who underwent a
vagotomy over an 18-year period in Denmark, and a control cohort of matched individuals
from the general population. Patients typically underwent either truncal vagotomy, in which
both vagal trunks were severed below the level of the diaphragm, or superselective
vagotomy, in which only the vagal projections to the gastric fundus and body were ligated.
Truncal vagotomy eliminates vagal projections to the gastric antrum, pylorus, liver, biliary
tree, pancreas, small intestine and large intestine, whereas superselective vagotomy leaves
these projections intact. Patients who underwent truncal vagotomy and had at least 20 years
of postsurgical follow-up were found to have an adjusted hazard ratio of 0.53 (95% CI 0.28—
0.99) for PD, compared with the general population cohort07. This protective effect was not
observed with superselective vagotomy97, supporting the idea that vagal innervation to the
gastrointestinal tract is important for PD pathogenesis but that the area of vulnerability
includes more than the stomach. Subsequent analysis by another group of this same data set
expanded to include a larger time frame and using a different type of statistical analysis,
however, has questioned the strength of these findings198; therefore, further study is needed.
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Research in animal models shows that the gut-to-brain transmission of PD is plausible, but it
remains unclear to what extent the gastrointestinal tract plays a part in the overall incidence
of human PD. Histopathological data from patients suggests that the ascending pathology
proposed by Braak is unlikely to be the only route of disease progressiont09-111,
Postmortem examination of the brainstem in patients with PD has found that at least 7% do
not have a-synuclein* inclusions in the DMV despite extensive nigrostriatal pathology, and
that the severity of DMV pathology does not always correlate with extent of pathology in
higher brain regions10%-111 (The combination of animal and human studies nevertheless
presents a strong case for gastrointestinal involvement in the pathogenesis and/or
pathophysiology of at least some cases of PD, and makes it imperative to continue to
investigate the role of the ENS in PD.

Alzheimer disease

In contrast with PD, studies investigating the enteric manifestations of AD remain limited. In
the CNS, AD is associated with the progressive accumulation of extracellular plaques
containing amyloid beta (AB), intracellular accumulations of neurofibrillary tangles
containing hyperphosphorylated tau proteinl12, and dysfunction of cholinergic neurons of
the basal forebrain113. These pathological changes trigger neurodegeneration and synapse
loss, leading to impaired working memory and progressive dementia. Amyloid precursor
protein (APP), the molecule from which A is derived, is normally expressed in the ENS114
and is essential for normal gastrointestinal motility, immunity and secretionl1%, Over 70% of
enteric neurons are cholinergic’, further supporting the potential effects of AD
pathophysiology in the ENS. Transgenic mice that express three mutant forms of APP
(Lys670Asn, Met671Leu, and Val717Phe)116 or APP with a double mutation (Lys670Asn
and Met671Leu) plus mutant presenilinl (PS1-dE9), all of which are associated with
familial AD117, develop progressive accumulation of AB within enteric neurons. This Ap
accumulation is associated with a decrease in numbers of enteric neurons, dysmotility and
increased vulnerability to intestinal inflammation, depending on the transgene and promoter
used!16.117 These observations suggest that enteric neurons are vulnerable to APP
abnormalities, and imply that ENS dysfunction could occur in AD. Studies of the human
ENS in AD, however, have been sparse./Ap-immunoreactive plagues were reported in the
intestinal submucosa of two patients with AD18, but there have been no follow-up studies.
Human enteric neurons express microtubule-associated tau protein119.120 ang
hyperphosphorylated tau aggregates have also been detected in the myenteric plexus of
ageing rats121, Only one study has compared the ENS in patients with AD with that of
healthy individuals and those with other forms of dementia, in which no enteric neuronal
loss or tau pathology specific to AD was found122. Given the increasing prevalence of AD
and its severe financial burden, further exploration of a potential link between human AD
and ENS pathology is clearly needed.

Amyotrophic lateral sclerosis

ALS and frontotemporal dementia (FTD) are neurodegenerative disorders that overlap in
their underlying genetic bases and pathology; both involve nuclear—cytoplasmic transport
dysfunction at the cellular level'23. As new genetic mutations have been identified in ALS
and FTD, specifically in TARDBP (encoding TAR DNA-binding protein 43; TDP-43), FUS
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and C9orf72 new links have also been revealed between CNS disorders and previously
unsuspected ENS dysfunction. TDP-43 is a multi-functional RNA-binding protein that acts
primarily in the nucleus as a transcriptional repressor and can also move to the cytosol to
modulate mRNA transport and stability}24. Mutations in ZARDBP are responsible for 2-5%
of familial ALS125-127; furthermore, hyperphosphorylated, ubiquitinated aggregates of
TDP-43 are found within inclusion bodies in the brain and spinal cord of many patients with
FTD and/or ALS!28, A number of TDP-43 transgenic mouse models have been generated to
study the pathogenesis of FTD and ALS. One model, in which the mouse prion promoter
drives expression of the Ala315Thr mutant form of TDP-43 (Prp-TDP43Ala315Thr)129
causes symptoms of intestinal obstruction followed by sudden death30.131, Enteric neurons
and glia normally express TDP-43 and the mouse prion promoter is active in both cell
types132. A progressive, age-related loss of neurons and glia occurs in the myenteric plexus
in Prp-TDP43AIa315Thr mice which is associated with delayed total gastrointestinal transit
time secondary to slow colonic motility, even in ex vivo preparations that lack CNS
input132.133 These data suggest that the ENS is vulnerable to genetic insults associated with
ALS and FTD. Enteric manifestations of these and other TDP-43 associated
neurodegenerative disorders require further study in which the concept of reverse
phenotyping (as discussed earlier) might prove useful.

Interestingly, a gastrointestinal phenotype also occurs in transgenic mice that express
superoxide dismutase 1 (SOD1) Gly93Ala, the most studied of the SODI mutations!34. In
contrast to Prp-TDP43AIB315Thr mice however, the defect consists of abnormal tight
junctions between enterocytes and increased mucosal permeability13%. The SOD1ClY93Ala
mucosa, moreover, has increased numbers of Paneth cells, but decreased expression of the
antibacterial peptide defensin-5, which Paneth cells produce. Perhaps because of the
diminished antimicrobial ability in these animals, the microbiota of SOD16W93Ala mice are
highly abnormal. The ENS is an important regulator of the proliferation and differentiation
of the mucosal epithelium; serotonergic neurons in the myenteric plexus activate submucosal
cholinergic neurons that innervate intestinal crypts to stimulate proliferationl36,
Conceivably, a defect could be present in enteric neurons of SOD1CY93Ala mice, as in Prp-
TDP43AIa315Thr gnimals, which causes the mucosal barrier abnormalities in these animals;
however, investigations into the ENS in SOD1C6!Y93Ala mice are lacking, despite the
popularity of these mice as a model of ALS.

