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ABSTRACT

Background:Fabry disease (FD) isadf XA Y { SR YSiGl 02t A0 RA&a2NRSNI
31t Ol 2 a#kdk KMaastivity. This hcauses the accumulation of glycosphingolipids, mainly
globotriaosylceramide (Gb3) and globotriaosylsphingosine Bis8), in several organs.
Gastrointestinal (Gl) symptom&bdominal pain, nausea, diarrhea, constipation and early satiety

are among the earliest and most commditequent episodes of diarrhea (up to 12 or more times a
RFe80 aS@OSNBf e A Yl Gloweust thefodgii of $hese dymigitoimd isicddmpRex and
multifactorial and the exact mechanisms of pathogenesis are still poorly understbad the
pressing need to improve their knowledge.

Aims:Inview2 ¥ 2 dzNJ LINB A 2 dz& 4 2 NJgal R-§0 showinGGl strdaiuMRayidS Y
morphological alterations, here we aimed 1) to evaluate whether these animals also capture the
functional Glissuesexperienced by Fabry patients and can be considered valuable model for their
investigation. Thenwe meart to explorethe potential mechanisms involved in the development
and maintenance of Gl symptonasolooking at the gubrain axisnvolvement

Moreover, given the growing body of evidence on the potential causal role of-Gis® in FD
pathogenesis|l) we sought to examine the effects of ly&b3 oncoloniccontractility and ornthe
intestinal epithelium and the enteric nervous systemhich together play important roles in
regulating intestinal ion transport and fluid and electrolyte homeostasis

Methods: 1) Visceral sensitivity was assessed using the colorectal distention (CRD) technique,
measuring the visceral motor and abdominal withdrawal responGes$ motility was evaluated by
analyzing stool amount and water content. Open Field and Elevated PlesTéagwere used for
anxietylike behavior and locomotor activityassessment Microbial profile (taxonomic and
functional) and SCFAs analysis were performed from fecal samples via 16S rRNA sequencing al
coupled GEMS, respectively. lon channels expresswas measuredy immunofluorescencell)
LyseGb3 effects on fluid and electrolytes transport at&lmechanisms of action were studiéal
mucosasubmucosa preparations by Ussing chamber. Short circuit curidnaigd transepithelial
resistance (TEERJtex serosal administration of lysGb3 at increasing concentrations were
measured. To investigate theature of the currentsdifferent secretagogues were applied.

Results: h-Gal A-/0 mice revealed visceral hypersensitivity and a diarrhikea phenotype
accompanied by anxiotl&e behavior and reduced locomotor activity, reasonably related to pain.

In addition, Fabry animals reported an imbalance of SCFAs with increased propionic and butyric aci



and an early compositional and functional dysbiosis ofgbhemicrobiota, which partly persisted

with advancing age. Of note, most of the dysbiotic features suggest altered gut homeostasis and
altered communication along the glrain axis. In addition, overexpression of TRPV1 was found in
affected mice, andt specific agepartial alteration of TRPV4 and TRPAL as well. This suggests an
involvement of these channels in the generation and maintenanceisiferal hypersensitivity
identifying them as possible therapeutic targefmally the resultsof the Ussinghambermregardng
lyso-Gb3accumulationshowed an increase ilc at 3 uM, perhaps mediated by the movement of
HCQ ions, which significantly affects neureonediated secretion, especially capsaicin and partly
veratridinemediated

ConclusionsThis first characterizationof g@t NI Ay | EA & R &GalRAdzyhtuseinbgel Ay (K
of FD through the study of visceralhsgivity, intestinal motility, fecal microbiota and SCFAs, as well
as anxiety behavior, locomotor activity and ion channel alteration, provides functional validation of
the model, suggesting new targets and possible therapeutic approaches. Furthermaraen\state

that lyso-Gb3 is not only a valuable marker for diagnosis and felipwof FD but significantly
influences the colonic ion transport process which may play a crucial role in the dysregulation of

intestinal function in FD in patients.
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INTRODUCTION

1. Fabry Disease

1.1 An overviewetiology, lifespan andinheritance

Fabry disease (FDMIM#301500) is a rarmherited X-linked disorderankedamong the lysosomal
storage diseasexf which it represents the second most common after Gaucher disease. FD is
caused bymutations inthe GLAgene(gene mutation, OMIM 300644 HGNC: 4296)adingto a
reducedor absem -3 £ | OG 2 a-G& IAR&yndtic aotivity<®. This mutation-dependent
deficiency orabsence of activity results in a progressive accumulatiorglpéolipids, mainly
globotriaosylceramide (Gb3) and its deacetylatadl soluble derivativglobotriaosy$phingosine
(lysoGb3)within the lysosomes o$everalcell types including endothelial cellsjascular smooth
muscle cellspodocytes cardiomyocytesfibroblasts and nerve celf$®. Therefore,patients suffer
from a progressivéife-threateningpleiotropicdisorder in which the number of affected orgaasd

the burdenincrease with aggleading to organ failure angduced life expectanéy.

In FD patientghe lifespanis reducedby about 1320 yearsin male patients, the median survival is
57 years, while in heterozygous females is 72 ygalthough with the introduction of dialysis and
enzyme replacement treatment there have been improvemémtsthis regard it must be said that
though FDfollows an Xlinked inheritance it isneither recessive nor dominajand it is no longer
considered appropriate to define heterozygous females as "carfiet8'While in males one altered
copy of the gene in each cell is sufficient for the disease to occur, in females thislsags true.
Heterozygous females show high penetrance, with at lea%b @0patients showing symptoms of
the diseasethat can be as severe as hemizygous males ¥AésThis can be attributed to the
process of lyonizatiorthe skewing of X inactivatiomvhich leads females to exhibit a mosaic of cells

expressing genes of maternal or paternal origin

1.2 Epidemiology

FD is reported to be paethnic but owing toits rarity and the variety of clinical manifestations an
accurate determination of prevalence remaiaschallengeand its incidence is most likely still
underestimated*!®. Recent data reporia frequencyin male patientsat 140000 to 1:117000

nevertheless targetednew-born screeningdNBSprogramsrevealed a higher frequengy In Italy


http://www.ncbi.nlm.nih.gov/omim/300644

Spada andcolleaguesin three pivotal trials based onenzymaticanalysisof dried blood spots
describedan incidenceof 1:3100in malé®; however, according to the latest dateecordedin the

north of the country it seemsto be evenhigher, amounting to1:7879". For Hungary, Austria, and
Spain NBS programs registdr1:30001:4000%0, The United States repaetl 1:5495 and 1:8454

in Washington and lllinois respectively, whikéTaiwan, aimcidenceat 1:1250 wagound?'523,

1.3 GLAgene Fabryrelated mutationsandgenotypephenotype correlations

h-Gal A enzyme is coded Hye GLA genewhich has been entirely sequenced and characterized
and islocated on the long arm dhe X-chromosome in the region 22.1 (Xq224%. GLA comprises

7 exons between 92 to 291 bp and 6 introns from 0.2 to 3.8 kb. The complete sequence #1437
cDNA odes a precursor peptide of 429 amino acids, containing-ee8itlue signal peptide. The
mature 398 amino acid subunit contains 4gNcosylation consensus sequertées

Currently, there are more than 1000 GLA mutations reportedhim Human Gene Mut#on
Database (HGMDat the Institute of Medical Genetics in Cardiff, Public database, GLA gene

http://www.hgmd.org) causing FD. Missense and nonsense modifications are the most common

followed by small deletions, splicing defects, and insertiénsthermore,the vastmajority of the
reported mutations are private, restricted to ome a few familie&.

N2yasSyasS YdziltdAzya FyR Y2ald 7T NI-GabAiekzyatic adfideg | G A 2y
and are associated with the classic phenotype. In contrast, missense mutations and rare splicing
mutations may encode enzymesth reduced but present activity, and thus potentially associated
with a lateonset®. Specifically, missense mutations include (1) mutationsriadifythe active site

of the enzyme by altering its thre#imensional structure; (II) mutations that infere with the

proper folding and stability of the protein; and (lll) mutations that while not falling into the previous
categories negatively impact catabolic function. In this regard, it has been reported that
replacement of cysteine 56 with glycine, ptyalanine, or tyrosinalisruptsa majordisulphide

bond, leading to a lack of enzymatic acti¥ity

Information about the genotyp@henotype association is available on the database at
http://www.dbfgp.org, however it should beconsideredhat since the same mutation can lead to
different clinical manifestationghis correlationis still compleX.. Environmental factors and blood
groupsmay also play a relevant role. Indeed, patiewith blood group AB or B may manifest more
severe symtomatology given by a greater accumulation of glycosphingolipids in the membrane of

B-type erythrocyted?3 Anyway among lateonset patients it has been shown thathose with

10


http://www.hgmd.org24/

mutations encoding p.F113L and p.N215S are more predisposatdmc manifestatiorid3° Also

of interest is the acting of a mutation occurring in 10% of Caucasians, in the 5' untranslated region
of the GLAgene(c-Mn/ HE¢ 0O X G KAOK OI-Gal AR&IOHNEY 125%Sandyif hriddért ih a b
patient with lateonset, can strongly aggravate the symptofas

Regardinghe area ofgenotypephenotype association, although not directly related to mutations

in the GLA gene, variants potentially associated with gastrointestinal symptoms identified in a study
on 49 Fabry patients are worth mentioning. These are 9 single nucleotide pghiymsms within

four genes: ABCB11, SLCO1B1, NBatBABCCS5. These operate in the export, detoxificatdod
absorption of bile acids in the liver, and are associated with an increased susceptibility to develop

gastrointestinal symptomm F7:38

1.4 h-galactosidase Anzymefunction and protein structure

h_galactosidase A is a glycoside hydrolase enzyrfel & Of S| @S dl-galaétdSyl esRides A v |
from glycolipids and glycoproteindmongtheseGb3 ismainlyincluded, but glycosphingolipidare

also present in galabiosylceramide agrup B blood antigeri%#C. In FD patients, loss of functional
enzyme leads tahe accumulation of substratés In general, phingolipids or glucosylceramides

are lipids havinga set of aliphatic amino alcohols thabmprisessphingosine, which forms the
backbone of these lipids. In sphingolipids, the amine group of sphingosine is linked to the acyl group
of fatty acid, and this combination leads to the formation of the ceramidé (Cer), which is
contained by all sphingolipiéfs The sphingosindound head group then differentiates them from
each othef3 Cer can bérought from the endoplasmic reticulum (ER) membranksugh the
ceramidetransfer protein (CERT) amcnsferredto the transGolgi (TGN), where it imostlyused

for sphingomyelin synthesisr it canmove tocisGolgi whereproduce glucosylceramide (GlcCer)
viaglycosylaibn. GlcCelis translocated to the lumindbolgileaflet and toTNSmembranes, whes

it is galactosylated to produce lactosylceramide (LacCer), a metaefiéor the developmentof
different complex glycosphingolipitfs*”.

