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progressive CNS and persistent gut dysfunction.

Neurodegenerative disorders (NDs) are chronic and progressive
disorders that disproportionately affect the elderly and have been
characterized by selective loss of neurons in the CNS (1). Their
prevalence is increasing — partly owing to extensions in lifespan
—and by 2030, individuals affected by NDs will account for more
than 8 million patients in the United States (2). Various NDs can
be characterized and differentiated by their primary clinical fea-
tures, the anatomical location of the neurodegeneration, the var-
ious cell types they affect, and/or the principal molecular abnor-
mality that causes them (3).

Prior to the considerable progress made in recent years that
will be discussed here, psychiatrists, neurologists, and gastroen-
terologists alike supported the idea of the existence of a disease
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Neurodegenerative disorders (NDs) affect essential functions not only in the CNS, but also cause persistent gut
dysfunctions, suggesting that they have an impact on both CNS and gut-innervating neurons. Although the CNS biology

of NDs continues to be well studied, how gut-innervating neurons, including those that connect the gut to the brain, are
affected by or involved in the etiology of these debilitating and progressive disorders has been understudied. Studies in
recent years have shown how CNS and gut biology, aided by the gut-brain connecting neurons, modulate each other’s
functions. These studies underscore the importance of exploring the gut-innervating and gut-brain connecting neurons of
the CNS and gut function in health, as well as the etiology and progression of dysfunction in NDs. In this Review, we discuss
our current understanding of how the various gut-innervating neurons and gut physiology are involved in the etiology of
NDs, including Parkinson’s disease, Alzheimer’s disease, Huntington's disease, and amyotrophic lateral sclerosis, to cause

called the “institutional colon.” This term described the pres-
ence of an amotile and/or elongated and largely distended colon
with resulting gut dysfunctions in psychiatric patients who lived
in mental health institutions (4). That such a disease existed was
often questioned by contemporary physicians, and the conflu-
ence of gut and behavioral dysfunction was ascribed to the side
effects of medicines, incorrect or inadequate diets, or inatten-
tion. To prove that the “institutional colon” is a true disease, Son-
nenberg et al. (4) combed through millions of medical records
at the US Veterans Affairs to show that patients with presenile
dementia, Alzheimer’s disease (AD), Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS), or Huntington’s disease
(HD) had significantly higher odds of also experiencing colon-
ic dysfunction. The authors pointed out that “not all neurons
involved in control of intestinal motility are located within the
enteric nervous system, but may originate, for instance, in the
vagal nuclei at the medulla oblongata or in the sacral segments
of the spinal cord” and that “any referral to the loss of neuronal
control of colonic motility does not allude to a common pathway,
and leaves a multitude of heterogeneous mechanisms possible”
(4). This landmark study showing the involvement of both gut
and brain dysfunction in NDs paved the way for the studies dis-
cussed in this Review.

Here, we review the processes associated with ND etiology
and how various gut-innervating and gut-brain connecting neu-
rons are either affected in NDs or are involved in their etiology.
We also review the role of microbiota in driving NDs and discuss
some open questions in this field. This Review will focus on the
classical NDs — PD, AD, HD, and ALS — given that these are not
only the major NDs but are also the diseases for which substantial
information is available about associated gut dysfunctions.
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Figure 1. Intra- and extracellular stressors drive NDs. Pathological alterations in normal homeostatic mechanisms of protein genesis, trafficking, and
degradation cause the accumulation of misfolded proteins. During the action of normal homeostatic mechanisms, polypeptides are translated outside
the nucleus from mRNA transcribed from nuclear DNA and are then folded normally and trafficked to specific locations within the cells. Old proteins are
marked for degradation and are trafficked to the lysosome for degradation. In cases of DNA mutations, the translated polypeptides have a higher prob-
ability of folding incorrectly, thereby generating degradation-resistant proteins that accumulate to drive pathologies. In addition, intracellular stressors,
such as an abundance of ROS generated within cellular mitochondria, or extracellular stressors, such as infections or aberrant proinflammatory cytokine
responses to these infections from immune cells, may cause aberrant biogenesis or misfolding of proteins, thus leading to their accumulation. Illustration
adapted with permission from Noelle Burgess at the Institute for Cellular Engineering of Johns Hopkins University.

Molecular mechanisms driving NDs

The molecular mechanisms of NDs can be differentiated as either
cell intrinsic or cell extrinsic (Figure 1). The cell-intrinsic mech-
anisms include proteostatic stress, inherent protein degradation
abnormalities, oxidative stress, and heritable mutations.

Proteostatic stress causing protein misfolding. Stress on proteosta-
sis, the dynamic regulation of a dynamic and balanced proteome,
may adversely affect the biogenesis, trafficking, folding, and deg-
radation of proteins, resulting in the genesis and accumulation of
defective proteins that, in part, drive ND pathologies (5-9).

Inherent abnormalities in protein degradation. Misfolded pro-
teins are proteolytically degraded via ubiquitin-proteasomal deg-
radation, chaperone-mediated autophagy, lysosomal degradation,
and macroautophagy pathways. Mutations in the genes encoding
proteins in these pathways may cause NDs as a result of inefficient
degradation of defective proteins (10-21);

Oxidative stress. ROS, which are constantly produced in aero-
bic cells as byproducts of normal oxygen metabolism, are rapidly
removed by several cellular processes, the dysfunction of which
can promote the development of pathological proteins (22-25).

