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From the intestinal mucosal barrier to the enteric neuromuscular compartment:
An integrated overview on the morphological changes in Parkinson’s disease
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Gastrointestinal dysfunctions represent the most common non-motor symptoms in Parkinson’s disease (PD). Of
note, changes in gut microbiota, impairments of intestinal epithelial barrier (IEB), bowel inflammation and neu-
roplastic rearrangements of the enteric nervous system (ENS) could be involved in the pathophysiology of the
intestinal disturbances in PD. In this context, although several review articles have pooled together evidence on
the alterations of enteric bacteria-neuro-immune network in PD, a revision of the literature on the specific mor-
phological changes occurring in the intestinal mucosal barrier, the ENS and enteric muscular layers in PD, is
lacking. The present review provides a complete appraisal of the available knowledge on the morphological
alterations of intestinal mucosal barrier, with particular focus on IEB, ENS and enteric muscular layers in PD.
In particular, our intent was to critically discuss whether, based on evidence from translational studies and pre-
clinical models, morphological changes in the intestinal barrier and enteric neuromuscular compartment con-
tribute to the pathophysiology of intestinal dysfunctions occurring in PD.
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Introduction

Patients with Parkinson’s disease (PD) can experience gas-
trointestinal dysfunctions,'? including dysphagia, infrequent bowel
movements and constipation, which often precede the onset of typ-
ical motor symptoms of the disease.’* Of note, gut dysbiosis, alter-
ations of the intestinal mucosal barrier, bowel inflammation, neu-
roplastic changes in the enteric nervous system (ENS) and
rearrangements of the enteric muscular compartment have been
proposed to be involved in the pathophysiology of intestinal symp-
toms in PD.!?3 In this context, a number of review articles has pro-
vided an in-depth overview about the changes in gut microbiota,
impairments of intestinal epithelial barrier (IEB), the occurrence of
intestinal immune/inflammatory responses and alterations of the
enteric neuromuscular compartment in PD.%” However, a review
article providing an integrated appraisal of the specific morpholog-
ical changes occurring in the intestinal mucosal barrier, ENS and
enteric muscular layers in PD, is lacking.

Based on the above background, the present review has been
conceived to provide a complete overview of the available knowl-
edge on the morphological alterations in the intestinal mucosal bar-
rier, with particular interest in IEB, ENS and enteric muscular lay-
ers in PD. In particular, our intent was to critically discuss, based
on current pre-clinical and human evidence, whether changes in
the IEB and enteric neuromuscular system contribute to the patho-
physiology of intestinal disturbances associated with PD. This
body of knowledge might help a better understanding of the mech-
anisms underlying intestinal dysfunctions in PD and pave the way
to the identification of novel targets for the development of inno-
vative pharmacological approaches for the therapeutic manage-
ment of such disturbances.

Morphology and physiology of the intestinal
mucosal barrier and neuromuscular compartment

The IEB, ENS and enteric muscular compartment act as a
teamwork in the regulating of several gut functions, including
nutrient absorption, immunoglobulin secretion and motility.3-'°

The IEB represents an epithelial cell monolayer, consisting of
enterocytes, goblet, enteroendocrine and Paneth cells, organized in
protrusions (villi) in the small intestine and tubular glands in the
colon, both ending with invaginations (crypts), which contain the
stem cell niches (Figure 1). The IEB acts as physical barrier
between luminal content and the underlying immune-neuro-mus-
cular compartments and it regulates absorptive/secretory functions
and intestinal permeability.!®!! Goblet cells (MUC2) secrete
mucins, which, forming hydrated gel layer, contribute to prevent
the infiltration of pathogen agents into intestinal mucosa.'’:'> The
production of mucus is controlled by several factors, including
transmembrane 16A/Anoctamin 1 (TMEMI16A/ANOL).!1314
Enterocytes, besides regulating absorption/secretory functions,
release intestinal hormones or peptides'> and participate in the
induction of oral tolerance to food and microbial antigens.!® Paneth
cells, located in the small intestinal crypt niche, secrete antimicro-
bial peptides that contribute both to maintain eubiosis and safe-
guard neighboring stem cells (Figure 1).!” The subsets of intestinal
epithelial cells are bound together by junctional complexes, includ-
ing tight junctions (TJs), adherent and gap junctions and desmo-
somes.'® TJs, the most apical junctions, include claudins,
occludins, tricellulin and zonula occludens (ZO) proteins.
Occludin and ZO-1 proteins are mainly involved in the modulation
of paracellular permeability, while claudins are the main structural
determinants of the TJs.!”? Adherent junctions share a common
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structural organization with the junctional complex maintaining
the mechanical integrity of barrier.?! Gap junctions form channels
between adjacent cells linking together their cytoplasms while
desmosomes are located along the lateral membranes beneath
adherent junctions.?