I'a YSy A2 y-GaRA iSsynthbsizedl ldFa 480ino acid preprotein, and only after several
post-translational modificationgurn up to its mature form of 2 identical 48Da subunit&26:48
Specifically,lte preprotein moves into the phosphiplid bilayer of the rougtiRwhereit loses the

signal peptide and transforms intopro-protein, thenproceeds to the smootkR Here a group of

different chaperones determines its proper foldffig

11


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/blood-group-b-antigen

¢ KS ONE a il -GaBAFNIYy®as deNEd in2804 by Scott Garman's gf8Liphe mature

protein is a homodimeric glycoprotein in which each monomer is composed of two dontians:

first, aN-U SNYAY L 067 kh Oy R2YIl AthescOchy[ & S WK ¥ A (it RDOW R &
8 antiparallel filaments assembled into twayersmakingl | a "¢ R b dz@dalyA contains

three glycosylation sites: N139, which is generally associatddosmplex carbohydrates, N192

and N215’. Because oligomannosyl carbohydrates contain manséephosphate, the lysosomal

targeting signal, Minked carbohydrates at N192 and N215 are responsible for targeting the
glycoprotein to lysosomé&% Indeed, nutation of N215 to serine eliminates the carbohydrate

attachment site, leading to unsuccessful trafficking of the enzyme to lysogémes

Figure 1 h-galactosidase A dimestructure and Fabryrelated sites (A) h-galactosidase AM-Gal A)
polypeptiderainbowtrace fromblueat the Nterminus tored at the Gterminus. Nlinked carbohydrates a
shown as bonds, and the galastligand is shown as spheres, marking the active site in the first do(Bi
h-Gal A dimer in ribbon forrwith residues affected in sevefblue) andthe atypical(yellow) variants of FD
Modified from Guce et a(2010.

1.4.1Biological significance of Gb3

Gb3 (also known as CD77) comes under the glycosphingolipidsAithssigh glycosphingolipids
are not considered essential for cell |ites they modulate the function of membrane proteins and
contribute to cellcell communicationthey are nevertheless necessary for the development of
multicellular organisnt$->2 Moreover, their involvement in "sensing" the environment and
creating/maintaining cell identity has been validated through the identification of modulatory

effects on specific plasma membrane receptérs

12



In the specific case of Gb3, once synthesizeded ¢in the surface of the plasma membrane,
assembled between lipid rafts, with its glycan portion facing the extracellular environment and the
two hydrocarbon chains of ceramide embedded in the plasma. When endocytosis and transfer to
lysosomes occur, thefgé OF y LR NIA2Yy FFO0Sa GKS feagas Yl f
essential for the turnover of this glycosphingoliffid

In addition, cell surface Gb3 is involved in infectious processes, being the cell surface receptor that
the Shiga toxin familyses for entry into celf8. Shiga toxins include Shiga toxin itself, produced by
Shigella Dysenteriaeand verotoxins, produced bignterohemorrhagic Escherichia CBlasically,

Shiga toxins bind Gb3 molecules present on the plasma membrane and, fgllemdlocytosis, are
transported to theER where they inhibit ribosomal protein synthesesding likely tahe hemolytic

uremic syndromé&.

Finally, Gb3 has also been observed on the surface of some cancer cells, for example in colorect:
adenoma, Burkitt's lymphoma, or breast and testicular carcindff¥s Remarkable is the
correlation between Gb3 and metastasis in colorectal adenoma. In fact, healthy colonic epithelial

cells do not express Gb3, while colon cancer cells overexppéss it

1.4.2From the role of Gb3 to that of ly&b3 in Fabry disease

Since Gb3 consists of a sugar chain linked to a ceramide portion of sphingosine and various fatt
acids(Fig. 2A)it is inferred that different isoforms exist in organs and tissiigssto their respective
metabolic pathway¥. In fact, as a result of increasingly sensitive analytical methods such as liquid
chromatographymass spectrometry (:-KS) and nandiquid dromatographytandem mass
spectrometry (nand.CMS/ MS), it has been possible to detect the different isoforms of Gb3 and
measure small amounts of lyseb3 (Fig. 2B)Xwhich is more watesoluble and not trapped in
lipoproteing®1-62 AlthoughGb3 is itsH a cellular componenits excessive accumulation has been
shown to cause endothelial dysfunctiamd nephropath§65, In fact, it has been supposed that
lysosomal accumulation and cellular dysfunction trigger a cascade of events that can lest to
death, impact energy metabolismmpact small vessels and endothelial cells, induce oxidative
stress,andcause tissue ischemidl irreversible fibrosis of cardiac and renal tissu€&herefore, it is

now well accepted that Gb3 deposits are deepbgociated with the pathogenesis of FD and have
long been recognized as a diagnostic and predictive m&themust be considered, however, that

a large proportion of latenset patients (males and females) shsave Gb3 accumulation in plasma,

thus making quantification of plasma Gb3 limifihd-urthermore, since replacement therapy does

13



not lead to remission and Gb3 levels do not always correlate with the intensity of symptomatology,
recent studies have hypoésized the existence of other factors besides &H3

The measurement of circulatingso-Gb3levels,augmentedn both patients and amal modelsby
100 to 500fold comparedto controls, has been indicated as a promising target, not only for
diagnosis but also for the evaluation of therapeutic effié&¢¥’3. Recently, he fact that lyseGb3
reflectsthe diseaseseverityhasbeenalsodemonstrated by Nowaknd colleaguesyho reporied
that lyso-Gb3 levels in serum correspond to Gb3 load in org@meelyso-Gb3 resuls from the de-
acylation ofGb3deposit or consequenfglycosylation of accumulating sphingolipid precursdms, t
authors speculate that the effects bfso-Gb3may playa direct toxic effect':’4 To support thisit

has also been shown that ly€ab3 appears tsupport the Notchtmediated inflammatory response

in podocyte®. In addition, & in vitro study on lyseGb3treated sensory neurons found thiitt
markedlyenhances/oltagedependent calcium channels leading to increased intracellular [Evels
As wellat the tissue level, eemarkablelyso-Gb3 concentration was found in the liver and intasti

of FD mice, significantly exceeding plasma lébdlastly in a recentwork by AguileraCorrea and
colleagues, ithas been demonstratethat lyscGb3 alters the gut microbiota by impacting the

biofilm-forming capacity.
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Figure2 Globotriaosylceramide (Gb3) and globotriaosylsphingosine (§33) (A) Gb3structureconsistin
of the sugar chainréd) and the ceramide portionof sphingosingblue) and various fatty acidg(een); (B
lyso-Gb3 structure consisting of the sugar chaimedq) and the sphingosineblue). Modified fromr
www.matreya.com

15 FabryLJ: § A dinjcél ficture

AlthoughFD presents a progressive and extremely heterogeneous clinical picture both as regards
involved organs and severity (as it usually happens l#tbsomal storage diseagemanypatients
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remain asymptomatic in thérst few yearsof their life. However,the primary process may even
begin during fetaldevelopment’-’8 Basedon the age of onset of the first symptoms and their
features,FDis commonly classifieimhto two variants: the classior Type 1) and the lateonset (or
atypical orType 2). The first occurs mainly in maleschildhood or adolescence, affects patients
with less tharil-3 % enzyme activity, aridvolvesmany organg-’°. The secondppearswith higher
enzyme activitand themanifestations can also bestrictedto asingle organ. In fact, walk about

specific variants such @sardiaé or crenak8%8L

1.5.1Signs and symptonmsthe classic phenotype

In the classic phenotype, generally between 3 and 10 years in maledawd/aars later in females,

the first symptoms impact the child's wddeing and performancéVNith advancing age, progressive
damageto vital organsdevelopsin both sexes, leading to organ failuf€able 1383 Ultimately,

renal damage andife-threatening cardiovascular or cerebrovascular complications limit the life
spar-,

Among the earliest and most frequent symptoms affecting abo@b @0children is pain, for both
sexes(albeit with generally later onsein female®284 FD patients report pain as evoked pain
(allodynia or hyperalgesia), pain attacks, permanent pain, and pain &riessimplify we could
divide the Fabrypaininto two categorieschronic pairand"Fabry crisis'The former is characterized

by burning and tingling acroparesthesias that may occur daily, and the latter, which consists of
episodes of excruciating, aching pain that originates in the hands and feet and radiates to other
parts of the bod§f. Thistype canlast from several days to weeks and is often associated with mild
febrile states and elevated erythrocyte sedimentation rate, whilenéy be preceded by fever,
exercise, fatigue, stress, and rapid temperature chatfRjgsRecurrent painful acropasthesias and
crises may become progressively more frequent and severe, even though they generally occur les:
frequently during the second and third decades of.liB&cause of pain, patients with FD have a
significantly reduced quality of I§&8°. Numerouspieces of evidengancluding the identification of