Heritable mutations. Heritable mutations cause the genesis of
defective proteins that are either prone to misfolding, form patho-
logical fragmented proteins, or hamper critical pathways that are
associated with the development of various NDs (1, 13, 26, 27).

In contrast, cell-extrinsic mechanisms are associated with
infections and/or aberrant immune responses (Figure 1). Prima-
ry infections or aberrant immune responses can contribute to ND
progression (28, 29). Apart from infections, microbial dysbiosis is
also known to drive ND pathologies by altering host cell behavior

:

(30), suggesting that dysregulated cell-extrinsic factors can cause
pathological changes in cell-intrinsic pathways.

Age is the most common risk factor for NDs, given that
our cumulative exposure to cell-intrinsic and -extrinsic factors
increases with age (31). In addition, acute onset of these dysregu-
lated factors may act as a “second hit” in aged individuals, increas-
ing their susceptibility to developing NDs.

Gut-innervating neurons

The gut is innervated by diverse neuronal populations, including
neurons of the enteric nervous system (ENS; residing within the
gut wall), spinal nociceptive neurons (residing within the dorsal
root ganglia [DRG]), sensory vagal neurons (residing within the
nodose ganglia [NG]), extrinsic sympathetic neurons (residing
within the sympathetic ganglia [SG]), and efferent neurons of
the vagus nerve (residing in the dorsal motor vagal [DMV] nucle-
us in the brainstem) (Figure 2 and ref. 32). Except for vagal neu-
rons, other gut-innervating neurons are part of the PNS. The ENS,
which is the largest subdivision of the PNS, is derived at birth from
the embryonic neural crest (33) and is composed of the myenter-
ic and the submucosal plexus, which run parallel through almost
the entire length of the gut. The adult ENS remains structurally
stable even though it inhabits an organ that subjects it to consid-
erable mechanical, chemical, and microbial stressors. Stability of
the adult ENS is possible because almost the entire neuronal pop-
ulation of the ENS is continually renewed every few weeks, driven
by a population of nestin* enteric neural precursor cells (ENPCs)
that continuously and rapidly generate new neurons to offset the
neuronal populations lost due to apoptosis (34).

J Clin Invest. 2021;131(13):e143775 https://doi.org/10.1172/)CI143775
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Figure 2. Neuronal connectome between the CNS and the gut. The CNS is connected to the gut, both through its interactions with the ENS and inde-
pendently through interaction with diverse gastrointestinal cells. The neural pathways that connect the CNS to the gut include the vagus nerve, which
consists of the vagal afferent nerve (whose neurons reside in the bilateral NG) and the vagal efferent nerve (whose neurons reside in the brainstem); the
spinal nociceptive nerves (whose neurons reside in the DRG, which are sensory neurons that innervate the viscera and the spinal cord neurons); the post-
synaptic sympathetic nerves (whose neurons reside in sympathetic superior mesenteric ganglia [SMG] and inferior mesenteric ganglia [IMG]); and the spi-
nal sacral nerve, which directly connects the spinal neurons to the colon. Vagal efferent neurons are known to innervate gastric mucosa, but whether they
innervate mucosa in other gut regions is yet unknown. The gut has its own ENS, whose neurons are present in two networks or plexuses. The myenteric
plexus is present between the longitudinal muscle layer and the circular muscle layer, whereas the submucosal plexus is present between the CM layer and
the lamina propria. The submucosal plexus and myenteric plexus neurons innervate various tissue regions, including the mucosa. The barrier function of
the gut is regulated by the epithelial cell layer, which protects the gut wall from luminal contents, including intestinal microbiota. Illustration adapted with
permission from Noelle Burgess at the Institute for Cellular Engineering of Johns Hopkins University.

The gut-brain axis

Evolutionarily, it may be argued that the ENS was the “first
brain” (35), given that the primordial neural networks dedicated
to regulating intestinal functions evolved earlier than the CNS.
Over time, executive functions evolved and diverged to form
the CNS, while the gut-centric functions remained in these pri-
mordial networks to become the ENS. Despite the divergence,
the ENS and CNS remain in constant communication through
diverse neural networks known as the gut-brain axis (GBA) (Fig-
ure 2). In recent years, progress in our understanding of the GBA
has come from studies of the vagus nerve, which carries both
afferent (80%-90%) and efferent (10%-20%) nerve fibers. The
vagus nerve innervates various visceral organs, including the gut
(36), allowing the CNS to regulate specific gut functions, such as
gastric motility (37). At the same time, vagus nerve innervation
allows the gut to regulate functions, such as satiety and mood,
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that were long thought to be under the sole control of the CNS
(38, 39). The evidence that perturbations in the gut precipitate
serious mood disorders through the vagus nerve underscores the
importance of this component of the GBA in the maintenance of
normal behavior (40).