The link between the CNS and the ENS is particularly relevant in neurodegenerative
disorders because of the emerging hypothesis that the misfolded proteins that occur in these
disorders share common cell-to-cell transmission mechanisms®3/138  analogous to those
responsible for the spread of PrPS¢ (REF. 22). Either the ENS or the CNS could, in theory,
be a point of origin for the pathophysiology./Regardless of where the pathology begins, the
misfolded proteins form aggregates, which are displayed on plasma membranes of affected
cells and are secreted or cleaved to reach the extracellular space. These proteins are glycated
(subjected to non-enzymatic glycosylation)to form advanced glycation end-products
(AGEs) that bind to AGE receptors (RAGES) on neighbouring cells and are internalized. The
proteins might be cleared as a result of autophagy but, if not, they are neurotoxic3®. These
features are common for PrPSC, a-synuclein in PD, as well as AB and tau in AD. AGEs have
also been postulated to have a role in the abnormal folding of mutated forms of SOD1 and
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TDP-43. Findings from experiments in mice expressing a series of mutations in FUS (a gene
closely related to TDP-43), which are associated with highly aggressive and juvenile forms
of ALS™40, suggest that the mutant FUS protein causes degeneration of motor neurons
through a gain-of-function mechanism that does not involve a loss of the normal activity of
FUS protein!4!, Studies of FUS mutations as well as repeat expansions in C90rf72, another
gain-of-function mutation linked to familial ALS42, highlight the importance of protein
misfolding in ALS pathogenesis. No work has yet been done on FUS or C9orf72 in the ENS
of humans with ALS or animal models of ALS.

Unsuspected viral infection of the ENS

Studies of autism and neurodegenerative disorders have shown that the ENS can be both an
innocent bystander as well as an active player in the pathophysiology of CNS disease. The
emergence of a well-known neurological infection as a clandestine cause of potentially
serious gastrointestinal disturbance highlights the importance of the ENS and its connections
to the rest of the nervous system. Varicella zoster virus (VZV) is the aetiological agent of
varicella (chickenpox) and zoster (shingles)1*3. VZV is highly infectious but its primary
disseminated infection, varicella, is usually a childhood disease of mild—moderate severity
that provides VZV with access to neurons in which the virus establishes lifelong latency43.
Zoster, in its classic manifestation, is a localized secondary infection caused by reactivation
of VZV from latency, which causes pain, cutaneous hyperalgesia and allodynia. VZV has
long been known to establish latency in neurons of dorsal root ganglia and cranial nerve
ganglial43; however, it is now recognized also to establish latency in enteric neurons of
virtually all patients who have experienced varicella or been vaccinated against it143-145_|f
an immunodeficiency exists, varicella causes lytic infection, which destroys enteric neurons
and leads to ileus46.

A vesicular rash due to epidermal infection is the characteristic feature that suggests a
diagnosis of varicella or zoster!43. In varicella, the rash is due to VZV that has been
transported to the epidermis within skin-homing T cells from the portal of virus entry in the
upper respiratory tract!4’. In zoster, anterograde transport within cutaneous projections of
the dorsal root ganglia and cranial nerve ganglia neurons containing the reactivated VZV
delivers the virus to the epidermis.\When VVZV reactivates in neurons of the ENS (FIG. 5),
which do not project to the skin, enteric zoster occurs, causing gastrointestinal dysfunction
without a rash144. Because there is no rash, enteric zoster is rarely suspected or diagnosed
before surgery or autopsy, when a viral screen can reveal VZV to be the cause of intestinal
pseudo-obstruction48, VVZV reactivation in autonomic ganglia is similarly a clandestine
cause of CNS disease and can cause strokes or meningitis without manifesting a telltale
rash143. Reactivation of VZV leads to lytic infection and death of enteric neurons!46;
therefore, the intestinal pseudo-obstruction in enteric zoster is the result of an acquired
aganglionosis, similar to that of Chagas disease!8. Pseudo-obstruction, however, is not the
only manifestation of enteric zoster, which can also cause perforating gastric ulcers and/or
otherwise unexplained abdominal painl“4. The examination of saliva in the context of
abdominal pain for which no cause has been found after a gastroenterological workup
provides a non-invasive diagnostic test for enteric zoster!#4. DNA encoding VZV genes
appears in saliva when there is a productive VZV infection somewhere in the body, but
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cannot be detected in control individuals that lack such an infection144.149 The appearance
of VZV DNA in the saliva of patients with abdominal pain therefore suggests enteric zoster.
In a small clinical trial of patients in whom salivary VZV DNA caused enteric zoster to be
suspected, treatment of three of three patients with the antiviral drug valaciclovir was
followed by the rapid disappearance of abdominal painl*4. Because zoster is associated with
a decrease in cellular immunity°, population ageing and the increasingly common use of
immunosuppressive therapies have caused the incidence of zoster in the USA to rise by
about threefold since studies carried out between 1945 and 1959; similar rises have been
reported in other developed countries!51. The use of salivary VZV DNA for the diagnosis of
zoster has already revealed that enteric zoster is not rarel44, and once it begins to be widely
suspected, this pathology is likely to be encountered with increasing frequency. The
possibility that enteric zoster contributes to the initiation of idiopathic gastrointestinal
conditions, such as IBS, gastroparesis and IBD, merits future investigation.

Conclusions

The major site of integrative neuronal activity is the brain; however, the functions of the
bowel are so complex that evolution has provided the gut with an intrinsicinervous system
that can uniquely provide the necessary regulation of enteric behaviour and integration of
multiple sensory inputs independently from the CNS. Details of the control of enteric
behaviour have been delegated to the ENS. This ‘peripheralization’ has freed the brain from
providing space for the hundreds of millions of neurons that are housed in the bowel, and
eliminated a need for vast numbers of nerve fibres to connect these neurons to the gut. Still,
despite the potential independence of the ENS, the brain and gut are connected and, for
better or worse, able to influence one another (FIG. 4). In health, this complex mutual inter-
relationship works well, but disorders of the CNS might have enteric manifestations and
could even be acquired from the gut. Many developmental mechanisms that operate in CNS
formation are also operative in ENS ontogeny, and the two nervous systems share a
considerable degree of cellular and molecular identity. Several conditions that are commonly
thought to be CNS disorders, such as TSE, ASD, PD, AD and ALS have enteric
consequences. Additionally,'/many gastrointestinal disorders, such as IBS, chronic intestinal
pseudo-obstruction and gastroparesis, are idiopathic. One fairly common cause of occult
gastrointestinal disease is infection with VZV, which has been diagnosed infrequently due to
lack of previous consideration. Other such conditions probably exist. [Further exploration of
brain—gut disease with molecular tools and the application of genetic approaches, including
reverse phenotyping, will probably shrink the current idiopathic category of gastrointestinal
disease and enlarge that of disorders common to the CNS and the ENS.