Of note, a sub-epithelial stromal cell network, including
fibroblasts and myofibroblasts, contributes to maintain IEB
integrity, mucosal growth and development, and neuromodulation
of intestinal motility.?>?* Sub-epithelial fibroblasts are non-
hematopoietic (CD45), non-endothelial (CD31-) cells that express
the surface marker cluster differentiation 90 (CD90), platelet-
derived growth factor receptor alpha (PDGFRa) and vimentin but
not a-smooth muscle actin (a-SMA) and desmin.?>?*2> Sub-epithe-
lial fibroblasts are located in the upper part of the crypts in prox-
imity of basolateral surface of epithelial cells (Figure 1).
Myofibroblasts, regarded as fibroblasts endowed with smooth
muscle cells properties, are contractile cells located under the
epithelial layer around the small intestinal and colonic crypts
(Figure 1);% they are 0-SMA-, CD90~ and vimentin-positive while
they do not express desmin and myosin smooth muscle cell mark-
ers.22.26

The enteric neuromuscular compartment, including ENS
(enteric neurons and glia), interstitial cells of Cajal (ICCs) and
smooth muscle cells, besides modulating well-known repertoire of
physiological functions, including secretive/absorptive and motor
functions, contributes also actively to preserving IEB integrity
(Figure 1).%” Indeed, the ENS arranged into the submucosal plexus
(or Meissner’s plexus), located in the submucosa, and the myen-
teric plexus (or Auerbach’s plexus), located between the circular
and longitudinal muscle layer,”” besides contributing to the motor
control of smooth muscles, contributes to the maintenance of IEB
integrity and permeability.”® For instance, neurotransmitters
released from enteric neurons (HuC/D* and PGP9.5"), including
vasoactive intestinal peptide (VIP), acetylcholine, substance P
(SP), calcitonin gene-related peptide (CGRP) and 5-hydroxytript-
amine (5-HT), influence gut motility as well as modulate intestinal
barrier permeability and integrity.? There are also enteric
dopaminergic neurons (dopamine transporter, DAT* and tyrosine
hydroxylase, TH"). However, the enteric dopaminergic pathway is
primarily involved in the inhibitory regulation of upper GI tract
motility, while exerting a slight control in the lower digestive
tract.®® In addition, despite studies in rodents have demonstrated
that dopamine increased duodenal permeability and mucus secre-
tion via dopamine D5 receptor subtypes,’!*? no evidence about a
direct influence of dopamine released from intrinsic enteric neu-
rons on intestinal epithelial barrier is available.