The gut also receives spinal innervation (Figure 2). Thoraco-
lumbar and lumbosacral DRG neurons provide nociceptive inner-
vation to the gut (41) and also project to the second-order spinal
neurons, which in turn project to the brainstem. Unlike the bidi-
rectional signaling of the vagus nerve, DRG-mediated circuitry is
unidirectional (41). Recently, Lai et al. presented evidence of local
immunomodulatory functions of this circuitry in the gut (42), sug-
gesting control of local functions by these neurons, although we
do not yet know whether these also involve higher-order neurons
that would constitute a CNS-mediated effect. In addition, the gut
also receives indirect spinal innervation through post-ganglionic
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Table 1. NDs and their impact on the CNS and ENS

Disorder CNS neurodegeneration CNS symptoms
PD Loss of dopamine neurons (60, 61). DA ventral  Motor dysfunction (166-169), dementia
tegmental area neurons and norepinephrine (170), depression (171, 172), anxiety
neurons of the locus coeruleus are also affected. (173,174), sleep disorders (175)
Neuronal degeneration in PD also affects
pigmented and nonpigmented neurons outside
the midbrain and the brainstem and can involve
multiple neurotransmitter systems (161-165)
AD Loss of hippocampal entorhinal cortex, posterior ~ Motor dysfunction (190-193), dementia
cingulate, and amygdala and other brain regions (194, 195), depression (196), anxiety
in all stages of AD (187, 188), Loss of cholinergic ~ (197-199), sleep disorders (200, 201)
neurons of the basal forebrain also occurs
(109, 110, 189)
HD Loss of striatal GABAergic medium-sized spiny  Motor dysfunction (208, 209), dementia
neurons in early disease, widespread loss in later  (210), depression (211), anxiety (212),
disease (124) sleep disorder (213, 214)
ALS Loss of upper and lower motor neurons (129) Loss of voluntary muscle

movement (129)

ENS neurodegeneration Gut symptoms

Constipation (47, 77,176-178),
abdominal pain (50), gut inflammation
(179, 180), microbial dysbiosis (54, 181),

gastroparesis (182), dysphagia (182-
184), nausea (182), early satiety (185),
increased intestinal permeability (186)

None in human tissues or in
animal models (94, 95)

None in human samples (113) Gut dysmotility, leaky gut, intestinal
inflammation, early satiety, micrabial

dysbiosis (30, 58, 202-207)

Significant neurodegeneration

with marked reduction in the

expression of neuropeptides
in a mouse model (125)

Diarrhea (125), leaky gut (215),
dysphagia (216), weight loss (125),
microbial dysbiosis (53)

Selective degeneration of NOS1*
neurons in mouse models (131)

Delayed gastric and colonic motility,
microbial dysbiosis (52, 217, 218)

neurons of the sympathetic ganglia (43), as well as direct spinal
innervation through the sacral nerve (44).

Impact of NDs beyond the brain

Apart from CNS dysfunction, patients with NDs experience a sub-
stantial reduction in their quality of life as a result of a significant
loss of gut function causing constipation (45-48), abdominal pain
(49-52), and microbial dysbiosis (30, 53-59) that can be debilitat-
ing and progressive. We classify the CNS and gut dysfunctions in
various NDs in Table 1 and will review specific NDs to discuss how
extra-CNS neurons are affected by or contribute to ND pathobi-
ology. Although the NDs discussed in this Review have known
involvement of the GBA in their pathobiology, they are present-
ed here in descending order of our mechanistic knowledge of this
GBA involvement.

Parkinson’s disease
PD is a progressive and debilitating ND caused by selective loss of
dopaminergic neurons in the substantia nigra par compacta region
of the midbrain that leads to striatal dopamine depletion (60, 61).
Patients with PD experience CNS dysfunctions including motor
and behavioral symptoms, as well as gut dysfunctions (Table 1). An
accurate pathologic diagnosis of PD is possible only after a post-
mortem brain autopsy reveals the presence of inclusion bodies
made up of aggregated, misfolded a-synuclein protein (a-SYN),
termed Lewy body pathology (LP) (62-71). However, LP is not
restricted to the brain tissue of patients with PD, but is also present
in their ENS, suggesting the involvement of ENS neurons (72, 73).
The presence of symptoms and LP within and outside of the
CNSled to questions of how and where LP forms, and how it affects
intra- and extra-CNS neurons. The key to understanding this came
in 2003 from Braak et al., who studied LP in postmortem brain tis-
sue from patients with PD and classified the location and abun-
dance of LP in brain tissue by the patients’ symptom severity (74).
They observed that, although LP was present mostly in the lower

brainstem in patients with less severe disease, its presence and
abundance moved deeper into the midbrain with increasing sever-
ity of disease (74). Braak and colleagues staged PD progression on
the basis of the presence of LP in the lower brainstem (stage 1), the
pontine tegmentum (stage 2), the midbrain (stage 3), the meso-
cortex (stage 4), and the neocortex (stages 5 and 6). In addition,
the presence of LP in the brainstem and ENS in early stages of the
disease led the researchers to hypothesize that LP may originate
in the gut, where it spreads to the CNS via anatomically connected
neurons (ref. 75 and Figure 3). This could potentially explain not
only why patients with PD experience gut dysfunction before they
even develop CNS symptoms (62, 65, 76-80), but also why the sur-
gical severance of the vagus nerve confers an apparently protec-
tive effect or reduces the risk of developing PD (81, 82).