Acknowledgments

M.R. receives research support from lvan and Phyllis Seidenberg, the Paul Marks Scholars Program, and the
American Gastroenterological Association — Takeda Pharmaceuticals International Research Scholar Award in
Neurogastroenterology. M.D.G. is supported by grant NS15547 from the NIH and the Einhorn Family Charitable
Trust.

References

1. Gershon, MD. The Second Brain. Harper Collins; 1998.

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2016 October 01.


albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 


1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rao and Gershon

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 14

. Furness JB, Callaghan BP, Rivera LR, Cho HJ. The enteric nervous system and gastrointestinal

innervation: integrated local and central control. Adv Exp Med Biol. 2014; 817:39-71. [PubMed:
24997029]

. Clevers H. The intestinal crypt, a prototype stem cell compartment. Cell. 2013; 154:274-284.

[PubMed: 23870119]

. Turner JR. Intestinal mucosal barrier function in health and disease. Nat Rev Immunol. 2009;

9:799-809. [PubMed: 19855405]

. Mowat AM, Agace WW. Regional specialization within the intestinal immune system. Nat Rev

Immunol. 2014; 14:667-685. [PubMed: 25234148]

. Langley, JN. The Autonomic Nervous System, Part 1 [1921]. Cornell Univ. Library; 2010.
. Furness, JB. The Enteric Nervous System. Blackwell Publishing; 2006.
. Gershon MD. Developmental determinants of the independence and complexity of the enteric

nervous system. Trends Neurosciences. 2010; 33:446-456.

. Forsythe P, Bienenstock J, Kunze WA. Vagal pathways for microbiome—brain—gut axis

communication. Adv Exp Med Biol. 2014; 817:115-133. [PubMed: 24997031]

Rush AJ, et al. Vagus nerve stimulation (VNS) for treatment-resistant depressions: a multicenter
study. Biol Psychiatry. 2000; 47:276-286. [PubMed: 10686262]

George MS, et al. Vagus nerve stimulation: a new tool for brain research and therapy. Biol
Psychiatry. 2000; 47:287-295. [PubMed: 10686263]

Sampson TR, Mazmanian SK. Control of brain development, function, and behavior by the
microbiome. Cell Host Microbe. 2015; 17:565-576. [PubMed: 25974299]

Yano JM, et al. Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis.
Cell. 2015; 161:264-276. [PubMed: 25860609]

Mayer EA, Knight R, Mazmanian SK, Cryan JF, Tillisch K. Gut microbes and the brain: paradigm
shift in neuroscience. J Neurosci. 2014; 34:15490-15496. [PubMed: 25392516]

Tam PK. Hirschsprung’s disease: a bridge for science and surgery. J Pediatr Surg. 2016; 51:18-22.
[PubMed: 26611330]

Heuckeroth RO. Hirschsprung’s disease, Down syndrome, and missing heritability: too much
collagen slows migration. J Clin Invest. 2015; 125:4323-4326. [PubMed: 26571392]

Amiel J, Lyonnet S. Hirschsprung disease, associated syndromes, and genetics: a review. J Med
Genet. 2001; 38:729-739. [PubMed: 11694544]

Bern C. Chagas’ disease. N Engl J Med. 2015; 373:1882. [PubMed: 26535522]

Avetisyan M, Schill EM, Heuckeroth RO. Building a second brain in the bowel. J Clin Invest.
2015; 125:899-907. [PubMed: 25664848]

Klingelhoefer L, Reichmann H. Pathogenesis of Parkinson disease — the gut—brain axis and
environmental factors. Nat Rev Neurol. 2015; 11:625-636. [PubMed: 26503923]

Collins SJ, Lawson VA, Masters CL. Transmissible spongiform encephalopathies. Lancet. 2004;
363:51-61. [PubMed: 14723996]

Prusiner SB. Biology and genetics of prions causing neurodegeneration. Annu Rev Genet. 2013;
47:601-623. [PubMed: 24274755]

Aguzzi A. Unraveling prion strains with cell biology and organic chemistry. Proc Natl Acad Sci
USA. 2008; 105:11-12. [PubMed: 18172195]

Cronier S, et al. Endogenous prion protein conversion is required for prion-induced neuritic
alterations and neuronal death. FASEB J. 2012; 26:3854-3861. [PubMed: 22661006]

Ghosh S. Mechanism of intestinal entry of infectious prion protein in the pathogenesis of variant
Creutzfeldt-Jakob disease. Adv Drug Deliv Rev. 2004; 56:915-920. [PubMed: 15063598]

Kujala P, et al. Prion uptake in the gut: identification of the first uptake and replication sites. PLoS
Pathog. 2011; 7:€1002449. [PubMed: 22216002]

Chiocchetti R, et al. Anatomical evidence for ileal Peyer’s patches innervation by enteric nervous
system: a potential route for prion neuroinvasion? Cell Tissue Res. 2008; 332:185-194. [PubMed:
18317812]

Albanese V, et al. Evidence for prion protein expression in enteroglial cells of the myenteric plexus
of mouse intestine. Auton Neurosci. 2008; 140:17-23. [PubMed: 18358791]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2016 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rao and Gershon

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 15

Martin GR, et al. Endogenous cellular prion protein regulates contractility of the mouse ileum.
Neurogastroenterol Motil. 2012; 24:e412-424. [PubMed: 22762267]

Posar A, Resca F, Visconti P. Autism according to diagnostic and statistical manual of mental
disorders 5th edition: the need for further improvements. J Pediatr Neurosci. 2015; 10:146-148.
[PubMed: 26167220]

McElhanon BO, McCracken C, Karpen S, Sharp WG. Gastrointestinal symptoms in autism
spectrum disorder: a meta-analysis. Pediatrics. 2014; 133:872-883. [PubMed: 24777214]