With regard for VIP and acetylcholine, it has been observed
that they can modulate permeability in response to different stimuli
and preserve barrier integrity.?” In addition, cholinergic neurons,
axonal reflexes from sensory afferent neurons releasing SP and
CGRP can directly promote intestinal epithelial cell differentiation
and proliferation, while 5-HT has been found to indirectly con-
tribute to epithelial cell renewal through the recruitment of cholin-
ergic pathways.3334 Likewise, enteric glial cells [EGCs, expressing
glial fibrillary acidic protein (GFAP), S100 calcium-binding pro-
tein B (S100B) and sex determining region Y box-containing gene
10 (Sox10)] located in proximity to epithelial cells, submucosal (or
Meissner’s) and myenteric (or Auerbach’s) plexi contribute to
maintain barrier integrity, secretory functions and regulation of
bowel motility, respectively (Figure 1).35-3 In particular, these cells
can release specific mediators (e.g., glial cell-derived neurotrophic
factor [GDNF] and 15-deoxy-(12,14)-prostaglandin J2 [15dPGJ2]
glial factor), that, in turn, contribute to preserve epithelial barrier
integrity.®> For instance, glial cell-derived GDNF can promote the
proliferation of stem cells or cells in the crypt niche such as Paneth
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ICCs are stellate cells, expressing receptor tyrosine kinase (c-
KIT) and TMEM16A/ANOI1, bound together by gap junctions
(Figure 1).* Briefly, ICCs, with slight morphological differences,
are located along the submucosal surface of colonic circular mus-
cle bundles (ICCs-SM), in the myenteric plexus (ICCs-MY) and
intramuscularly (ICCs-IM) in the esophagus, stomach, and colon.
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nate digestive adsorptive/secretory and motor functions. In this
respect, intestinal immune system contributes to orchestrate both
IEB and enteric neuromuscular compartment functions. However,
in this section, we have focused attention on the morphology and
physiology of intestinal barrier, ENS and enteric muscular layers
in order to better understand how changes in this neuro-muscular-
barrier network can contribute to intestinal dysfunctions in PD.

Of note, ICC are considered pacemaker cells of bowel motility, by
generating spontaneous and rhythmic electrical activity as well as
bridging cells between enteric neurons and smooth muscle cells.?”

The enteric muscular compartment is arranged in a circular
muscle layer, oriented along the transversal axis, that generates
forward transit and the longitudinal muscle layer, where smooth
muscle cells are oriented along the longitudinal axis, that con-
tribute to the maintenance of intestinal muscle tone, to shorten the
length and support the propulsion.?’

Overall, IEB and enteric neuromuscular compartment coordi-

Pathological remodeling of the intestinal mucosal
barrier and enteric neuromuscular compartment
in PD

Intestinal mucosal barrier

Clinical evidence displays that PD patients are characterized
by morphological alterations of IEB. Clairembault ef al. observed
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Figure 1. Diagram showing the morphology of intestinal mucosal barrier, enteric nervous system (ENS) and neuromuscular compart-
ment in small and large bowel. The intestinal epithelial barrier (IEB) represents an epithelial cell monolayer, consisting of enterocytes,
goblet cells, enteroendocrine and Paneth cells, organized in protrusions (villi) in the small intestine and tubular glands in the colon.
At the bottom of the crypts, there is a small number of stem cells. The subsets of epithelial cells are bound together by junctional com-
plexes, including TJs, gap and adherent junctions and desmosomes. The lamina propria, besides containing a number of innate and
adaptive immune cells, is characterized by an intricate network of fibroblasts localized in the upper part of the crypts in proximity of
basolateral surface of epithelial cells. Myofibroblasts, regarded as fibroblasts endowed with smooth muscle cells properties, are contrac-
tile cells located under the epithelial layer around the small intestinal and colonic crypts and in the tunica muscularis. Among the cel-
lular components of ENS, EGCs, ICC and smooth muscle cells play a pivotal role in the regulation of gut homeostasis. EGCs are asso-
ciated with both submucosal and myenteric neurons and are located also in proximity to epithelial cells. ICCs are present in the intra-
muscular space. The muscular compartment is arranged in a circular muscle layer, oriented along the transversal axis, and the longitu-
dinal muscle layer, where fibers are oriented along the longitudinal axis. Abbreviations: X-SMA, -smooth muscle actin; Anoctamin
1, TMEM16A/ANO1; CD90, Cluster Differentiation 90; c-KIT, receptor tyrosine kinase; EGCs, enteric glial cells; ENS, enteric nervous
system; GDNE, glial cell-derived neurotrophic factor; GFAD, glial fibrillary acidic protein; ICC, interstitial cells of Cajal; IEB, intestinal
epithelial barrier; MUC-2: mucin 2; PDGFR®, platelet-derived growth factor receptor alpha; $1008, S100 calcium-binding protein B;
Sox-10, sex determining region Y box—containing gene 10; TJs, tight junctions; ZO-1, zonulin-1.