Following the discovery by Braak et al., initial investigations
focused on how gut dysfunction occurs in established models of
CNS-directed PD. In the 6-hydroxydopamine (6-OHDA) model,
in which neurotoxic 6-OHDA is delivered directly into the CNS,
studies revealed a significant reduction in intestinal motility in
the gut associated with a loss of neuronal nitric oxide synthase 1
(NOS1), the enzyme that synthesizes the inhibitory neurotrans-
mitter nitric oxide, and an increase in tyrosine hydroxylase (TH),
the rate-limiting enzyme in dopamine synthesis (83, 84). That a
CNS-specific intervention caused significant changes to the ENS
provided evidence that gut dysfunction in PD is not due to CNS
disease, but rather involves significant ENS alterations. Similarly,
Anselmi et al. showed that subthreshold exposure of the gut to tox-
ins not only impaired gut function, but also led to the presence of
misfolded a-SYN and an associated loss of dopaminergic neurons
in the brain (85). These data suggest a bidirectional transmissibili-
ty of pathology between the CNS and the gut.

To query the involvement of the GBA as a conduit for gut-
brain transfer of pathology, investigators have injected the gut
with human brain lysate from patients with PD and recombinant
a-SYN (86), exposed the gut to toxins (85), or injected preformed
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B Top-down PD progression
v Neocortex

iv Neocortex

i Midbrain
i Ventral tegmental area

vi Dorsal motor vagus
nucleus (medulla)

vii Spinal cord/vagus nerve

Figure 3. Top-down and bottom-up progression models of PD. The progression of PD in patients is known to follow two different progression patterns.
(A) The first follows Braak's stages, where the ascent of the LP occurs from the (i) vagal or sympathetic nerves to the (ii) dorsal motor vagus nucleus in

the brainstem, which then progresses to (iii) the ventral tegmental area, (iv) the mesocortex, and (v, vi) the neocortex. (B) On the other hand, the second
pattern follows the top-down pathway, which originates near the (i) midbrain and (ii) ventral tegmental area, and then spreads to (iii) the mesocortical and
(iv, v) neocortical regions as well as descends the (vi) medulla into the dorsal motor vagus nucleus in the brainstem, from where it progresses down (vii)
the vagus nerve and descends into the spinal cord to spread down the spinal and sympathetic pathways. Illustration adapted with permission from Noelle

Burgess at the Institute for Cellular Engineering of Johns Hopkins University.

fibrils (PFFs) of pathological a-SYN and viral vectors carrying
overexpressed mutant SNCA (encoding a-SYN) into the gut wall
(87) and observed the transference of gut-based pathology to the
brain, which could be avoided by vagotomy. In an independent
study by Kim et al., we tested whether the transfer of pathology
is dependent on the presence of endogenous a-SYN and causes
hallmark neurodegeneration and associated symptoms. By inoc-
ulating the gut of adult WT mice and SNCA-KO mice with PFFs,
we showed that PFF-injected WT mice, but not SNCA-KO mice,
develop CNS pathology, midbrain neurodegeneration, and motor
function loss (88). Previous reports found that healthy fetal neu-
rons develop PD pathology after engraftment into patients with
PD (89, 90). The Brundin group, among others, showed in vitro
that misfolded o-SYN enters healthy cells, where these proteins
act as a template upon which endogenous o-SYN within healthy
cells can misfold and aggregate (91, 92). Thus, in Kim et al., we
showed that this prion-like behavior is central to the gut-to-brain
transmission of PD pathology (88). Further, after vagotomy,
PFF-injected mice did not develop PD symptoms or CNS neuro-
degeneration, providing evidence that PFF-driven gut pathology
ascends the vagus nerve and into the CNS to cause loss of dopa-
minergic neurons and the onset of motor and behavioral symp-
toms. Thus, we provided experimental verification of Braak’s
hypothesis of an extra-CNS origin of PD pathology and showed
that the vagus nerve is an important route by which the patholo-
gy is imported into the CNS. Mechanisms involving the uptake
of PFFs by the ENS or the GBA and the subcellular locations of
templated aggregation remain unknown and may involve the
LAG3 receptor-mediated endocytosis mechanisms observed in
CNS neurons (93).

J Clin Invest. 2021;131(13):e143775 https://doi.org/10.1172/)CI143775

Subsequently, Challis et al. (94) used a similar gut inoculation
model to show that, although PD-like CNS pathology develops
in aged but not younger mice, persistent gut dysfunction occurs
without significant and persistent structural changes to the ENS.
The occurrence of the CNS, but not ENS, neurodegeneration
observed here simulates the lack of ENS neurodegeneration
observed upon pathological assessment of postmortem intestinal
tissues of patients with PD (95). While preservation of the ENS
structure in the presence of PD pathology could be explained by
the ENS neurogenic processes discussed above (34), how intesti-
nal dysfunction persists despite a normal ENS structure in patients
with PD is yet unknown, but it is plausible that this involves tena-
cious dysfunction of newborn neurons in response to exacerbated
tissue pathology (96).