Halfon N, Kuo AA. What DSM-5 could mean to children with autism and their families. JAMA
Pediatr. 2013; 167:608-613. [PubMed: 23645093]

Betancur C. Etiological heterogeneity in autism spectrum disorders: more than 100 genetic and
genomic disorders and still counting. Brain Res. 2011; 1380:42-77. [PubMed: 21129364]
lossifov 1, et al. De novo gene disruptions in children on the autistic spectrum. Neuron. 2012;
74:285-299. [PubMed: 22542183]

Neale BM, et al. Patterns and rates of exonic de novo mutations in autism spectrum disorders.
Nature. 2012; 485:242-245. [PubMed: 22495311]

O’Roak BJ, et al. Sporadic autism exomes reveal a highly interconnected protein network of de
novo mutations. Nature. 2012; 485:246-250. [PubMed: 22495309]

O’Roak BJ, et al. Multiplex targeted sequencing identifies recurrently mutated genes in autism
spectrum disorders. Science. 2012; 338:1619-1622. [PubMed: 23160955]

Schulze TG, McMahon FJ. Defining the phenotype in human genetic studies: forward genetics and
reverse phenotyping. Hum Hered. 2004; 58:131-138. [PubMed: 15812169]

Bernier R, et al. Disruptive CHD8 mutations define a subtype of autism early in development. Cell.
2014; 158:263-276. [PubMed: 24998929]

Sweatt JD. Pitt—-Hopkins syndrome: intellectual disability due to loss of TCF4-regulated gene
transcription. Exp Mol Med. 2013; 45:e21. [PubMed: 23640545]

Grubisic V, Kennedy AJ, Sweatt JD, Parpura V. Pitt—Hopkins mouse model has altered particular
gastrointestinal transits/n vivo. Autism Res. 2015; 8:629-633. [PubMed: 25728630]

Marler S, et al. Brief report: whole blood serotonin levels and gastrointestinal symptoms in autism
spectrum disorder. J Autism Dev Disord. 2016; 46:1124-1130. [PubMed: 26527110]

Matondo RB, et al. Deletion of the serotonin transporter in rats disturbs serotonin homeostasis
without impairing liver regeneration. Am J Physiol Gastrointest Liver Physiol. 2009; 296:G963—
G968. [PubMed: 19246633]

Morrissey JJ, Walker MN, Lovenberg W. The absence of tryptophan hydroxylase activity in blood
platelets. Proc Soc Exp Biol Med. 1977; 154:496-499. [PubMed: 300878]

Lesch KP, Wolozin BL, Murphy DL, Riederer P. Primary structure of the human platelet serotonin
(5-HT) uptake site: identity with the brain 5-HT transporter. J Neurochem. 1993; 60:2319-2322.
[PubMed: 7684072]

Veenstra-VanderWeele J, et al. Autism gene variant causes hyperserotonemia, serotonin receptor
hypersensitivity, social impairment and repetitive behavior. Proc Natl Acad Sci USA. 2012;
109:5469-5474. [PubMed: 22431635]

Margolis KG, et al. Serotonin transporter variant drives preventable gastrointestinal abnormalities
in development and function. J Clin Invest. 2016; 126:2221-2235. [PubMed: 27111230]
Bromley RL, et al. The prevalence of neurodevelopmental disorders in children prenatally exposed
to antiepileptic drugs. J Neurol Neurosurg Psychiatry. 2013; 84:637-643. [PubMed: 23370617]
Christensen J, et al. Prenatal valproate exposure and risk of autism spectrum disorders and
childhood autism. JAMA. 2013; 309:1696-1703. [PubMed: 23613074]

Roullet FI, Lai JK, Foster JA. /n utero exposure to valproic acid and autism — a current review of
clinical and animal studies. Neurotoxicol Teratol. 2013; 36:47-56. [PubMed: 23395807]

de Theije CG, et al. Intestinal inflammation in a murine model of autism spectrum disorders. Brain
Behav Immun. 2014; 37:240-247. [PubMed: 24321212]

Ghia JE, et al. Serotonin has a key role in pathogenesis of experimental colitis. Gastroenterology.
2009; 137:1649-1660. [PubMed: 19706294]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2016 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rao and Gershon

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Page 16

Haub S, et al. Enhancement of intestinal inflammation in mice lacking interleukin 10 by deletion of
the serotonin reuptake transporter. Neurogastroenterol Motil. 2010; 22:826-e229. [PubMed:
20219086]

Bischoff SC, et al. Role of serotonin in intestinal inflammation: knockout of serotonin reuptake
transporter exacerbates 2,4,6-trinitrobenzene sulfonic acid colitis in mice. Am J Physiol
Gastrointest Liver Physiol. 2009; 296:G685-G695. [PubMed: 19095763]

Gershon MD. Serotonin is a sword and a shield of the bowel: serotonin plays offense and defense.
Trans Am Clin Climatol Assoc. 2012; 123:268-280. discussion 280. [PubMed: 23303993]

Gershon MD. 5-Hydroxytryptamine (serotonin) in the gastrointestinal tract. Curr Opin Endocrinol
Diabetes Obes. 2013; 20:14-21. [PubMed: 23222853]

Liu Z, Li N, Neu J. Tight junctions, leaky intestines, and pediatric diseases. Acta Paediatr. 2005;
94:386-393. [PubMed: 16092447]

D’Eufemia P, et al. Abnormal intestinal permeability in children with autism. Acta Paediatr. 1996;
85:1076-1079. [PubMed: 8888921]

Robertson MA, et al. Intestinal permeability and glucagon-like peptide-2 in children with autism: a
controlled pilot study. J Autism Dev Disord. 2008; 38:1066—1071. [PubMed: 18311517]

de Magistris L, et al. Alterations of the intestinal barrier in patients with autism spectrum disorders
and in their first-degree relatives. J Pediatr Gastroenterol Nutr. 2010; 51:418-424. [PubMed:
20683204]

Malkova NV, Yu CZ, Hsiao EY, Moore MJ, Patterson PH. Maternal immune activation yields
offspring displaying mouse versions of the three core symptoms of autism. Brain Behav Immun.
2012; 26:607-616. [PubMed: 22310922]

Hsiao EY, et al. Microbiota modulate behavioral and physiological abnormalities associated with
neurodevelopmental disorders. Cell. 2013; 155:1451-1463. [PubMed: 24315484]

Neunlist M, et al. The digestive neuronal—glial-epithelial unit: a new actor in gut health and
disease. Nat Rev Gastroenterol Hepatol. 2013; 10:90-100. [PubMed: 23165236]