OPEN a ACCESS

[European Journal of Histochemistry 2021; 65(s1):3278]



~Jazcpress

an abnormal subcellular distribution of colonic occludin and ZO-1
of PD patients at different stages of the disease.*’ In particular,
occludin and ZO-1 morphology was disrupted and irregularly dis-
tributed in PD patients, as compared with the normal and typical
reticular pattern of TJs observed in control subjects (Table 1). In
addition, an increased occludin immunopositivity were detected in
the cytoplasm of colonic enterocytes from PD patients, while it
was mostly located in the colonic TJs in control group, suggesting
a protein internalization in PD patients (Table 1). The authors also
detected a TJs disorganization in levodopa-untreated PD patients,
suggesting that alterations of TJ morphology were not associated
with chronic levodopa treatment. The altered subcellular distribu-
tion and expression of TJs could contribute to the impairments of
intestinal barrier integrity and permeability with consequent
translocation of microbial pathogens into the mucosa and occur-
rence of immune/inflammatory responses that, in turn, could fur-
ther contribute to bowel dysfunctions.'*%4! Supporting this hypoth-
esis, in a recent paper, Perez-Pardo et al. showed that PD patients
were characterized by an increase in sucralose excretion, regarded
as a marker of increased intestinal permeability, along with a
decrease in immunopositivity of ZO-1 in colon biopsies from PD
patients (Table 1).2 In addition, they documented in the same
cohort of PD patients gut dysbiosis, enhanced markers of microbial
translocation along with an increase in pro-inflammatory gene pro-
files and TLR-4*, CD3" T cells in colonic biopsies.?

Of interest, the implementation of animal models of PD has
allowed to better clarify the correlation among impairments of
intestinal barrier and bowel dysfunctions in PD. In particular, sev-
eral studies have shown IEB impairments in different experimental
models of PD (Table 1). Kelly ef al. showed that lipopolysaccha-
ride (LPS)-induced PD mice displayed an increased intestinal per-
meability,*” while a decreased expression of colonic ZO-1 and
claudin-1 was detected in mice with rotenone and 6-hydroxy-
dopamine (6-OHDA)-induced PD, respectively.>* Pellegrini and
colleagues also reported that 6-hydroxydopamine (6-OHDA) ani-
mals were characterized by an increase in mucin expression in
colonic epithelial cells.* In particular, the histological analysis
revealed the concomitance of a mucous metaplasia of colonic

epithelium, an increased number of goblet cells, containing
metachromatic acid mucin, and a fast epithelial turnover in colonic
crypts, suggesting a renewal and differentiation of epithelial cells
into goblet phenotype to reinforce the intestinal barrier (Table 1).4
In addition, 6-OHDA rats displayed a decrease in colonic expres-
sion of TMEMI16A/ANO1, mucosal hydration along with a
decrease in fecal water content that could contribute to delay in
colonic transit (Table 1).#4 Of note, 6-OHDA rats displayed a
marked collagen deposition along with an increase in vimentin-
positive fibroblast-like cells some of which resulted proliferating
cellular nuclear antigen (PCNA)-positive as well as several epithe-
lial cells of the crypts, while a-SMA-positive cells resulted
decreased.® These findings suggest that central nigrostriatal dener-
vation is associated with gut fibrotic remodelling that could con-
tribute to alterations both of intestinal permeability and motor dis-
turbances.*

Enteric nervous system

Several studies have provided evidence about morphological
changes of ENS as well as enteric a-synuclein accumulation (ENS
Lewy pathology) in PD patients that could contribute to the alter-
ations of bowel motility. In a previous study, Singaram et al., 1995
showed that, in the submucosal plexus, the number of tyrosine
hydroxylase (TH)- and dopamine-positive neurons did not differ
between PD and control patients, while the number of dopamine,
but not TH, positive neurons were decreased in the myenteric
plexus (Table 1).4 Others reported no changes in the density of
VIP, SP and neuropeptide Y, NO or dopamine-positive neurons in
colonic biopsies from PD patients *7- 8. In addition, there is a lack
of data about changes in the density of myenteric cholinergic and
nitrergic neurons in PD. In this respect, further morphological
studies are needed to better characterize enteric neuroplastic
remodelling associated with PD.