GWAS have identified approximately 90 PD-associated risk
loci including SNCA, LRRK2, PINKI, and PARKIN genes, which
represent 16%-36% of the heritable component of the disease
(97). However, mutations alone may not be sufficient to cause ear-
ly-onset PD CNS symptoms. For example, congenital presence of
the PD-associated human mutant SNCA transgene in A53T-trans-
genic mice does not cause early-onset CNS ND, but it does cause
extensive ENS dysfunction (98). Why the presence of congenital PD
pathology in this model does not result in early-onset CNS patholo-
gy, while enteric inoculation with PFFs does, is not known, but it can
be hypothesized that the pathology clearance mechanisms in the
CNS may be upregulated in younger, but not aged, adults to com-
pensate for the congenital increase in mutant a-SYN abundance.

PD does not always originate in the gut, and although some
patients follow a gut-to-brain bottom-up progression of PD (called
prodromal PD) that follows Braak’s stages, others may follow
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a brain-to-gut top-down progression. Prior reports show that a
CNS-centric intervention caused the development of PD patholo-
gy first in the CNS, and then caused significant gut neurochemical
and physiological changes (refs. 99, 100 and Figure 3). Recently,
Horsager et al. (101) used multimodal imaging on PD patients
with and without a rapid eye movement (REM) sleep behavior
disorder (RBD), a marker for prodromal PD, to assess CNS neu-
ronal dysfunction corresponding to Braak’s stages. Horsager et al.
found that PD patients with RBD followed Braak’s stages, suggest-
ing that their disease progressed bottom-up, whereas the disease
in patients without RBD progressed top-down, since their pattern
did not follow Braak’s stages. This not only shows that RBD can
be used as a marker to distinguish the two forms of PD, but that
imaging-based analyses can be used to track and stratify the pro-
gression of disease in living patients.

Patients with PD also experience substantial hyperalgesia
(102), suggesting alterations in nociceptive spinal circuits of the
GBA. In a rat model of PD, pathological a-SYN was found in celi-
ac ganglia of the sympathetic system and in the intermediolateral
nucleus of the spinal cord, indicating that PD pathology may spread
from the gut to the brain or vice versa through nonvagal circuits,
and that these alternate routes of trafficking could be important for
the development of significant nonmotor symptoms in PD (103).

Although the present Review suggests that the transmission
of PD pathology occurs principally through neural connections,
those may not be the only pathways responsible. The possibility of
alternate pathways, which may include glymphatic, immunologic,
endothelial, and/or cerebrospinal circulation pathways, is espe-
cially significant, given the observation of a lack of pathology in
some of the “nearest neighbors” to the Lewy pathology-afflicted
nuclei in the brainstem and diencephalon regions of patients with
advanced PD (104).

Alzheimer’s disease

AD is the most common ND and is associated with mutations in
amyloid precursor protein (APP) and presenilin 1 (PSENI) genes
(26, 105-108). AD, which is rarely found without other neuro-
degenerative copathologies, is generally associated with the
presence of amyloid B (Ap) plaques and neurofibrillary tangles
containing hyperphosphorylated TAU protein that cause loss of
cholinergic neurons of the basal forebrain as well as of additional
CNS neurons (109, 110). AB plaques are formed by accumulation
of the highly fibrillogenic AB peptides that result from the abnor-
mal processing of APP by the B- and y-secretases and an imbalance
in the production and clearance pathways (109).

Patients with AD exhibit diverse CNS and ENS dysfunctions
(Table 1). Since ENS neurons, the majority of which are choliner-
gic, also express APP (111, 112), it would be reasonable to expect
that the ENS would mirror the CNS in losing cholinergic neurons.
However, pathological examination of the ENS in patients with
AD showed no disease-associated neurodegeneration (113), sug-
gesting that adult neurogenic programs may be responsible for
sustaining ENS structure (34). Studies using AD animal models
suggest that genetic factors, either alone or in combination with
altered intestinal environment, are responsible for the gut dys-
function and an exacerbation of AD pathology in the CNS (114~
117). The ENS of APP/PS1 double-transgenic mice, which express
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chimeric mouse/human APP and mutant human PSENI genes,
shows significant changes in the neurotransmitter expression pro-
files while preserving the ENS structure (116). Using another AD
mouse model, App™"¢T (in which expression of a triply mutated,
humanized APP gene elevates pathogenic Af rather than over-
expression of the gene), Sohrabi et al. showed that chemically
induced intestinal inflammation in animals with these mutations
caused enhanced plaque deposition in the CNS (115).

These data lead to the hypothesis that AD pathology may
also originate in the gut, which is supported by a report by Lin
et al., who assessed the incidence of dementia in patients with
truncal vagotomy and concluded that vagotomy reduced the risk
of developing dementia (118). Experimental validation of the
involvement of the vagus nerve in gut-to-brain trafficking of AD
pathology came from Sun et al., who showed that, upon gut inocu-
lation with AP 1-42 oligomers, AP pathology spread not only with-
in the ENS cholinergic neurons causing persistent dysfunction in
specific gut regions, but also ascended up the vagus nerve to the
brain to cause cognitive defects (119). How A pathology spreads
in the ENS and GBA to cause persistent dysfunction only in spe-
cific gut regions remains unknown.