Jankovic J. Parkinson’s disease: clinical features and diagnosis. J Neurol Neurosurg Psychiatry.
2008; 79:368-376. [PubMed: 18344392]

Qualman SJ, Haupt HM, Yang P, Hamilton SR. Esophageal Lewy bodies associated with ganglion
cell loss in achalasia. Similarity to Parkinson’s disease. Gastroenterology. 1984; 87:848-856.
[PubMed: 6088351]

Kupsky WJ, Grimes MM, Sweeting J, Bertsch R, Cote LJ. Parkinson’s disease and megacolon:
concentric hyaline inclusions (Lewy bodies) in enteric ganglion cells. Neurology. 1987; 37:1253—
1255. [PubMed: 3037441]

Wakabayashi K, Takahashi H, Takeda S, Ohama E, Ikuta F. Parkinson’s disease: the presence of
Lewy bodies in Auerbach’s and Meissner’s plexuses. Acta Neuropathol (Berl ). 1988; 76:217-221.
[PubMed: 2850698]

Wakabayashi K, Takahashi H, Ohama E, Ikuta F. Tyrosine hydroxylase-immunoreactive intrinsic
neurons in the Auerbach’s and Meissner’s plexuses of humans. Neurosci Lett. 1989; 96:259-263.
[PubMed: 2566138]

Li ZS, Pham TD, Tamir H, Chen JJ, Gershon MD. Enteric dopaminergic neurons: definition,
developmental lineage, and effects of extrinsic denervation. J Neurosci. 2004; 24:1330-1339.
[PubMed: 14960604]

Li ZS, Schmauss C, Cuenca A, Ratcliffe E, Gershon MD. Physiological modulation of intestinal
motility by enteric dopaminergic neurons and the D5 receptor: analysis of dopamine receptor
expression, location, development, and function in wild-type and knock-out mice. J Neurosci.
2006; 26:2798-2807. [PubMed: 16525059]

Tieu K. A guide to neurotoxic animal models of Parkinson’s disease. Cold Spring Harb Perspect
Med. 2011; 1:a009316. [PubMed: 22229125]

Anderson G, et al. Loss of enteric dopaminergic neurons and associated changes in colon motility
in an MPTP mouse model of Parkinson’s disease. Exp Neurol. 2007; 207:4-12. [PubMed:
17586496]

Chandra S, Gallardo G, Fernandez-Chacon R, Schluter OM, Sudhof TC. a-Synuclein cooperates
with CSPa in preventing neurodegeneration. Cell. 2005; 123:383-396. [PubMed: 16269331]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2016 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rao and Gershon

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

Page 17

Westphal CH, Chandra SS. Monomeric synucleins generate membrane curvature. J Biol Chem.
2013; 288:1829-1840. [PubMed: 23184946]

Vargas KJ, et al. Synucleins regulate the kinetics of synaptic vesicle endocytosis. J Neurosci. 2014;
34:9364-9376. [PubMed: 25009269]

Braak H, Braak E. Pathoanatomy of Parkinson’s disease. J Neurol. 2000; 247(Suppl 2):11/3-11/10.

Preterre C, et al. Optimizing Western Blots for the detection of endogenous a-synuclein in the
enteric nervous system. J Parkinsons Dis. 2015; 5:765-772. [PubMed: 26599299]

Aldecoa I, et al. Alpha-synuclein immunoreactivity patterns in the enteric nervous system.
Neurosci Lett. 2015; 602:145-149. [PubMed: 26163460]

Miraglia F, Betti L, Palego L, Giannaccini G. Parkinson’s disease and alpha-synucleinopathies:
from arising pathways to therapeutic challenge. Cent Nerv Syst Agents Med Chem. 2015; 15:109-
116. [PubMed: 25896035]

Hallett PJ, McLean JR, Kartunen A, Langston JW, Isacson O. Alpha-synuclein overexpressing
transgenic mice show internal organ pathology and autonomic deficits. Neurobiol Dis. 2012;
47:258-267. [PubMed: 22549133]

Wang L, Fleming SM, Chesselet MF, Tache Y. Abnormal colonic motility in mice overexpressing
human wild-type a-synuclein. Neuroreport. 2008; 19:873-876. [PubMed: 18463504]

Wang L, et al. Mice overexpressing wild-type human a-synuclein display alterations in colonic
myenteric ganglia and defecation. Neurogastroenterol Motil. 2012; 24:e425-e436. [PubMed:
22779732]

Polymeropoulos MH, et al. Mutation in the a-synuclein gene identified in families with
Parkinson’s disease. Science. 1997; 276:2045-2047. [PubMed: 9197268]

Kruger R, et al. Ala30Pro mutation in the gene encoding a.-synuclein in Parkinson’s disease. Nat
Genet. 1998; 18:106-108. [PubMed: 9462735]

Kuo YM, et al. Extensive enteric nervous system abnormalities in mice transgenic for artificial
chromosomes containing Parkinson disease-associated a-synuclein gene mutations precede central
nervous system changes. Hum Mol Genet. 2010; 19:1633-1650. [PubMed: 20106867]

Lebouvier T, et al. Routine colonic biopsies as a new tool to study the enteric nervous system in
living patients. Neurogastroenterol Motil. 2010; 22:e11-e14. [PubMed: 19650774]

Gold A, Turkalp ZT, Munoz DG. Enteric alpha-synuclein expression is increased in Parkinson’s
disease but not Alzheimer’s disease. Mov Disord. 2013; 28:237-240. [PubMed: 23362176]

US Preventive Services Task Force. Screening for colorectal cancer: U.S. Preventive Services Task
Force recommendation statement. JAMA. 2016; 315:2564-2575. [PubMed: 27304597]

Hilton D, et al. Accumulation of a-synuclein in the bowel of patients in the pre-clinical phase of
Parkinson’s disease. Acta Neuropathol. 2014; 127:235-241. [PubMed: 24240814]

Shannon KM, et al. Alpha-synuclein in colonic submucosa in early untreated Parkinson’s disease.
Mov Disord. 2012; 27:709-715. [PubMed: 21766334]

Visanji NP, et al. Colonic mucosal a-synuclein lacks specificity as a biomarker for Parkinson
disease. Neurology. 2015; 84:609-616. [PubMed: 25589666]

Stokholm MG, Danielsen EH, Hamilton-Dutoit SJ, Borghammer P. Pathological a-synuclein in
gastrointestinal tissues from prodromal Parkinson disease patients. Ann Neurol. 2016; 79:940—
949. [PubMed: 27015771]