Of note, a recent study showed an activation of EGCs, in terms
of increased mRNA expression of GFAP and Sox-10, in colonic
biopsies from PD patients.* These patterns correlated with
enhanced mRNA pro-inflammatory cytokines levels. However, no
clinical evidence about changes in morphology and distribution of

Table 1. Summary of morphological changes in intestinal mucosal barrier and enteric neuromuscular compartment in PD.

Intestinal mucosal barrier Enteric nervous system Enteric muscular compartment Ref.
Clinical studies
¥ | occludin and ZO-1 expression ¥ submucosal plexus: no differences between TH- ¥ na. 1,2
v altered cellular distribution of occludin and ZO-1 and DA-positive neurons 40,41
¥ 1 occludin in the cytoplasm of enterocytes ¥+ a-synuclein inclusions 46-49
¥ 1 sucralose excretion + myenteric plexus: | DA-positive neurons; no 50-53
difference in TH-positive neurons
Experimental models
Rotenone-induced central ¥ | ZO-1 expression ¥t VIP-ergic and dopaminergic neurons v na 2
dopaminergic ¥" | nitrergic neurons 57
neurodegeneration
LPS-induced central | ¥ 1 intestinal permeability ¥ na. ¥ na. a2

engration
6-OHDA-induced central ¥ | claudin-1 expression ¥t VIP-ergic and dopaminergic neurons ¥ 1 NK receptors 43-45
nigrostriatal denervation ¥t mucin expression ¥ | nitrergic neurons ¥ | &-SMA and desmin-positive smooth | 56,58

¥t number of goblet cells ¥ | ChAT muscle cells

¥ mucous metaplasia ¥ 1 SP-immunoreactive neurons vt and a-SMA-positive

¥ | TMEMI6A/ANOIL ¥ t GFAP and S100p fibroblast/myofibroblast-like cell

¥t vimentin-positive fibroblast-like cells ¥t collagen deposition

¥ | a-SMA-positive cells ¥ | ICC density
MPTP-induced central ¥ na. ¥" | dopaminergic neurons ¥ na 54,55
dopaminergic
neurodegeneration

T, increase; v, di 6-0HDA, 6 a-SMA, alpha smooth muscle actin; ChAT, choline 1 fe DA, di GFAP, glial fibrillary acidic protein; ICC, interstitial cells of Cajal; LPS,

lipopolysaccharide; MPTP, 1-methyl-4-phenyl-1,2,3,6

y idine; n.a., not
Z0-1, zonulin-1]

VIP,
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these cells are available.

With regard for the distribution and localization of Lewy
pathology in GI tract from PD patients, several studies have docu-
mented that the presence of a-synuclein inclusions in intestinal
myenteric and submucosal neurons occur between 50% and 100%
of PD patients.® In particular, the a-synuclein accumulation in
duodenal, ileal and colonic neurons has been documented at all
stages of the disease, suggesting that their accumulation could rep-
resent a biomarker of PD.’!-> However, clear relationships
between colonic a-synuclein accumulation and neuroplastic
changes of ENS during PD have not been established.

Of interest, morphological studies in animal models of PD
have shown rearrangements of the enteric dopaminergic, nitrergic,
VIP-ergic, cholinergic and tachykininergic neurons.*-4-%8 In partic-
ular, an increase in enteric VIP-ergic and dopaminergic neurons
along a decrease in nitrergic neurons were detected in animals with
PD induced by intranigral 6-OHDA injection and peripheral
administration rotenone.>*>’ Conversely, Anderson et al. displayed
a loss of dopaminergic neurons associated with altered colonic
motility in MPTP (1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine)-
treated mice.** In addition, a decrease in ChAT immunopositivity
along with an increase in SP-immunoreactive neurons were
observed in colonic tissues from PD animals (Table 1).45%® These
findings suggest that PD is associated with a remodelling of enteric
excitatory and inhibitory neuronal coding that could contribute to
the alterations of gut motility.