A recent report found evidence of significant neurodegener-
ation in the spinal cord in patients with AD (120). Dugger et al.
found that significant proportions of patients with AD had phos-
phorylated TAU pathology in their spinal cord when compared
with patients without AD (121). Interestingly, this study analyzed
various spinal segments and found that the presence of pathology
decreased from the cervical to sacral regions. Given that neuro-
fibrillary tangles have not been observed in the peripheral ganglia
of patients with AD (72), data from Dugger et al. indicate that the
spinal pathology may be of CNS origin, which spreads in the tissue
in a top-down manner.

Huntington’s disease

Huntington’s disease (HD) is an inherited ND caused by mutation
of the Huntingtin (HTT) gene (122, 123). HTT mutations involve a
CAG trinucleotide repeat, which upon elongation is translated into
small, fragmented proteins that accumulate as cellular inclusions
to cause ND (27). Neurodegeneration in early HD is highly selec-
tive for striatal GABAergic medium-sized spiny neurons that proj-
ect to the substantia nigra and globus pallidus, whereas the later
stages show significant atrophy of a broad range of brain regions,
causing profound CNS symptoms (Table 1 and ref. 124).

Although HD also affects various gut functions (Table 1), the
most prevalent non-neurological symptom in HD is weight loss
(125). Since the gut expresses mutant HTT, and HD patients and
a HD mouse model show the presence of HD pathology in the
ENS (126, 127), it can be postulated that the weight loss is due to
intestinal dysfunction. Using an R6/2-transgenic mouse model,
which expresses a transgene encoding the 5" end of the human
HTT gene with different lengths of CAG repeat expansions, van
der Burg et al. showed that the ENS in HD has significant neuro-
degeneration, a marked reduction in the expression of neuropep-
tides, and associated intestinal malabsorption that causes weight
loss (125). In addition, patients with HD also experience xerosto-
mia (dry mouth), which can cause dysphagia, and using the same
R6/2-transgenic mouse line mentioned above, Wood et al. (128)
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showed that hypothalamic neurodegeneration is responsible for
altered drinking behavior and dysphagia, thereby causing weight
loss. Thus, in HD, neurodegeneration in both the CNS and ENS
causes non-neurological symptoms.

Amyotrophic lateral sclerosis

ALS is a progressive ND characterized by loss of voluntary mus-
cle movement caused by the death of upper motor neurons (in the
motor cortex of the brain) and lower motor neurons (in the brain-
stem and spinal cord) (129). The pathological hallmarks of ALS
are TDP-43* cytoplasmic inclusion bodies in motor neurons (130).
Patients with ALS also have significant gut dysfunction includ-
ing delayed gastric and colonic motility (Table 1). Using the ALS
mouse model that expresses the mutant TDP-43 (TARDBP) gene,
Herdewyn et al. (131) showed selective degeneration of the inhib-
itory NOS1* neurons in the myenteric plexus, which caused intes-
tinal obstruction and sudden death. Preservation of enteric NOS1*
neurons requires a stable receptor tyrosine kinase RET signaling
system (132), which is altered pathologically in ALS (133). These
findings suggest that a common genetic link may exist between the
CNS and ENS dysfunction in ALS, which together may contribute
to the progressive nature of the disease. In addition, ALS pathol-
ogies can be propagated and trafficked between cells, indicating
that extra-CNS pathology may be trafficked to the brain through
the GBA (134). However, whether ALS pathologies are trafficked
through the GBA is unknown.

Intestinal microbiota, intestinal inflammation,
and NDs

Regardless of whether ENS neurodegeneration occurs, large pop-
ulations of patients with NDs experience gut dysfunction and
microbial dysbiosis (Table 1). While studies found a strong correla-
tion between dysbiosis and the incidence of NDs, whether dysbio-
sis is the cause or effect of dysfunction in NDs was not known (135,
136). In recent years, through stable colonization of germ-free
mice with specific or human donor-derived gut microbiota, inves-
tigators have tested whether the gut microbiota independently,
or in conjunction with other factors, affect NDs. Sampson et al.
showed that gut microbiota are essential for developing PD-asso-
ciated motor and gut dysfunction in a-SYN-overexpressing mice
(137). The authors proposed that specific microbiota-derived short
chain fatty acids (SCFAs) exacerbate a-SYN-driven CNS microgli-
al activation to cause motor dysfunction.