Singaram C, et al. Dopaminergic defect of enteric nervous system in Parkinson’s disease patients
with chronic constipation. Lancet. 1995; 346:861-864. [PubMed: 7564669]

Annerino DM, et al. Parkinson’s disease is not associated with gastrointestinal myenteric ganglion
neuron loss. Acta Neuropathol. 2012; 124:665-680. [PubMed: 22941241]

Pickel VM, Beckley SC, Joh TH, Reis DJ. Ultrastructural immunocytochemical localization of
tyrosine hydroxylase in the neostriatum. Brain Res. 1981; 225:373-385. [PubMed: 6118197]
Weiner N. Regulation of norepinephrine biosynthesis. Annu Rev Pharmacol. 1970; 10:273-290.
[PubMed: 4315686]

Braak E, et al. alpha-synuclein immunopositive Parkinson’s disease-related inclusion bodies in
lower brain stem nuclei. Acta Neuropathol. 2001; 101:195-201. [PubMed: 11307617]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2016 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rao and Gershon Page 18

98. Del Tredici K, Rub U, De Vos RA, Bohl JR, Braak H. Where does parkinson disease pathology
begin in the brain? J Neuropathol Exp Neurol. 2002; 61:413-426. [PubMed: 12030260]

99. Braak H, Rub U, Gai WP, Del Tredici K. Idiopathic Parkinson’s disease: possible routes by which
vulnerable neuronal types may be subject to neuroinvasion by an unknown pathogen. J Neural
Transm. 2003; 110:517-536. [PubMed: 12721813]

100. Del Tredici K, Duda JE. Peripheral Lewy body pathology in Parkinson’s disease and incidental

Lewy body disease: four cases. J Neurol Sci. 2011; 310:100-106. [PubMed: 21689832]

101. Phillips RJ, Walter GC, Wilder SL, Baronowsky EA, Powley TL. Alpha-synuclein-
immunopositive myenteric neurons and vagal preganglionic terminals: autonomic pathway
implicated in Parkinson’s disease? Neuroscience. 2008; 153:733-750. [PubMed: 18407422]

102. Gorell JM, Johnson CC, Rybicki BA, Peterson EL, Richardson RJ. The risk of Parkinson’s
disease with exposure to pesticides, farming, well water, and rural living. Neurology. 1998;
50:1346-1350. [PubMed: 9595985]

103. Pan-Montojo F, et al. Progression of Parkinson’s disease pathology is reproduced by intragastric
administration of rotenone in mice. PLoS ONE. 2010; 5:e8762. [PubMed: 20098733]

104. Pan-Montojo F, et al. Environmental toxins trigger PD-like progression via increased alpha-
synuclein release from enteric neurons in mice. Sci Rep. 2012; 2:898. [PubMed: 23205266]

105. Ulusoy A, et al. Caudo-rostral brain spreading of a-synuclein through vagal connections. EMBO
Mol Med. 2013; 5:1051-1059. [PubMed: 23703938]

106. Holmquist S, et al. Direct evidence of Parkinson pathology spread from the gastrointestinal tract
to the brain in rats. Acta Neuropathol. 2014; 128:805-820. [PubMed: 25296989]

107. Svensson E, et al. VVagotomy and subsequent risk of Parkinson’s disease. Ann Neurol. 2015;
78:522-529. [PubMed: 26031848]

108. Tysnes OB, et al. Does vagotomy reduce the risk of Parkinson’s disease? Ann Neurol. 2015;
78:1011-1012. [PubMed: 26418122]

109. Jellinger KA. A critical evaluation of current staging of a-synuclein pathology in Lewy body
disorders. Biochim Biophys Acta. 2009; 1792:730-740. [PubMed: 18718530]

110. Kalaitzakis ME, Graeber MB, Gentleman SM, Pearce RK. The dorsal motor nucleus of the vagus
is not an obligatory trigger site of Parkinson’s disease: a critical analysis of a-synuclein staging.
Neuropathol Appl Neurobiol. 2008; 34:284-295. [PubMed: 18053026]

111. Kingsbury AE, et al. Brain stem pathology in Parkinson’s disease: an evaluation of the Braak
staging model. Mov Disord. 2010; 25:2508-2515. [PubMed: 20818670]

112. Ubhi K, Masliah E. Alzheimer’s disease: recent advances and future perspectives. J Alzheimers
Dis. 2013; 33:5185-S194. [PubMed: 22810100]

113. Schliebs R. Basal forebrain cholinergic dysfunction in Alzheimer’s disease — interrelationship
with beta-amyloid, inflammation and neurotrophin signaling. Neurochem Res. 2005; 30:895—
908. [PubMed: 16187224]

114. Arai H, et al. Expression patterns of beta-amyloid precursor protein (B-APP) in neural and
nonneural human tissues from Alzheimer’s disease and control subjects. Ann Neurol. 1991;
30:686-693. [PubMed: 1763893]

115. Puig KL, Swigost AJ, Zhou X, Sens MA, Combs CK. Amyloid precursor protein expression
modulates intestine immune phenotype. J Neuroimmune Pharmacol. 2012; 7:215-230. [PubMed:
22124967]

116. Semar S, et al. Changes of the enteric nervous system in amyloid-p protein precursor transgenic
mice correlate with disease progression. J Alzheimers Dis. 2013; 36:7-20. [PubMed: 23531500]

117. Puig KL, et al. Overexpression of mutant amyloid-p protein precursor and presenilin 1 modulates
enteric nervous system. J Alzheimers Dis. 2015; 44:1263-1278. [PubMed: 25408221]

118. Joachim CL, Mori H, Selkoe DJ. Amyloid B-protein deposition in tissues other than brain in
Alzheimer’s disease. Nature. 1989; 341:226-230. [PubMed: 2528696]

119. Deguchi E, Iwai N, Goto Y, Yanagihara J, Fushiki S. An immunohistochemical study of
neurofilament and microtubule-associated Tau protein in the enteric innervation in
Hirschsprung’s disease. J Pediatr Surg. 1993; 28:886-890. [PubMed: 8229560]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2016 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rao and Gershon

120.

121.

122.

123.

124.

125.

126.

127.

128.