Gb3 deposits in dorsal root ganglion (DRG) neurons, descibed NJaif as principally
neuropathi®®. Ly | RRAGA2Yy X | NBRdzOGAZ2Y Ay avYlFfft 1+
pricking pain and cold perception, and "slow" pain andalperception, respectivelyhavebeen
reported®’<®3, This isnatchedby experimental studies, such as that of Choi and collea((85),

in which pain is associated wittyperexcitability of peripheral nociceptive neurons mediated by

increased Calyso-Gb3dependent influx, or that of Lakoma et €016)in which the role oodium
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ion channeNav1.8 andransientreceptorpotential cation channel subfamily V membe(TRPV]

ion channels is reporte&°4°%

Another early clinical evidence of FD is angiokeratoingenerally appears in childhood and may
progressively increase in size and numbEhnis consists of clusters of small, purplied skin
angiomas caused by accumulation damage in vasardothelial cells leading to dilatation of
vessels in the dermis. € are typically located othe buttocks, groin, around the umbilicuand
thighs, sometimes also on mucosal areas, such as the mgi#¥. An additionalaspect associated
with the skin is hypéidrosis, or even anhidrosis, which can be a cause of heat and exercise
intolerance?®1®

In almost allType laffected males and 90% of heterozygous females from families with classic
variantophthalmologic chages arealsofound. These constitute a characterisiibfeature known

as "cornea verticillata," but this rarely has visual signific&n¢é

A further common manifestation of adolescence, but one that may persist into adulthood and
worsen, is that of gastrointestinéGl)symptoms, which are reported lmver 70% of males with the
classic phenotyg¥. These symptoms include abdominal paisevere diarrhea,bloating
constipation, nausea, and vomitifg-1%. They can worsen after meals and cause anof&x&ince
thesefeatures can also be found ather commondisorders patients are often misdiagnosed thus
contributing to the delay of B diagnosi&. A more detailedexaminationof GI symptoms will be
providedin the paragraph 1.5.3

Even thoughmajor organ dysfunction is not present during childhood and adolescence, the
symptoms listed so far contribute to significant morbidity severely imgithildren in their normal
social habitsindeed, psychiatric studies have revealed a high incidenseware which correlates

with the degreeof interfering symptoms with normal 1if&#:106.107 A recent studyby Polistena and
colleague42021)on 106 Italian Fabry patientsvealedthat the poor averageguality of lifemay be

even lower than those of other inflammatory chronicdisorders(i.e./ N2 Ky Qa RA &SI aSx
hepatitis, cirrhosismultiple sclerosis Socialkchoicesare thefirst to be impactedthe sensitivityof
refusalandthe perceptionof LJS 2 Ljid§neétsare the mainreported feelingsTheawareness of

an impossible recovergan alsolead to mood disordersthat might further worsen theclinical
picturet®s,

After the third decade the most significant complications appear: renal, cardjaand/or
cerebrovascular manifestationsvhich arethe most frequent cause of deattor Fabry patients,

reducing life expectancy by about 20 years compared to the healthy populétidhese symptoms
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are the consequence dhe progressive accumulation of Gb3 in renal podocytes, cardiomyocytes,
and microvascular system, respectivelxt the kidney level between 20 and 30 years
microalbuminuria and proteinuria arprincipallyfound. Asin diabetic nephropathyit seems to
contribute directlyto the progression oD nephropathy. Progressively, proteinuria worsens as
renal function, until aotemia is reached between 40 and 50 years of'&g®eath most often
results from uremia, unless chronic hemodialysis or renal transplantation is undeftakardiac
symptoms, including left ventricular hypertrophy, arrhythmia, angina, dyspnea, are reported in
about 4660% of patients with Ft3-11% Cerebrovascular manifestations can leadaiole-ranging
symptomsgextendingfrom headache and dizziness to transient ischemic attacks and ischemic stroke

and more rarely vascular dementi&!4,

Age Organ system and related symptoms

Peripheral nervous systemeuropathic pain, «Fabry crisis», chronic or episodic pain triggered by
thermal changes, physical or emotional streagercurrentdiseases or alcohebnsumption impaired
sweat function (hypoidrosis).
Intestine abdominal pain, diarrhe@onstipation, bloating, nausea, vomiting.
Skin angiokeratomas.
. Eyescornea verticillata; conjunctival and retinal vasculopathy.
Childhood and adolescence 4 J Gt/
Ears tinnitus; progressive sensorineural hearing loss.
(< 16 years) ) ) . L I
Musculoskeletaldeformation of the fingers interphalangeal joints smme cases drum flail fingers
and toes.
Kidney microalbuminuria, proteinuria.
Heart abnormal heart rate variability.
Others:reduced body growth, delayed puberty, fertility disorder, impotence, characteristic facial
features, anomaly in the oral and dmharea such as cysts and pseudocysts of the maxillary sinus
In addition to the abovenentioned manifestations:
Renal Fabry nephropathyproteinuria and progressive orgamsufficiency often renal cysts, renal
hypertension.
Cardiac cardiomyopathyleft ventricular hypertrophy, conduction issues (atfiatillation,
Early adulthood yopathy vp Py (
supraventricular and ventricular tachycardia), valve dysfunction, angina pectoris, intramyocardiz
(17-30 years) o
fibrosis
Cerebraltransient ischemic attack, ischemic insult, rare intracerebral hemorrhage, ectasia of the
basilar artery and white matter lesions, disturbed cerebral bifiod, lymphedema of the lower

extremity, depression, psychoses, limited quality of life.

Lateradulthood Progression of the abovisted manifestations: Renaisufficiency(dialysis, renal transplantation), heart
(>30 years) failure, malignant arrhythmia, recurrent TIAs and insults, vascular dementia
Table 1 Classical manifestation in Fabry Disease according to. edified fromOrtiz et al. (2018) and

Lenders et al. (2021).

17



1.5.2 Fabry Disease atypical variants

Since lateonset patients do not have microvascular Gisumulation, they do not manifest the
classic early symptoms described above, including pain, angiokeratoma;hidrpsis, orGl
complications. These patients are generally diagnosed in the fourth to eighth decade of life by
screening patients in hemodigsis, transplantation, cardiology, and stroke cli#i¢® As
mentioned earlier, based on the organ primarily involved, a distinction tends to be made between
cardiac and renal variants. In the former, symptoms are limited to the heart and manifést in
sixth or seventh decade of life with hypertrophy of the left ventricle. In this case, patients do not
have significant impairment of renal function although they may have proteitfuria the renal

one, patients while not showing any manifestatioos Type 1, appear at the same age with

advanceastage renal disease, often at first diagnosed as chronic glomerulonepWritis

1.5.3Focus on gastrointestinal symptoms in Fabry Disease

As mentioned before, amongst the clinical manifestations Gl symp(@atde 2pare counted as the
earliest and most frequent, as well as disabling for Fabry patients. However, it frequently happens
that they are underestimated or misinterpreted, identifies signs of other more common Gl
disorders such as irritable bowel syndrome (IBS) or inflammatory bowel disease qiiBgn
Chron's disease and celiac dis€438*117 Thus, this contributes to the delay in correct diagnosis,
which can come as lates 10 to 15 yeaP$%118 Added to this is the proven negative impact on the
quality of life of adults and children as reported in surveys EuroQoldiiivension (EQ5Df*11°
Although treatments with enzyme replacement therapy (ERT) seem to hreaenaliorative effect

on Gl symptoms, about 50% of patients complailis€omforteven during treatment or develop

new oned?%122 |n this case, despitthe help of drug treatments they do not eradicate the
problem?’. Therefore, there is @ressing need to boost the level of clinical suspicion in order to
recognize and treat patient&’.

Going into the incidence of Gl symptoms, data show that these interest more than 50% of females
and about 60% of untreated children enrolled in the Fabatcome Surved}105124 Cohort studies

state that these would affect about 70% of patielifs

Diarrhea and abdominal pain are the two main symptoms, however, the incidence varies by gender
and agé&2. Abdominal pain described as burning or ctike pain may involve the entire abdomen

or only the lower part and is reported by between 43% and 56% of patférif It may worsen as

a result of food intake or dietary change&dditionally, it is reported more in children and less in
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adults, in 496 and 38%ccording toHoffman et al.(2007) respectivelyRegardless of the age
related differences, it is interesting to note thatthislarge courtsurveyedoythe authorsno gender
differences emerget*. In this context, a recent studipy Hopkin and colleagues (202that
examined 171 male Fabry patients before treatment showed a prevalence of abdominal pain of
569427,

The other widely complained GI symptom is diarrhea, present #5490 of casé$®'28 |n the same

2020 study, 57% of subjects complaingfciarrhea, showing an aggependent correlatio®?’. In

this case, there also seems to be a sex dependence, intfactursmore in males than in females,
ranging from 25.9% to 57% of male patients with variadt-#° Constipation, on the other hand,

is found more in female patients and can be severely disa3fingonstipatiordiarrhea alternation

has also been recoed!'®®. On laboratory analysis, stools show no blood, and endoscopic
examination reveals no findings. Nausea and vomiting are reported infrequently, in 12.3% and 6.7%,
respectively. Overall Gl symptoms lead Fabry patients to reduce food intake resultiegyht loss,

albeit recent data do not seem to support these findifitf4

Main Gl manifestations References

Abdominal discomfort (42:96 %) Martins et al. 2019Hopkin et al. 2020; Nampoothiri et a
Diarrhea (41.867 %) 2020; Hoffman et al. 2007