The mechanism by which short-chain fatty acids (SCFAs)
affect CNS NDs remains unclear. It can be hypothesized that
altered vagal activity in response to intestinal SCFAs may alter
CNS microglial activation (137-139). Alternatively, it is also plau-
sible that, since SCFAs drive microglial maturation (140), only
mature microglia (in microbiota-colonized mice) and not imma-
ture microglia (in SCFA-free, germ-free mice) are able to effect
neuroinflammation and neurodegeneration when exposed to ND
risk factors. This hypothesis is lent further credence by a recent
study by Colombo et al., who similarly found that in the APP/
PS1-transgenic AD mouse model, the presence of gut microbiota
promotes the development of cerebral AB plaques (117). By a series
of experiments, the investigators found that microbiota-derived
SCFAs promote microglial maturation, activation, and a microglia-

J Clin Invest. 2021;131(13):e143775 https://doi.org/10.1172/)CI1143775

REVIEW SERIES: GUT-BRAIN AXIS

specific increase in ApoE production that is thought to increase
plaque loads by aiding increased deposition and reduced clear-
ance (117). These data suggest that SCFAs may play a key role in
the development of several NDs by regulating CNS neuroinflam-
mation through the non-neuronal mechanisms discussed earlier.
Although it may be tempting to implicate SCFAs as the sole driver
of disease, other reports that show diametrically opposite effects
of SCFAs in the etiology and amelioration of NDs (141, 142) sug-
gest that other microbiota-derived factors in conjunction with
SCFAs may play a role in disease etiology.

Such factors, which include specific bacterial pathogenic pro-
teins, follow the bottom-up or gut-first pathway. Evidence for this
comes from a few recent studies, the foremost of which was from
Sampson et al. (143), who showed that specific bacteria abundantly
express cell-surface amyloid fibers called CURLI proteins, which,
in conjunction with a-SYN overexpression, accelerate the devel-
opment of PD pathology and motor and gut dysfunction. They
showed that treatment with a gut-restricted amyloid inhibitor pre-
vents CURLI-mediated progression of disease in this model. It can
be hypothesized that the presence of CURLI in the gut drives the
accelerated development of enteric a-SYN pathology, which can
then traffic up the vagus nerve to cause CNS dysfunction. Thus,
it is plausible that the presence of such pathogenic signals from a
dysbiotic microbiota, when combined with aberrant SCFA expres-
sion, may increase the risk of developing NDs in the CNS through
neuronal (GBA) and non-neuronal (microglia) mechanisms.

While these studies give us clues about how CNS pathology
may develop as a result of dysbiotic microbiota or gut infections,
the mechanisms by which chronic gut dysfunction occurs remain
unclear. A recent study from our group offers insights into how
microbial dysbiosis may cause chronic intestinal disorders. In con-
tinuation of an earlier study, in which we observed that continu-
al adult neurogenesis is required to maintain ENS structure and
gut function (34), Yarandi et al. (144) tested whether microbial
dysbiosis negatively affects the neurogenic homeostatic mecha-
nism. Using an antibiotic-mediated model of dysbiosis, Yarandi
et al. showed that loss of gram-positive bacteria drives a reduc-
tion in TLR2 signaling on ENPCs, which significantly reduces
their neurogenic behavior, causing a loss of enteric neurons and
normal gut motility. Although the antibiotic treatment, dysbiosis,
and resulting gut dysfunction were transient and reversible in this
study, it can be argued that long-term antibiotic treatments cause
persistent dysbiosis or selection of pathogenic bacteria, leading to
permanent changes in enteric neurogenesis causing irreversible
gut dysfunction in patients with ND. Support for this hypothesis
comes from epidemiological findings that exposure to broad-spec-
trum antibiotics elevates the risk of developing PD (145).

In addition, ENS homeostasis is supported by intestinal
immune cells called muscularis macrophages (MMs) that con-
tinually remove dying neurons and neuronal debris (34). MMs
are recruited by ENS neurons (32), and it can be hypothesized
that any dysbiosis-driven alterations in ENS structure may ham-
per MM recruitment, resulting in the accumulation of neuronal
debris. Since ENS neurons express a-SYN (146), accumulation of
neuronal debris may drive nucleation and aggregation of patho-
logical a-SYN. Bacterial infections may also affect a-SYN aggre-
gation independently of their direct action on the ENS, as they
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may cause gut inflammation (147) that results in significant alter-
ations in MM behavior (148). Inflammation drives MMs away
from their housekeeping tasks (149), causing debris accumula-
tion and the genesis of PD pathology. Indeed, Kishimoto et al.
showed that chemically induced gut inflammation in the human
A53T 0-SYN mouse model induces altered activation of MM and
microglia in the gut and brain, respectively, to cause accelerated
CNS neurodegeneration (150). A powerful “second-hit,” which
would overwhelm inherent fail-safe mechanisms, is often needed
to exacerbate PD pathology (151). Such second hits may include
infections or dysbiosis and inflammation (152-155), which may
destabilize the ENS or GBA to cause ND.

In a subset of patients, microbial dysbiosis may not be the
cause of the original pathology, but an effect, and would follow
the top-down or brain-first pathway. Gut mucosal immune cells
are in a constant cross-talk with gut-innervating vagal, sympa-
thetic, and spinal neurons (32), whose activity is altered in NDs
(156). Altered GBA activity in brain-first NDs may drive profound
changes in intestinal immunity and barrier functions, promot-
ing both gut dysfunction and changes to the microbiota. While
6-OHDA-induced models of brain-first PD show significant
shifts in proportions of specific bacteria (157), whether such dys-
biosis is the cause or effect of gut dysfunction remains unknown.
It can be argued that the resulting microbial dysbiosis in brain-
first NDs may help perpetuate intestinal dysfunction and create
a reservoir of de novo pathology in the gut that can again be traf-
ficked to the CNS.