129

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

Page 19

Tam PK, Owen G. An immunohistochemical study of neuronal microtubule-associated proteins in
Hirschsprung’s disease. Hum Pathol. 1993; 24:424-431. [PubMed: 8491483]

Phillips RJ, Walter GC, Ringer BE, Higgs KM, Powley TL. Alpha-synuclein immunopositive
aggregates in the myenteric plexus of the aging Fischer 344 rat. Exp Neurol. 2009; 220:109-119.
[PubMed: 19664623]

Shankle WR, et al. Studies of the enteric nervous system in Alzheimer disease and other
dementias of the elderly: enteric neurons in Alzheimer disease. Mod Pathol. 1993; 6:10-14.
[PubMed: 8426853]

Jovicic, A.; Paul, JW., 3rd; Gitler, AD. Nuclear transport dysfunction: a common theme in
amyotrophic lateral sclerosis and frontotemporal dementia. J Neurochem. 2016. http://dx.doi.org/
10.1111/jnc.13642

Geser F, Martinez-Lage M, Kwong LK, Lee VM, Trojanowski JQ. Amyotrophic lateral sclerosis,
frontotemporal dementia and beyond: the TDP-43 diseases. J Neurol. 2009; 256:1205-1214.
[PubMed: 19271105]

Kabashi E, et al. TARDBP mutations in individuals with sporadic and familial amyotrophic
lateral sclerosis. Nat Genet. 2008; 40:572-574. [PubMed: 18372902]

Sreedharan J, et al. TDP-43 mutations in familial and sporadic amyotrophic lateral sclerosis.
Science. 2008; 319:1668-1672. [PubMed: 18309045]

Chio A, et al. Extensive genetics of ALS: a population-based study in Italy. Neurology. 2012;
79:1983-1989. [PubMed: 23100398]

Neumann M, et al. Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic
lateral sclerosis. Science. 2006; 314:130-133. [PubMed: 17023659]

. Wegorzewska I, Bell S, Cairns NJ, Miller TM, Baloh RH. TDP-43 mutant transgenic mice
develop features of ALS and frontotemporal lobar degeneration. Proc Natl Acad Sci USA. 2009;
106:18809-18814. [PubMed: 19833869]

Guo Y, et al. HO-1 induction in motor cortex and intestinal dysfunction in TDP-43 A315T
transgenic mice. Brain Res. 2012; 1460:88-95. [PubMed: 22578468]

Esmaeili MA, Panahi M, Yadav S, Hennings L, Kiaei M. Premature death of TDP-43 (A315T)
transgenic mice due to gastrointestinal complications prior to development of full neurological
symptoms of amyotrophic lateral sclerosis. Int J Exp Pathol. 2013; 94:56-64. [PubMed:
23317354]

Herdewyn S, et al. Prevention of intestinal obstruction reveals progressive neurodegeneration in
mutant 7DP- 43 (A315T) mice. Mol Neurodegener. 2014; 9:24. [PubMed: 24938805]

Hatzipetros T, et al. C57BL/6J congenic Prp-TDP43A315T mice develop progressive
neurodegeneration in the myenteric plexus of the colon without exhibiting key features of ALS.
Brain Res. 2014; 1584:59-72. [PubMed: 24141148]

Kaur SJ, McKeown SR, Rashid S. Mutant SOD1 mediated pathogenesis of amyotrophic lateral
sclerosis. Gene. 2016; 577:109-118. [PubMed: 26657039]

Wu S, Yi J, Zhang YG, Zhou J, Sun J. Leaky intestine and impaired microbiome in an
amyotrophic lateral sclerosis mouse model. Physiol Rep. 2015; 3:€12356. [PubMed: 25847918]

Gross ER, Gershon MD, Margolis KG, Gertsberg ZV, Cowles RA. Neuronal serotonin regulates
growth of the intestinal mucosa in mice. Gastroenterology. 2012; 143:408-417.e2. [PubMed:
22609381]

Natale G, Pasquali L, Paparelli A, Fornai F. Parallel manifestations of neuropathologies in the
enteric and central nervous systems. Neurogastroenterol Motil. 2011; 23:1056-1065. [PubMed:
21951862]

Colby DW, Prusiner SB. Prions. Cold Spring Harb Perspect Biol. 2011; 3:a006833. [PubMed:
21421910]

Pinkas A, Aschner M. Advanced glycation end-products and their receptors: related pathologies,
recent therapeutic strategies, and a potential model for future neurodegeneration studies. Chem
Res Toxicol. 2016; 29:707-714. [PubMed: 27054356]

Deng H, Gao K, Jankovic J. The role of FUS gene variants in neurodegenerative diseases. Nat
Rev Neurol. 2014; 10:337-348. [PubMed: 24840975]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2016 October 01.


http://dx.doi.org/10.1111/jnc.13642
http://dx.doi.org/10.1111/jnc.13642

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Rao and Gershon

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Page 20

Sharma A, et al. ALS-associated mutant FUS induces selective motor neuron degeneration
through toxic gain of function. Nat Commun. 2016; 7:10465. [PubMed: 26842965]

Parakh, S.; Atkin, JD. Protein folding alterations in amyotrophic lateral sclerosis. Brain Res.
2016. http://dx.doi.org/10.1016/j.brainres.2016.04.010

Gershon AA, et al. Varicella zoster virus infection. Nat Rev Dis Primers. 2015; 1:15016.
[PubMed: 27188665]

Gershon AA, Chen J, Gershon MD. Use of saliva to identify varicella zoster virus infection of the
gut. Clin Infect Dis. 2015; 61:536-544. [PubMed: 25882301]

Gershon AA, et al. Latency of varicella zoster virus in dorsal root, cranial, and enteric ganglia in
vaccinated children. Trans Am Clin Climatol Assoc. 2012; 123:17-33. discussion 33-35.
[PubMed: 23303966]

Holland-Cunz S, et al. Acquired intestinal aganglionosis after a lytic infection with varicella-
zoster virus. J Pediatr Surg. 2006; 41:e29—e31. [PubMed: 16516611]

Levin MJ. Varicella-zoster virus and virus DNA in the blood and oropharynx of people with latent
or active varicella-zoster virus infections. J Clin Virol. 2014; 61:487-495. [PubMed: 25453570]
Edelman DA, et al. Ogilvie syndrome and herpes zoster: case report and review of the literature. J
Emerg Med. 2009; 39:696-700. [PubMed: 19327938]

Mehta SK, et al. Varicella-zoster virus in the saliva of patients with herpes zoster. J Infect Dis.
2008; 197:654—657. [PubMed: 18260763]

Duncan CJ, Hambleton S. Varicella zoster virus immunity: a primer. J Infect. 2015; 71:S47-S53.
[PubMed: 25917799]