Constipation (13.5 %)

Nausea (12.3 %)

Vomiting (6.7 %)

To To To Io I

Other GI manifestations

Gastritis, peptic ulcer Thomas et al. 2014; Hopkin et al. 2020; Nampoothiri et
Hemorrhoids 2020; Germain et al. 2019; Tumetr al. 2004; MacDermot et
Pancreatitis al.2001; Deegan et al. 2006; Roberts etl8iB4

Diverticular bowel disease

Gastroesophageal reflux

Achalasia

Appendicitis

Chronic bowepseudaoobstruction

Postprandial fullness

Delayed gastric emptying

ldzi2AYYdzyS RA&SI &Sa

disease)

Chest pain, belching, excessive flatulence

To To To To To Io o To To Do Do

T

Table2 Gastrointestinal symptoms in Fabry Diseaddodified from Radulescu et al. 2022.
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1.54 Hypothesis on the gastrointestinal disordpathogenesis in Fabry disease

As regardshe origin of GI symptoms in FBiven the complex and multifactorial natyreountless
hypotheses have been matfe Gb3 deposits in ganglion cells of enteric plexuses have long been
seen and have beeassociated with Gl disorders like altered motility and &% Studies on
autopsies and biopsies exhibited myenteric and submucosal plexuses affected with inclusions, and
histopathological investigation revealed vacuolization of ganglion cellsanousnding axons with
intracellular Gb3 accumulatiéf?. According to these findings recently it has also been
demonstrated irthe first morphological and molecular study on the colon of a murine model of FD,
the thickening of the muscle layer with altgion of ganglionic areas, the presence of Gb3 deposits

in nerve fibers entering mucosa and their numerical reduction and morphological dafhadese
deposits in enteric neurons might contribute to abdominal paikeit has beensupposedo bein
patients!92105119.132The small fiber neuropathy might provoke Gl tract ischemia, causing abdominal
pain®’. Furthermore, neuronal damage, by impacting peristalsis, may play a keinriodeterial
growth and consequently diarrheal phenoméf&a This involvement of enteric neurons and vessels
would also impair the autonomic nervous system (ANS) causing uncoordinated contractions and
inflammation, which are contributing factors to diardweMoreover,it was supposed that Gb3
accumulation may also cause modifications in invariant natural killer T cells, leading to an amplified
inflammatory respons€&*. Additionally, it was reported that Gb3 deposits impaittic oxide(NO)
pathways induing a prothrombotic environme##>. These alterations might be transferred to Gl
symptoms.It was suggested that abdominal pain is due to inadequate blood flow to the Gl tract.
Overall, it seems that the neuropathy BDpatients and that of diabetics a many similarities
suggesting a similar mechanisin

To date, from a clinicaliagnostic point of view, there are no guidelines or tools specifically created
for investigating the Gl tract of Fabry patietf®s However, two types ofjuestionnaires, not yet
validated, have recently been developed to allow a proper evaluation of FD patients: on the one
hand the FD PatienReported Outcomé&sastrointestinal (FABRGI), on the other that consisting

of a series of questions in combinatiwaith the Gastrointestinal Symptom Rating Séafé

Though there are no diets specifically designed for FD, it is essential to adopt specific eating
habits'®”. The same recommendations for the management of IBS are those most recommended for
Fabry paientst3813° Along these lines, in FD a diet low in sharain fermentable carbohydrates,
foods that attract water and increase gas production, is suggested to ameliorate Gl did#tdars

IBS it has indeed been shown that a diet low in FODMARSgii¢able carbohydrates or
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fermentable oligosaccharides, disaccharides, monosacchaaddgolyols) improves symptoms of

bloating, flatulenceand diarrhed*™.

1.6 Fabry Disease diagnosis

The onset of typical manifestations or family history may lead to the suspicion of FD. Measurement
of enzyme activity and genetic testing are the two most commonly used procedures for the
diagnosis. In males, the gold standarthiglj dzI y (i A F A-Gd- Allaktigity eitifefon dried blood

spot (DBS), which is more practical and efétctive or in leukocyte&¥? In contrast, for
heterozygous females, in whom values within normal ranges can be found, this is not always a
reliable method. In fact, in tkicase only genetic testing, which allows the identification of the
genetic mutation, can confirm the diagndsté®. Genetic testing is also useful for males to identify
the specific mutation and then administer the most appropriate therapy. Initidliwas used to
measure Gb3 in urine or plasma, howeuerdate, the measurement of lys&b3 is preferred given

its higher sensitivity and specificly. Finally, in cases of controversial mutations and/or ambiguous
enzyme activity and lys@Gb3 valuestissue biopsy can be performed. Indeed, in the Iatielis
possible to detect the presence of-salled "zebrafish bodies," i.e., multilamellar myelin boéftes

h-Gal A activity can also be measured in chorionic villi or amniotic cells cultured gueingtal

diagnosis in the case afknown mutation in the famiR/%4

1.7 Available therapies for Fabry disease treatment

There is no definitive cure for FD, but a lifelong treatment to slow the symptomatic progression.
Typically, two levels are simultaneously intervened: on the one hand, the metabolic defect is
addressed through enzyme replacement therapy (ERT) or chapdrageherapy (PCT), and on the
other hand, the symptoms as such are addressed with suppdrgaements. Currently in addition

there arepromising therapeuti@avenues a) substrate reduction therapy, b) gene therapy, and c)
alternative enzymeherapy’®-146

Nowadays, ERT represents the fiige treatment. This is based on the exogenous administration
of the deficient enzyméo slow the progression of the diseas&@he recombinant enzyme, which
expresses the mannoggphosphate receptor (M6PR), is colledtand transported to lysosomes
endocytically*’. There are currently two preparations available on the market: agalsidase alpha
(Replagal®, Shire HGT, Inc., Cambridge, MA, USA; 0.2 mg/kg every 2 weeks) and agalsidase &
(Fabrazyme®, Sanofi Genzyme, Biaage, MA, USA; 1 mg/kg every 2 weeks). Both were approved
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in 2001 by the European Agency for the Evaluation of Medical Products, whilst only Fabrazyme® was
approved by the FDA for use in the United Stétes

Data report that Replagal®, which is saferein children, can improve life expectancy in both males

and female$*®1%0, In people with advanced kidney disease, a slowinth@foss of function has

been showi®152 Patients with abnormal renal function or cardiac hypertrophy before treatmen
showed modest progression of symptoms, while those with normal renal or cardiac function under
10-year treatment showed no significant advancemént

Regarding Fabrazyme®, increased Gb3 clearance has been demonstrated in kidney, heart, and skin
treated patients$®4 In addition, male patients, five years after treatment, regalimprovement in

Gl disorder®>. Aboutrenal and cardiac disorders, in other cohorts, cardiac hypertrophy has not
advanced andhe renal decline has returnegarameterd>6.157

PCT migalastat(Galafoldt; Amicus Therapeutics, Cranbury, NJ, }JU&Aploys small molecules
designed to increase residual enzyme activity, preventing misfolding of the mutated enzyme or its
degradation in the cei® The advantageaiaspects of PCT are several: increased compliance, given
by oral administration; good tolerability, being immunogenic; and the fact that it can diffuse across
membranes and reach therapeutic concentrations in different organs, (including the brain) due to
its small sizeHowever, PCT also has a major limitation, namely that it can only be used for
chaperoneresponsive mutations, called "amenable mutatiot¥&"In 2016 it was approved in the

European Union; in 2018 it was approved in the United States
Therapies under investigation:

a) Substrate reduction therapy

This therapy is designed to decrease pathological substrate production by inhibiting
glucosylceramide synthase. To daitevitro andin vivostudies are available and clinical trials are
ongoing (NIH, ClinicalTrials.gov, Interventional Studies Fabrysdis2@l 9)$%162,

b) Gene therapy

This has been validated in the mouse model of Fabry di$&&8é To date, experiments dif vivo

gene therapy using aderassociated virus vectors anek vivothrough autologous stem cell
transplantation are being irstigated;also thesystemic mRNA theragas been propose@®16’,

c) Alternative enzyme therapy
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This is a PEGylated version of the recombinant enzyme with a longer circulatiddgehalt
demonstrated in a Phase Il study. It also appears to promotedaation in Gb3 inclusions in

peritubular capillaries and stable renal functiéh

1.8h-Gal A knockout mouse: a reliable model for Fabry Distade

In FD research thé-Gal Aknockout (KO) mouse model is commonly used. This model was
developed through a constitutive ablation of tl&d_Agene as detailed described in Ohshima et al.
(19971 Ep Sy ( K 2 df=hKA dgfi<iént mouse has some limitations due to lack of some
sympoms that occur in human patien{as reported in Table)3°, over the yearsnanypapershave
reported the validity of the model fomood/sensorybehavioral andsmallfiber neuropathy
investigations as well as for studies on novel dringrapie$* 95178175,

Indeed, similar to FD patients, in whom heat hyposensitivity and pain evoked with mechanical
KELISNESYyaAlGAGAGE | N¥&al A KB |mizs yhod dmechaiidal? andl Hdat
hypersensitivity associated with cold hyposensitifffy?1’¢ However, it should be noted that pain
studies conducted in KO mice are not always uniform likely cause of mixed genetics background
which makes it difficult to obtain healthy stramatched control$’.