Thus, evidence strongly shows that abnormal microbiota
constitute a risk factor for developing NDs and associated gut
dysfunction, through both neuron-dependent and independent
mechanisms. Following that logic, it can be hypothesized that
reverting dysbiosis may arrest or revert CNS disease in the same
manner that the microbiota help normalize ENS structure and
function (144). This was recently tested using AD mouse mod-
els, in which Sun et al. and Kim et al. independently showed that
transplantation with normal microbiota reverted AD-associated
dysbiosis, macrophage dysfunction, and SCFA levels in the gut
and reduced the deposition of AR and TAU in the brain to improve
cognitive deficits (158, 159).

Open questions and future directions

In the course of this Review, we have identified gaps in our knowl-
edge regarding the etiology and impact of NDs. Some of these
gaps are summarized below.

Differences between gut-first and brain-first etiology of PD. While
there is evidence that shows a dichotomy between top-down and
bottom-up PD etiologies, whether the same GBA circuits are
involved in the transmission of pathologies in these two PD groups
is unclear. It is unknown why there is a significant difference in
representation of these two etiologies, as was shown in Finnish
patients, the majority of whom had bottom-up progression pat-
terns, while a minority had top-down progression patterns (160).
It can be hypothesized that, since the vagus nerve consists mostly
of afferent fibers (which take signals from the gut to the brain) as
opposed to efferent fibers (which transmit signals from the brain
to the gut), the proportions of gut-to-brain transmission of pathol-
ogies are higher, suggesting that the GBA circuits involved in the
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two etiologies are different. Since vagal NG neurons would then
drive bottom-up transmission, this hypothesis could be tested by
injecting labeled PFFs into the brain or the gut and then observing
whether PFFs appear in NG neurons prior to reaching the gut or
the brain, respectively. These experiments, along with subsequent
experiments utilizing transgenic animals to manipulate afferent
and efferent vagal fibers, can provide insight into the differences
in top-down versus bottom-up PD etiologies.

ENS and GBA circuits involved in trafficking diverse ND pathol-
ogies. In addition to our incomplete understanding of their specif-
ic role in PD, we currently lack clarity on whether ENS neurons
also help spread ND pathology, and whether the transmission of
diverse ND pathologies occurs through the same ENS and GBA
circuits. Although both AD and PD pathologies utilize the vagus
nerve to gain access to the CNS, it is not known whether the same
vagal circuits and neuronal subtypes are involved in the traffick-
ing of diverse pathologies. Whether the same neuronal cells are
involved in the propagation and transmission of pathology, or
whether these occur separately in different cells is unknown. Fur-
ther, it is unknown whether the ENS plays any role in the transmis-
sion and maintenance of a reservoir of pathology. A cross-disease
assessment of GBA and ENS circuits involved in the retention and
transmission of these pathologies should be performed to under-
stand their role.

The nature of cellular and molecular pathologies underlying gut
dysfunction. The persistence of gut dysfunction while the ENS
structure remains intact in some NDs suggests that homeostatic
mechanisms still cause profound neurochemical and molecular
changes in ENS neurons. While continual neurogenesis might
repair ENS neuronal loss that is elevated in the gut of individu-
als with NDs, this should be tested by performing BrdU-labeling
experiments and apoptosis assays to calculate the rate of neuro-
nal turnover. In addition, alterations to ENS and GBA neurons at
the neurochemical and molecular levels should be studied using
immunohistochemical, physiological, and newer single-cell tran-
scriptomic techniques.

Mechanistic role of microbiota in causing or reverting NDs.
Although the microbiota play a notable role in NDs, their exact
nature and mechanistic contribution are unknown. Although the
presence of gut bacteria in mutant mice aid in the progression of
some NDs, specific bacteria or microbial communities may play a
beneficial role in arresting or even reverting other NDs. A better
understanding of their role will require mechanistic insights into
how microbiota regulate the ENS and the associated MMs main-
tain gut function, as well as how they stimulate the GBA in the con-
text of ND mouse models.

Gut- or GBA-centric therapies that can arrest or revert CNS neu-
rodegeneration. Clinically, there are no available disease-modi-
fying therapies to normalize gut function in NDs. It can be pos-
tulated that if the ENS or gut becomes a reservoir for pathology,
then normalizing this tissue/organ may have a profound effect on
normalizing CNS functions in ND. Hence, better therapies for the
normalization of ENS structure and function are needed. In recent
years, devices for modulating the GBA have come to the fore. The
ability of these devices to normalize gut, GBA, and brain function
to slow disease progression and lead to “curative” interventions
for NDs should be investigated.
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Conclusions

In this Review, we discussed that, while diverse NDs have similar
symptoms, they differ in their etiology and underlying molecular
and cellular pathobiology. Although we have come a long way in
understanding the factors that underlie the “institutional colon,”
crafting potential disease-modifying cures that can benefit the
behavioral, motor, and gastrointestinal dysfunction in patients with
NDs will require a better understanding of how normal and altered
gut biology affect the neurons and other cells that reside within and
outside of the gut. This is important, since pathology in any one part
of this gut-brain continuum negatively affects the specialized and
common functions regulated by both the CNS and the ENS.
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