Johnson BH, et al. Annual incidence rates of herpes zoster among an immunocompetent
population in the United States. BMC Infect Dis. 2015; 15:502. [PubMed: 26546419]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2016 October 01.


http://dx.doi.org/10.1016/j.brainres.2016.04.010

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rao and Gershon Page 21

[ Nervous system J
¢ | 3
[ Central nervous system J [ Peripheral nervous system ]
[ Motor J [ Sensory J

R I

Autonomic Skeletal Dorsal root | Cranial nerve
nervous system motor ganglia i ganglia

[ Sympathetic J<—>{ Enteric nervous system J<—>[ Parasympathetic ]

N

Figure 1. Relationship between the ENS and components of the peripheral nervous system
The enteric nervous system (ENS) is a large division of the peripheral nervous system (PNS)

that can control gastrointestinal behaviour independently of central nervous system (CNS)
input. Mammalian neurons are located in either the CNS (brain and spinal cord) or PNS
(cells with soma outside the brain and spinal cord). Afferent information from the periphery
to the CNS is conveyed by neurons located in dorsal root or cranial nerve ganglia, which
constitute the ‘sensory’ division of the PNS (yellow). Afferent information integrated by the
CNS leads to efferent output through the ‘motor’ division of the PNS (blue). Efferent
projections from the CNS target either skeletal muscle (skeletal motor) or the autonomic
nervous system, which is divided into three parts: sympathetic, parasympathetic and
enteric. In contrast to the neurons in sympathetic or parasympathetic ganglia, most enteric
neurons receive no direct innervation from the CNS. Enteric neurons are organized in
microcircuits that contain intrinsic primary afferent neurons that can respond intrinsically to
local stimuli to integrate information and coordinate motor output. The ENS is therefore
unique in having both sensory and motor properties (dotted line). Thus, ENS can mediate
behaviour independently of the CNS; nevertheless, a two-way communication normally
occurs between the bowel and the CNS, which influence one another.
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Figure 2. The ENS can regulate intestinal behaviours in the absence of CNS input
The neurons and glia of the ENS form an extensive network that extends through the layers

of the small and large intestine. a | Schematic of the small intestine illustrating the
organization of the ENS in its location within the intestinal wall. The myenteric plexus is
located between the longitudinal and circular layers of smooth muscle whereas the smaller
submucosal plexus is located in the dense connective tissue of the submucosa, just
underneath the mucosa. Note that no nerve fibres actually enter the enteric lumen or its
epithelial lining. The extrinsic innervation reaches the bowel through the mesentery along
with the vasculature. b | The major components of the gastrointestinal tract that allow the
bowel to sense and respond to luminal conditions are listed. ¢ | Organization of myenteric
ganglia. A colonic segment from an adult PLP1-eGFP mouse immunostained with the
neuronal cell body marker, ANNA-1 (red) and the PLP1-eGFP glial reporter (green). Scale
bar = 50pum. d | Organization of the submucosal ganglia. A colonic segment from an adult
PLP1-eGFP mouse immunostained with the neuronal cell body marker, ANNA-1 (red) and
the PLP1-eGFP glial reporter (green). The asterisk indicates a non-immunostained crypt
base encircled by mucosal glia (green). Scale bar = 50um. e | A cross-section of ileum from
a PLP1-eGFP mouse immunostained with the neuronal marker, PGP9.5, which identifies
neurites as well as cell bodies (red). The extensive innervation of the intestine, as well as the
presence of enteric glia (green) throughout the lamina propria of the mucosa, is illustrated.
DAPI (blue) was used to stain cell nuclei. The image was obtained from a maximum
intensity projection of a 20 um confocal stack. Scale bar = 50 um. 5-HT, 5-
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hydroxytryptamine or serotonin; ACh, acetylcholine; CGRP, calcitonin gene-related peptide;
CNS, central nervous system; ENS, enteric nervous system; NO, nitric oxide; NPY,
neuropeptide Y; VIP, vasoactive intestinal peptide.
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Figure 3. Schematic of the peristaltic reflex microcircuit required for aboral propulsion of
luminal contents

Luminal distention or distortion triggers direct activation of mechanoreceptive endings of
intrinsic primary afferent neurons (IPANSs), as well as indirect activation of IPANS upon
serotonin (5-HT) release by enterochromaffin cells (ECs) in the epithelium. IPANSs activate
ascending and descending interneurons, which stimulate excitatory and inhibitory motor
neurons, respectively. Motor neuron activity leads to oral contraction and anal relaxation of
intestinal smooth muscle, which propels luminal contents in the proximal—distal direction.
ACHh refers to neurons that contain acetylcholine. SP refers to neurons that contain substance
P. Enk refers to encephalin-expressing ascending interneurons. NO and VIP indicate
inhibitory motor neurons secreting nitric oxide and vasoactive intestinal peptide. BNAD
refers to inhibitory motor neurons secreting the purine, B-nicotinamide adenine dinucleotide.
Secretomotor and vasomotor neurons of the submucosal plexus secrete ACh or VIP.
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Figure 4. Summary of primary disease interactions between the gut and brain
AR, amyloid-beta; ALS, amyotrophic lateral sclerosis; ASD, autism spectrum disorder;

PrPSC, prion protein scrapie.
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Figure 5. Enteric manifestations of lytic VZV infection of the mucosa and latent VZV infection of
the ENS

a | Mucosal biopsy sample from a patient with a perforated gastric ulcer. The patient’s saliva
and stomach contained DNA encoding varicella zoster virus (VZV) gene products. The
gastric epithelium has been infected and shows the immunoreactivity of g (ORF68p; green)
and ORF63p (red). DNA has been stained with bisbenzimide (blue). There is a slight
superimposition of white light in interference contrast to allow all components of the tissue
to be visualized. Newly infected cells (arrows) where the virus is spreading are mostly red
fluorescent because ORF63 is an immediate early gene and gE is a late gene. The highly
infected cells contain both gene products and are yellow. Scale bar = 20 pm. b | lleum of a
guinea pig injected with VZV-infected lymphocytes. The VZV expresses green fluorescent
protein (GFP) under the control of the VZV promoter for ORF66. The red fluorescence is
the immunoreactivity of 3-tubulin, a neuronal marker. Virtually all enteric neurons contain
latent VZV. Note that the VZV is confined to nerve cell bodies and is not seen in neurites
within the interganglionic connectives (red). Thus, the neurons are not actually producing
viral particles. The restriction of ORF66-GFP to cell bodies is therefore an indicator of viral
latency. DNA has been stained with bisbenzimide (blue). Scale bar = 20 um.
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