Although much remains to be knowat the Gl level, studies on the GLA KO mouse have so far
shown some evidence that makes it also a reliable model for the study of -Babogiated Gl
disorders. In fact, in cross sections of murine ileum and colon, by analysis witrebahtion light
microscopy and transmission electron microscopy, Bangari and colle§2@#s)found features

that well reflected those of Fabry patients. They identified pathological deposits of Gb3 in smooth
muscle cells and ganglia, with enlargement and vacuolization of neurons in the myenteric and
submucosal plexuses. In addition, by mass spewttry, they measured Gb3 levels in ileum and
colon samples of KO mice finding significantly higher levels thanldntype WT)!’8 Therefore,
0KSaS NXadzZ Ga Ff NBIF Ré -GayARKOOrodelSdR studlying neldBpattsy viridl A |
enteropathy in FD. Recently, these results have also been corroborated and extended by Masotti et
al. (2019¥3%. Theauthorsreported the thickening of the muscle layer with alteration of ganglionic
areas, the presence of Gb3 deposits in nerve fileatering mucosa, and their numerical reduction
and morphological damag#&. Moreover,in this study, as well as in the one proposed in this thesis,
the problem of genetic background described above has been overcome. Specifically, the authors

separatedK 2 Y 2 | & IGaIdK®D ard WT mice after at least 4 generations and performed all
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experiments after more than 10 generations, thus eliminating any strain variability in the two

genotypesd’”.
Signs or symptom in Fabry patient Presence in mouse model References

Gb3 deposits yes Rodrigues et al. 2009

lon channel abnormalities yes Lakoma et al. 2014; Ugeyler et al. 20:

Abnormal small fiber conduction yes Namer et al. 2017

Pain yes (neuropathic); uncertait  Formaggio et al. 2022; Hofmann et a
(chronic) 2018;Rullo et al. 20210ceyler et al. 201

Abdominal pain/Visceral Hypersensitivi yes The present work

Acroparesthesia yes Bangari et al. 2015; Hofmann et al. 20

Thermal sensitivity yes Lakoma et al2016; Spitzel et al. 2022

Mechanical sensitivity yes Rullo et al. 2021; Spitzel et al. 2022

Sweating abnormalities no (roditors do not sewat) Miller et al. 2020

Corneal and lenticular opacities unknown

Hearing loss o NobenTrauth et al. 2007Sakurai et al.

9 2010
Gastrointestinal distress yes Masotti et al.2019; The present work

no (but presence of
accumulates)
unknown (but presence of
accumulates)

Renal insufficiency Rodrigues et al. 2009

Cerebrovascular disease Rodrigues et al. 2009

Vascular/Cardiac disease yes (partially) Nguyen et al. 2012; Park et al. 200¢

Mood disorsers yes Hofmann et al. 2017; The present wol

Table3 Correlations between the signs and symptoms of Fabry disease and the afdiaA KO mouse
model
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2. Gastrointestinal tract: structures difunctional organization

2.1 Anatomyand Histologwf the gastrointestinatract

Anatomically, the GI system is divided into the following parts: oral cavity and salivary glands,
esophagus, stomach, small intestine or upper Gl tract (divided into duodenum, jejamdnieum),

and large intestine or lower Gl tract (consisting of cecaaion, and rectum).Theupper tractis
involved inthe transport of the food bolus, enzymatic digestj@amd absorption of nutrients, as well

as protection against the external environment; while the lower tract in dehydration, storage of
fecal materialand reabsorption of water and solutes.

Froma histological point of view, wabservean organization intdour concentric layers distributed

as follows: mucosa, submucosa, tunmasculars, and serosa(Fig.3). The mucosa is characterized

by adjustingmorphology and architecture of the epithelium along the different levels of the Gl tract
according to the function of the specific segment (digestion, absorption, secrelibe)mucosas

made up of 3 components: the epithelium, consisting of a singler layespecialized cells
(enterocytes) in columnar arrangement, held together by tight junctions; the lamina propria,
consisting mainly of loose connective tissue containing collagen fibrils and elastin; and the
muscolaris mucosae, a thin layer of smooth eiasnvolved in local movements of the GI mucosa.
The submucosa consists mainly of loose connective tissueda@ladjien and elastin fibril$iere are
mucussecreting glands, blood and lymph vessels, and one of the two enteric nervous system (ENS
plexuses: the Meissner plexus or submucosal pl¢ses paragraph 2.3.1)

The tunica muscularis (or muscolaris propria) is a layer of smooth muscle consisting of an inner layer
where the fibers are organized circularly, and an outer layer, where thejnaread longitudinal.

This is responsible for peristaltic movement andthie site of the second nerve plexus: the
Auerbach's (or myenteric) plexus, located between the two muscle layers mentioned above.
Finally, he serosa is composed of a secretorytleglial layer (mesothelium), which produces a
mucuslike lubricating serous fluid to reduce the friction of muscle movement, and an underlying
connective tissue layer that provides blood vessels and nerve fibers to the mesothelium as well as
adhesion to he intestine.On the other hand, the retroperitoneal partse covered by adventitia,
consisting of collagenous tissue for the passage of the large blood vessels and nerves that suppor

and modulate the entire Gl tract.
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Figure 3 Representation of the gastrointestinal layerd’he imageillustratesthe four layers of Gl wa
mucosa, submucosa, muscularis and serosathadelativesublayers boxeg. Thelocalizationof glands
lymph glands, nervesnyenteric and submucosal plesesand blood vesselare also represented. Fro
Gastrointestinal Tract Histology

Longitudinal muscle
layer

2.2Human and murin@astrointestinatract comparison

The GI tract of humans and mice consists of anatomically similar organs and exhibits similar
physiological mechanisms. This makes the mouse a valaaolecommonly useanodel in the
researchfield. However, different diets, body sizeend metabolic requements mean that there
are also significant differencE&18L,

As withthe humanintestine, the mouseoneisdivided intoupperandlowertracts(Fig 4) In an adult
mouse, thesmallintestine measureabout35 cm Whilst he large intestine ishorterandis 14 cm
approximately®?. Macroscopicallydespitethe average rati@gintestinal surface areadody surface
areé is similar between the two specigs considerablyaries in different segment§or instance,

the small intestinecolon length ratio is 2.5 imiceand around 7 ithumang®3184 Again the human
cecumis quite smallconverselythe mouse onds particularly developedearlyone-third of the

total length of the large intestineand servessa fermentation container Indeed, in micgthis is
essential fothe fermentation of plant materials anthe production ofvitaminsk and B, which they
reabsorb through coprophad$#'84 An appendix is also present in humans, whereas it is absent in

mice'®S, Another relevant difference &boutintestinal villi, which ar®iggerin mice than in humans
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so that the available surfacarea is expanded. Regarding the colon, of particular relevance to this
study, in the mousgthis is rather smooth and lacks the typical sacs (haustra) found in h(ifign

4). Such differences between murine and human Gl tracts, especially regardingrehter
fermentation capacity of mice, are to be considered for their impact on the diversity and
composition of microbial communities in the colon. Indeed, these bacterial populations are crucial
as they are involved in the production of essential hoshptements such as vitamins K and B and

short-chain fatty acids (SCFAs) as well as in the fermentation of indigestible food compgéhents

Mouse Human

| Upper Gl tract I B

Stomach
Duodenum

Jejunum

Colon

Figure4 Murine and human gastrointestinal tract comparisoitheupper fed) and the lowerl§lue) Gl trac
of mouse(A) and (B) human are showhs, forestomach; Gs, glandular stomach; Ap, appendix; Tc,
coli; Ha, haustraModified from Nishyama et al. 2016.

At the microscopic level, some relevant differences can alsodned: the murine colon has a thin
muscularis mucosae in which the submucosa cannot be distinguished, whereas the human colon i
covered by a thicker mucosal wall. The presence of transvéniips along the length of the colonic
mucosa in humans, and the presence of these only in the cecum and proximal colon, is another
important differencé*186

At the cellular level, differences include those of Goblet and Paneth cells. The formerpwddolce

mucin, in humans are almost evenly distributed from the cecum to the colon, whereas in mice they
are very abundant along the surface of intestinal crypts in the proximal colon but diminish in the
distal and rectum; the latter, which secrete antorobial compounds into the lumen of the small
intestine, are rare but present in the cecum and proximal colon of humans, but completely absent
in the mucosa of the murine colon, where they are found exclusively in the ceduendifferent
localization of he above cells also implies differences in local immune responses, which could shape

the composition of the intestinal microbiot&:181.182.187
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2.3 Enteric Nervous Syst€BENS)

The Gl tract is the only internal organ with its own intrinsic innervation system, known as the enteric
nervous system (ENS), which can function independently of input from the central nervous system
(CNSP189 Indeedfor yearsit hasheen demonstrated thagx vivathe gut can continue to generate
propulsive neurogenic motor patterns evafter extrinsic nerves removéf®t%2 However,despite

the ENSan function autonmously,is considered to beguastautonomoug®s. The control of Gl
functions is based on a complex system of interaction/integration between local enteric reflexes,
reflexes that pass through the sympathetic ganglia, and reflexes that pass from the gut to fii¢ CNS
Indeed, innervation includes intrinsisensory neurons completely contained in the GI wall,
intestinofugal fibers that project to prevertebral ganglia, and vagal and spinal afferents that project
into the CNYFig. 5)°>'% The ENS regulates and coordinateseralintestinal functions from
motility, fluid and electrolyte transportand mucinsecretion to cytokine production and Gl barrier
maintenancé®*197:1%8 A|| of these functions represemtssentialaspectsof Gl physiology.In fact,
impairmentof one or moe of thesefunctionsis found in variou§sldiseases such as IBD and IBS, as
well as in various neuropathies, whether congenital, sporadic or associated with other diSéases
Therefore, it is not surprising that there is a growing scientific interesinderstandingvhat role

ENS right play inGldisorders®,

[ Nervous system J
[
¢ ¥
[ Central nervous system ] [ Peripheral nervous system ]
{
[ Motor J [ Sensory ]