Of note, morphological investigations have shown an
increased density and activation of enteric glia both in colonic
myenteric ganglia and in mucosal layer from 6-OHDA ani-
mals. #3453 In particular, 6-OHDA animals displayed a significant
increase in glial GFAP immunopositivity cells in colonic myen-
teric plexus.* Besides in the myenteric ganglia, a significant
increase in glial S100B-positive cells were detected in the colonic
tunica mucosa of 6-OHDA rats, suggesting that nigrostriatal neu-
rodegeneration leads to a rearrangement of enteric glial network
that could contribute both to the colonic dysmotility and mucosal
barrier impairment (Table 1).43

Enteric muscular compartment

Clinical evidence about morphological changes in enteric mus-
cular compartment in PD patients are lacking. Only two pre-clini-
cal studies in 6-OHDA rats have shown alterations of intestinal
muscular layers. In a first study, Pellegrini e al. showed an
increase in NK, receptors in colonic longitudinal muscle cells from
6-OHDA animals that could contribute to the altered colonic
tachykininergic neurotransmission (Table 1).°® In the second paper,
a rearrangement of smooth muscle cells in colonic tissues from 6-
OHDA rats has been reported. In particular, the authors showed
that the colonic smooth muscle cell phenotype (a-SMA-
positive/desmin-positive/vimentin-negative) was replaced by
smooth muscle cells with decreased a-SMA and desmin
immunoreactivity (Table 1).* In addition, 6-OHDA animals dis-
played an increase in vimentin and a-SMA-positive
fibroblast/myofibroblasts-like cells along with an increased colla-
gen deposition in the colonic tunica muscularis, suggesting that
central nigrostriatal denervation is associated with a cellular fibrot-
ic switch in the tunica muscularis that could contribute to bowel
motor dysfunctions (Table 1).4

Besides smooth muscle cell switch towards fibrotic phenotype,
6-OHDA animals were also characterized by a decrease in the den-
sity of TMEM/ANO1-positive ICCs along myenteric ridge with a
loss of their extensions in circular layers that could further con-
tribute to the development of colonic dysmotility (Table 1).4
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Conclusions and future perspectives

Current evidence points out that morphological alterations of
IEB, ENS and intestinal muscular compartment in PD could con-
tribute to intestinal dysfunctions. Indeed, both human and pre-clin-
ical studies show that PD is associated with changes in the expres-
sion of distribution of TJs, altered mucus production, rearrange-
ment of enteric neuronal coding, gut wall fibrotic remodelling and
alterations of enteric muscular cells. However, the mechanisms
underlying the interplays between IEB and enteric neuromuscular
compartment as well as their role in the pathophysiology of bowel
disturbances in PD remain to be clarified. In this respect, gut dys-
biosis and the occurrence of enteric immune/inflammatory
responses could play a crucial role. Indeed, human and pre-clinical
studies have shown concomitance of changes in gut microbiota,
impairments of IEB, enteric inflammation and rearrangement of
enteric neuromuscular compartment in PD.

In conclusion, based on current knowledge, some important
issues need to be clarified. For instance, what are the mechanisms
underlying the interplay among intestinal mucosal barrier and
enteric neuromuscular compartment in the onset of bowel dysfunc-
tions associated with PD? What is the role of enteric inflamma-
tion? Can histochemical analyses of gut wall represent a useful
diagnostic tool for achieving insights into intestinal symptoms in
PD? To clarify these points, research efforts should be addressed to
investigate the concomitance of morphofunctional alterations of
intestinal mucosal barrier and enteric neuromuscular compartment
in animal models as well as in PD patients since the prodromal
stages of disease. Understanding these aspects could pave the way
to the validation of routine colonic biopsies for diagnosis of intes-
tinal disturbances in PD as well as to the identification of reliable
and early pharmacological strategies for their clinical manage-
ment.
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