Autonomic Skeletal Dorsal root Cranial nerve
nervous system motor ganglia ganglia
( Sympathetic ]H[ Enteric nervous system ]ﬂ—h[ Parasympathetic ]

N

Figure5 Schematicrepresentation of thetwo-way communication between theeENSand CNSFrom the
periphery to the CNS thafferent information travel via neuronsin dorsal root or cranial nerve gang
(6sensorg ortidn; yellow). Thanks to CN#itegration, the efferent output moves throughthe dmotoré
division @reen. From the CNS, thefferent projectionsreach either skeletal muscle or th&NS whict
consists osympathetic, parasympathetic arENS The EN®eurons are organized ian integrated circui
that containsintrinsic primary afferent neuronPANshble torespond intrinsically to local stimwlindto
combineinformation andorganizemotor responsa. TheexceptionalENSsensory and motor properties ¢
indicated @lotted lin@. FromRao andsershon 2016.
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2.3.1 Organization of ENfyenteric plexysubmucosal plexuand muscle innervation

In humans, the ENS consists of about 400 to 600 million neurons and even more supporting cells

(enteric glia) outnumbering from 3 to 5 times enteric neuriisThese are grouped into ganglia in

neuronal continuity with each other to form two ganglionic pleasisthe myenteric plexus (MP) or

Auerbach's and the submucosal plexus (SMP) or Meiss(fgs 3)°7. Within each of the two

plexuses are different neuronal populations distinguishable by neurochemical coding, projections

and functior#®® Both consist of the axons of neurons located there, a mix of afferent neurons,

interneurons, andsecretomotorneurons.There are alsextrinsic afferent fibers from the nodose

or jugular ganglia (vagal afferents), and the dorsal root ganglia (DRG) (@ff@rahts}°>197.200

Thus, a&aommunication network igstablishedbetween the Gl tract and the brain for coordination

between gut reflexes and behavioral respon€#¢Specific, as well as for pain perceptigtig.65°%
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Figure6 ENS organization with different types of intrinsic and extrinsic sensory neurdvigenteric anc
submucosal plexuses are representgd) Dogiel type | neuronszgom in the box are myenteri
mechanosensory that functionally act as interneurons and agelgiength sensitive and tension insensit
(2) Rapidly adapting myenteric mechanosensory neurons (cholinergic and nitr¢8jidixtrinsic vag
afferent neurons innervating mostly the upper gut and acting as slowly adapting tension receptorsnd
afferents providing a rich sensory innervation of the lower tract, strongly activated by stretch and
tension. (5) Dogiel type Il neurongopm in the boxare myenteric chemoand mechanosensory wi
projection into the mucosa. They receive fastd slow synaptic inputs from other enteric neurons.

Intestinofugal

neurons, generally thought as second order neurons,

but can be also

mechanosensitive and respond to mechanical compression stimuli. Modified from Spencer and Hu

29



203 TheMPis a network locatd between the two layers of longitudinal and circular musculature
and forms a continuum around the entire Gl tract. Its main function is motor innervation of the
musculature for peristaltic movemeris.

TheSMPlies between the muscolaris mucosae and the circular musculature. It generally has smaller
ganglia than MP and a finer intganglionic connectiof®29%.2%4 |n large mammals it is possible to
distinguish two layers, sometimes separated by an additiomarmediate layet®>2%¢ Instead, m

small mammals, as in the guinea pig and mouse, there is a single layer containing secretomotor
neurong%”2% The nerve fibers of thEMPinnervate the smooth muscularis mucosae and establish

a functional inteaction with epithelial cells (enterocytesaliciformcells, enteroendocrine cells,
Paneth cells, microfold cells, cup cells, and tuft $@lithe mucos”.

The motor innervation of longitudinal and circular muscles is basically from neurons thatheave
neuronal bodies in the MP. In particular, the innervation of longitudinal muscles depends on their
thickness: for thick muscle layeeslongitudinal muscle plexus consisting of bundles of nerve fibers
parallel to the musclean be found®. In cantrast, for thinner layersthere are bundles of MP axons
adjacent to the inner wall of the muscl@irculamuscleshaveinnervation consisting of thin bundles

of nerves parallel to the muscle. Largely these are motor neuronsthgtbell body in MP, but they

canalso originate from the SMP.

2.3.2 Morphologicaandelectrophysiologicallassification of enteric neurons

Despite many similarities with the CNS,the morphology, function, and neurochemistry &l
neurons differ significantly from those of the sympathetic and parasympathetic autonomic
divisions. In fact, the enteric ganglia are interconnected and can integrate and process information
similarly to the brain and spinal cord (hence the term "mibmain in the gut").However the
sympathetic and parasympathetic ganglia act more as intermediaries between the brain and spinal
cord, and the peripheiy°.

Morphologically, ENS neurons candbassifiegdbased on the descriptions provided by Alexander S
Dogiel into DogielType | and Dogielype Il(Fig. 6}° They havediscoidal, flattened cell bodies
from which multiple neurites unraveladapting to theintestinal wall during contractionand
relaxation procességlling and emptying of the orgamogielType | account for approximately -80
90% of the neurons present in the MP and SMP2 Theyproject in the circumferential and
longitudinalplane andare flat they have many short prasses (dendrites}hat receive synaptic

input, and a single long process (axon) that projects long distances throughleyergof ganglia.
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Depending on the direction of projection, they express specific neurotransmitters. Dogigbe
neurons exhibit different configurations, smooth surfacasd both long and short processes that
can cross integanglionic fiber tracts and seveialers of ganglia in circumferential, oral oraal
directions. All DogieTypell neurons in the MRleveloptowards the submucosa/mucos&’. In
addition, in the murine coloMP, theyhave been seen to project both to other myenteric ganglia
and the SMP, suggesting a key role in regulating the coatidn of enteric reflexed3214

Also from the point of view of electrical behavior, two subtypas be distinguishedstype and
AHtype neurons. Sype neurons are characterized by monophasic potentthlks presence of fast
excitatory postsynapticpotentials, and the absence of londasting hyperpolarizing after
potential$!l, Studies have revealed thaStype neurons are repetitively activated during
intraneuronal injection of longluration depolarizing current via microelectrodecording The
frequency of the repetitive discharge increases in proportion to the amplitude of depolarization
produced by the injected puls&8:215 In contrast, this repetitive discharge of the potential generally
does not occur in Afype neurons. fese are characterized by lower membrane excitability,
produce biphasic responsespntain a hump on therepolarizingphase of the action potential
generally contain slovafter-hyperpolarizationand do not produce fast excitatonyostsynaptic
potentials.Stype behavior is mainly found in DogiBipe | neurons, Aktype onein DogielTypell

morphology 0215215

2.33 Functional classificaticand chemical codingf enteric neurons

From a functional point of view, ENS neurons can be classifiedapiatrinsic primary afferent

neurons (IPANs); b) motor neurons; c) interneurons; d) intestinofugal neurons (IfFANSJ*421"

a) Intrinsic primary afferent neurons.
IPANSs, primary neurons of the intestinal reflex pathways, have cell bodies, preacasdeynaptic
connections embedded in the intestinal witig.7 blue). They respond to stimuli such as distension,
luminal chemistry and mechanical stimulation of the mucosa, conveying information to local
integrative reflexe¥7.204218220 |ndeed, hey are involved in the control of motility, secretion, and
blood flow??%. Their targets are mainly at the mucosal lebelk can also be other MP and SMP
neurong®:212.222 Of note, IPANS can also act as nociceptors, triggering protectipensss through

the spinal pathwalf’.
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Morphologically, IPANs are mu#ikonal (Dogiel Type Il) anthke upl0-30% ofmeurons in the SMP
and MP ganglia of the small and larg¢estines Electrophysiologically, they have broad action
potentialsNa™- and Ca?*-mediatedfollowed by early and slow hyperpolarizing potenti&s

Studies in guinea pig ileum report that more than®86f MP IPANs express calbindin (CALB), a
calciumbinding proteinagainst30%of SMP2%225_ Insteadthe majorityexpress cytoplasmic NeuN
and Cholineacetyltransferas€ ChAT¥#%230, In the mouse colonCALB also emerged as not being a
good marker ofPANSs; in fact, antalcitoningenerelated-peptide (CGRP) antibody emerged as the

most specific marker of these céfis232
b) Motor neurons

Motor neuronsrefer to all neurons that innervate the longitudinal and circular muscularis propria
and muscolaris mucosae. Excitatory and inhibitory neurons are included in this cafemporglight

blue anddark greep?s. Generally, the neuronal bodies of neuronsenrating the muscularis
propria are located in the M#P®"214233|n this case, the neurochemical code is well defined: the
primary excitatory transmitter isacetylcholing(Ach), although tachykinins (especially substance P,
(SP)) colocalize with AGignversely the inhibitory oneis nitric oxide (NO), although again there is
the involvement of other neurotransmitters such as adenine triphosphate (ATP) and vasoactive
intestinal peptide (VIP§7:216:238236 Another importantsubclasss represented by secretomotor and
vasomotor neurons. These neuronkave their cell bodies in the SMP anehucosal
projectiong!4237.238 The neurochemical code for these cells also seems well defined: in all species
studied, small VHpositive neuroniave mucosal projections and are probably involved in secretory

processed%24,
c) Interneurons

Interneurons, located mainly in the MP, are responsible for the formation of local circuits (ascending
and descending) and have the longest projecttéh¥? Sometimes, hey can alsoact as
mechanoreceptor$8 243244 Ascending interneuronFig. 7 yellow) are DogielType | cholinergic

and may also contain calretinin and SP, wthiese descendingFig. 7 Jight greer) are cholinergic

but canalsobe distinguished by their positivity to NOS/VIP, adayBroxytryptamine (8HT§1424%

247 A study by Porter and colleagué2002 showed that in the human colon, 99of the oral
projection interneurons contasonly ChAT, wéreasother neurons areChATand nNOShegative;

among theanal projection interneuronsijt is possible to distinguish between neurons expressing
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ChAT and NOSyeurons only NOSpositive and neurons only ChAjositive’*8. Moreover, in

humans, descendingrojection NO$ositiveinterneurons can cexpress VI#°.
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Figure7 Localization and chemical coding of ENS neurdviechanoreceptive endings of intrinsic prim
afferent neurons (IPANgYye displayedblue). They are directly activated lyminal distensiondistortion or
indirectly by serotonin (5HT) releasdrom enterochromaffin cells (ECs) in the epithelium. IPANs ac
ascendingyellow) and descendinglight green interneurons, which stimulate excitatorgfight blue anc
inhibitory (greern) motor neurons, respectively.ch, acetylcholine;SR substance P. Enkencephalin. N¢
nitric oxide;VIP, vasoactive intestinal peptidé b ! 5ricotinamide adenine dinucleotid&/odified from
Rao and €@rshon 2016.

d) intestinofugal nerons

IFANgisplaymainly Dogiel Type imorphologyand sometimeslype Il. Theyhave the cell body in

MP and project outward from the intestinal w&l. Their function is to detect changes in volume
and respond to muscle stretchingsmechanoreceptor®1252 Once activated, they release Ach to
sympathetic neurons by evoking fast postsynaptic potentials. Some IFANs, following colonic
distension, may also release gamvamainobutyric acid (GABA) into the prevertebral ganglion
promoting Ach release. This would cause norepinephrine release in the Gl wall, and thus muscle

contractions or control of myenteric neurot?&25,
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2.3.4Extrinsic innervation

As previouslymentioned thoughthe ENS is capable attingautonomously, its connection with

the CNS cannot bignored®3. In fact, theENS and CN®operate inbidirectional communication.
Theconnections betweethem can be classified inteagalandspinal the latterin turn divided into
thoracolumbarand lumbosacral Each of these has sensory (afferent innervation) and motor
(efferent innervation) function'$42°6 Sensory afferent fibers originate in the intestinal wall and
project to the CN$hrough the vagus nerve and the spinal pathwzly Most ofthese are thinly
YeSEtAYFGSR !+ 2NJ dzyYeStAylrGSR / TAO0OXNheyard G K TN
distinguished into intraganglionic MP ganglia laminar, mucosal, intramuscular, muscularis mucosae
(close tothe muscularis mucosae) andsealaf®®2% Efferent fiberscome fromthe CNS and project

into the enteric ganglia by controlling and/or modifying their activithe sympathetic pathway is
specific to the thoracolumbar connections, while the parasympathetic to ¢heniosacral

conrectiong®5,

2.3.4.1Vagal innervation

The vagus nerve mainly innervates the upper Gl tract (esophagus, stomach, proximal small intestine,
liver, pancreasyvhil in the caudal small intestine and proximal caldnis less presenst®. In fact,

there are enteroendocrine cells that detect information and release hormones such as
cholecystokinin (CCK) and serotonirHb). Thesereate a chemoreception mechanism ehgal
afferent endings foreactionto luminal stimul8%262 Appetite, satiety, esophageal propulsion,
gastric volume, contractile activitgcid secretion, gallbladder contraction, and pancreatic enzyme
secretion are some of the functions regulated these afferent;eurong®6. In addition, the vagus

nerve is involvedin the perception of adverse sensations such as bloating, nausea, apnea, and

unpleasantness associated with visceral p&in

2.3.4.2Spinal innervationThoracolumbaregion

The sympathetic innervation of the Gl tract originatesti the thoracolumbafT5L2)region of the
spinal cord. The affererstectionarises in the DRGs and the axons are predominantly unmyelinated
Gfibers®®5. Endings are found around the arterioles of the intestinal wall, in musculature, in the MP
and SMP ganglia, and the lamina propfilaershave also been identified in the ser@d%263.264

A large number of thes@euronsappear CGRPand VIPpositive markerscommonly usedor

sensory fiber¥526¢ |n addition they express the Transient Receptor Potential Vanillo{@dRPV1)
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channel, known to be involved in visceral nocicept?é®® In contrast, the sympathetic efferent
sectionpredominantlyinvolvesthe two plexuses, blood vessels, and sphincter médtle

The sympathetic pathwagomprisespreganglionic and postganglionic neurons. Preganglionic
neuronshave their cell bodies in the intermediat®lumnsof the spinal cord; postganglionomes

in the paravertebral ganglia (mainly vasoconstrictor neurons) and prevertebral ganglia

(vasoconstrictor neurongieuronscontrolling motility and secretiol®’.

2.3.4.3Spinal innervatiog Lumbosacralegion

Thelumbosacral region of the spinal cord provides afferent and efferent innervation to the distal
colon and rectum from the sacral and lumbar rgdtsPelvic afferents are characterized by the
presence of nociceptive fibei®. In the case of mildouchesof the colonic orsmall intestine
mucosa, the fibers carry informatioas low-threshold mechanoreceptof&. In contrast, in the
rectum, mucosal mechanoreceptoast in responseo stretching and distension of the wall, up t

the level of pai?’L. As for the efferent pelvic pathways, these innervate the enteric ganglia of the
distal colon and rectufi? It should be mentioned that in the lumbosacrat$3 region of the spinal
cord is locatedalsothe defecation center. Btention or irritation, through this center, can trigger

the different reflexesnvolved in defecation contréfs.

2.3.5 Enteric glisstructure and functions

Enteric glial cells (EGCs) represent a large wmdue population of peripheral neuroglia first
described by Gabelld972%74 EGCs lackyelin coatingand are found associated with the cell
bodies and processes of enteric neurons throughout the @GFfa Their number exceeds that of
enteric neurons. Ithe guinea pig ileum's MP ganglia, glial cells ariee as abundant as the
neuronal population. Moreovertheir structure and morphology hee been shown to be more
similar to astrocytes than to Sefann cell$’®. In the Gl tract, it is possible to distinguish between
different types ofEGCdased on theimnatomicalsettings. glia associated with the cell bodies of

MP and SMP neurons, glia within the bundles of nerve fibers connecting thgaldtia, extra
ganglionic gliaassociated with nerve fibers of either plexus or mucosa, and glia associated with
nerve fibers of the smooth muscle layéfs

From an immunohistochemical point of view, several markers can be used to identify EGCs. Amon(
them, the transcription factor Sox10 (SRYated HMGbox 10), glial fibrillary acidic protein (GFAP)
andcalciucmd A Y RAY 3 LINRGSAY o6SGF { mn A8 {Suxa0is ewpresstds
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by enteric neural crest progenitorjusit is usedas anearhandI Sy SNJ £ YIF NJ SN DC! t
meanwhile, are expressed only ispecific subpopulationd®:. EGC<roadly serve functions in
controlling ENS homeostasis. More recent advances have begun to define more precisely what these
functions are ad the mechanisms involved. Published data reeé#hat enteric glishasa marked
dynamicity in signaling, renewing the idea of glial cellmagely supporicell$’. Whether there is

a correlation between functional heterogeneity and different lociian remains to be clarified*.
However, it is known that glia in MP and SMP support and modulate neuronal signaling in mice,
while in mucosainfluencesenterocyte developmenaind immune responses in cell cultgf&?L,
Enteric gliahas also a neuroprotective actionwhich is expressed in several ways: by increasing
neuronal survival and reducing oxidative strgssduced cell deathby secreting glial mediators with
neuroprotective effects and substrates for neuronal enzymes involvetthenneuro-mediators
synthesis by regulating theneuro-mediators expression regenerating enteric neuronsand
participating in postnatal ENS developmevin Toltlike receptor 2 (TLR2gxpressioA?%2%,
Furthermore, the role in controlling GI non-neuronal functions: regulation of motility and
homeostasis of the intestinal epithelial barri&t28%2%¢ |In 2019, MoralesSoto and Gulbransen
highlighted that there is abundant evidence suggestagrosstalk between EGCs and nociceptors.
Thismight lead to link mechanisms of visceral hypersensitivity and enteric glia, emphahbizruge

of EGCs in pain perceptif In addition, TRPV1 and TRPV4 ion channelsriously associated

with pain, are expressed in EGCs amaly play a role in gliainaturation in mice and inflammation

in colitis patients, respectivel§??°? Since Gl neuropathologiesare roughly the failure of
homeostasisnaintainedby the ENSit is critical to consider the role of glia in any stéy°! In this
context, in Rrkinson's disease, Gl inflammation has been associated with glial dysregt{fation
Impairments were also observed in slow transit constipation and megacolon, two severe disorders
of GI motility’®L. Additionally, inlBD, the proliferation of EGCs has been found to be alter&FAP

I YR { expression®2 Finally, in a mouse model of mucopolysaccharidosis IlIB increased
expression of GFAP in MP and SMP was interpreted as enteric glial activation secondasptodys

deposits©3,
2.4 Gutbrain axis
The bidirectional neuronal pathway conne@iCNSand ENS has prompted researchersievelop

the cgutcbrain | E A & ¢ . Ot \cdd&pidiliseswith the intent to elucidate the mechanisms

underlying the linking between cognitive, emotionahd autonomiccentersand the ENS, and
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neuroendocrinemmune system.L y (1 KS $¢ s @bseQation Xegaiiding this twway
biochemical communication was by Pavlaith his work about classmonditioningin the cephalic
phase of digestion, where there was stimulation of gastric and pancreatic secretions in response to
sensory signaté’. The complexnetwork includesthe vagus nervevay, with its sympathetic and
parasympathetisignalsandthe hormonal and immune pathwasf§3%,

Vagal afferents with cell bodies in the nodose ganglion project to the solitary nucleus in the
brainstem. Visceral afferents converging at the spinal level termingtesi dorsal horn with second
order neurons projecting to higher centers via the dorsal column pathway, the parabrachial
pathway, and the spinothalamic tract, as described in the previous parafffagtudies in which
dorsal column lesions have been ewéed displayedsuppression ofpain stimulatiorrinduced
inhibition of exploratory behavior and visceromotor reflexes elicited by codmtal distensioftC,

To the vagal afferents of the nucleus solitarius, sgpacabrachial projections reach higher limbic
and cognitive centers, includintpe amygdala, hypothalamus, and periaqueductal gragmely
areas involved in affedt®3% Thus the afferents are involved iractivating and regulatinghe
Hypothalamic Pititary Adrenal (HPA) axis. Electrical stimulation of afferent vagal fibers leads to the
production of IE1 beta in the brain, which in turn is implicated in HPA axis funclfankn this
context, the clinical measurement of vagal tone is found to be i@tlin conditions of anxiety and
dysbiosis as is the cas&IBD and IBS.

In contrast, vagus nerve stimulation would help restore homeostasis in the micregpitdarain
axi$'?. Regarding the latterseveralpieces of evidencsuggest that the connection between gut
and brain should be extended to the gut microbiotasée paragraph 2.4.1). Hence the
comprehensivaname microbiotagut-brain axis(Fig. 8) The hypothesis that bacterial populations

in the GI tract mayarticipate in CNS developmeand maintenanceés now confirmed':. Germ

free mouse models have shown altered neurogenesis and morphology of the hippocampus and
amygdala, as well asf the microgliamorphology!%36, These findings establisti a connetion
between pathological alterations in the gut microbiota and neurological diseases. Interestingly,
studies on gerriree mice and rats transplanted with microbiota from patients also revealed a

dmicrobiota-anxiety behaviad and émicrobiotadepressios association respectively’318
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Figure8 Microbiota-Gut-brain axisThis bidirectional communication between tl@&l system and CNS
mediated by direct and indirect ways of the gutain axis. The communication pathways involve the
(e.g., ENS and vagus nerve), neuroendocrine system, hypothgl#nitary-adrenal (HPA) axis, immt
system, and metabolimutes. Within the gut, the microbiota can produce neuroactive compounds su
neurotransmitters (GABA, norepinephrine, dopamine, and serotonin, amino acids (e.g., tyrami
tryptophan), and microbial metabolites (e.g., SCFAs). These metabolites move threyggrtdd circulatiol
and interact with the host immune system, affectitige metabolism and/or local CNS neuronal cells
vagus nerve affererpathsthat signal directly to the brain. The microbiota may also act on the integi
the gut barrier, whichn some neuropsychiatric disorders, such as anxiety, autism spectrum disord
depression may be compromised. Stress can activate the HPA axis response, involving neurc
hypothalamus that secrete hormones such as corticotrepiteptor hormone triggering the release
adrenocorticotrophic hormone, which causes the synthesis and release of cortisol. The latter re
neuroimmunesignallingesponses that, in turn, affect the integrity of the intestinal barrier. Stress horm
immune medigors, and neurotransmitters can activate CNS neuronal cells and vagus nerve a
pathways, altering the gut environment and chandiing microbiotacomposition From Morais et al. 202

2.4.1Gut microbiota

"Gut microbiota" refers to a collection aficroorganisms, mainly bacteria, that colonize the Gl tract.
The number of these bacteria has been estimated to be arouAt] d@ighing approximately 2 kg,

more than the cells of the entire human bo#ly. Based on variation in 16S rRNA genes, between
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500 and 1000 different species belonging to more than 70 genera have been estimated. Suffice it to
say that the human gut microbiome contains 100 times as many genes as the human §&nome
Each individudhas a unique and specific microbiota, the composition of which is the resulaoy
factors such as genotype, host pathophysiology, mode of first colonization, and not least
environmental factors, diet, and medication use. However, as revealed by a ntietabo
reconstruction based on data from the Human Microbiome Consortium, metabolic function among
the individuals examined does not vary that considerably due to the redundancy of biochemical
pathways among alternative members of the microbidta

Thefetusdoes not have its own microbiota but acquires it from its mother by vertical transmission
at the time of birth and from contact with the external environmeltg$ composition stabilizes about

3-4 years|In this regard, recenstudiesrevealedthat there is variability between children born of
natural birth orcesareardelivery, as well as between breastfeeding or artificial feet. Then,

over the course of life, the microbiota changes and diversites

The human gut microbiota most abundantly includes two major gnagative anaerobic phyla, the
Bacteroidetesand Firmicutes and one granpositive phylim, Actinobacterid?%3?¢ Other identified
types are present in small numbers and include some spetithe ProteobacteriaCyanobacteria
VerrucomicrobiaandActinobacterigohyla®?®.

Bacterialcolonizationbrings with it two main advantages. The first is to educate the immune system
and increase tolerance to microbial immune determinants; the seconad isetabolize degracde
otherwise indigestible substances, potentially toxic food compounds (e.g. oxaatdsynthesie
somevitamins and amino acid¥. During these processes, the microbiota releases a wide range of
metabolites and small molecules that affect the bodlige main site of fermentation is the proximal
colon, where substratavailability is highe The latteralongthe distal colon decreases, and with it
the microbial production. Specifically, saccharolytic primary fermenters sucBaageroidetes
ferment nondigestible carbohydrates in the proximal colon and produce i@ fatty acids
(SCFAs), along with €dhd B gased®. At the mostdistal part of the colon, however, fermentation

of bacterial proteins and amino acids derived from primary fermentesurs by secondary
fermenters, proteolytic bacteria. The degradation of proteins and amino acids results in branched
chain fatty acids,accompanied by potentially toxic metabolites such as amines, phenolic
compounds, and volatilsulfuriccompounds®2

In addition, the gut microbiota, under healthy conditions, can stimulate the immune system and

induce the release of proinflammatory cytokines such ag IL=6, dr TNF* = (G Kdza O2y a
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affecting the immune response and protection of the host fronthpgens$®:. As a resultany
alteration in gut microbial composition, diversity, or functioray pose arisk®3%. A good balance
between microbiota and mucosal immunity ensures intestinal homeostasis, whose imbalance can
lead to adverse conditionssu¢ha L. 5% / Na&ycoativeRditEBS I & S

Experiments in gerAree mice have shown the importance of the microbi@isoin relation to

several essential CNS processes. These include the metabolism of serotonin (of which tryptophan is
a precursor) a neurotransmitter responsible for mood and appetite, produced mainly by
enterochromaffincells of the Gl traét®. In additon, germfree animals also showed cognitive

impairment, sociability problems, and depressive and anximisviours3e,

2.4.2Short Chain Fatty AciS8CFASs)

SCFAs are saturated aliphatic organic acids composed of one to six carbons. AcetatediG@ate
(C3) and butyrate (C4) account for 98%". These are present in an approximate 30:10m@lar
ratio in colon and fece&$&34%, Their total concentration can vary from 70 to 140 mM in the proximal
colon to 2070 mM in the distal colordeperding on dieg3.

Most Glbacteriagetacetate as their net fermentation product. In contrast, propionate and butyrate
are produced by more specific bacterial species. Butyrate can be produaeglycolysisfrom
acetate, lactate, amino acids and various carbohydrbsessvo different pathwaysthe butyrytCoA:
acetate CoAransferase or the phosphotransbutyrylase and butyrate kinase pathway. For example,
some familiesfrom the order Clostridiales(Firmicutes) such ad.achnospiracea¢Coprococcus,
Eubacterium, AnaerostipeandRoseburi and Ruminococcaceaf-aecalibacteriumare able to
produce butyraté*<343, Propionate is produced from various substrates, includingno acids
carbohydrates, lactate, and @ropanediol, via succinatsubstrate its precursor. The succinate
pathway is specific tBacteroidetesand someFirmicutes An alternativeway used by some
Firmicutes belonging to the_achnospiraceaand Ruminococcaceaés the acrylate pathway, where
the substrate for propionate productiois given by lactate. The commensal bacterAkkermansia
muciniphila(phylum Verrucomicrobi@ produces propionate from the propanediol pathway from
deoxysugars**. For the microbial community, SCFAs aneaessaryvaste product to balance the
production of redox equivalents in the anaerobic environment of the¢§uHowever, SCFAs are
responsible for much mordn fact, hey are involved in the regulation of gutotility and brain,
secretion, and signaling. To do this, they act through remspfor free fatty acids on epithelial,

enteroendocrine, immune cells, and both intrinsic and extrinsic neurons of the G¥*#&¢t There
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are several mechanisms by which SCFAs can affect the host. These include regulation of acetylatic
and methylaion of histonesand Gprotein-coupled receptors (GPCRs), secretion of various
hormones and neurochemicals (e.g., serotoniajd induction of vagus nerve signafifi§®.
Furthermore, it has been shown in rodent experiments that SCFAs can be usedtashonarial
energy sourc®%3%8 The contribution of SCFAs has also emerged associated with the maintenance
of physical barriers (bloetrain and intestinal) through action on tight juncticGh¥36.,

Hence since SCFAs canpactthe host in a multitudeof ways, it is not surprising that SCFAs are
implicated in numerous functions. Gl tract functgtipid-, glucose, and cholesteremetabolism,

blood pressure regulation, circadian rhythm, and immune funcéfi&#f® In this regrd, it has
emerged in recent decades that SCFAs could be crucial in the prevention and treatment of metabolic
syndrome, intestinal disorders, and some cantd&rEC In clinical trials, for example, SGFA
administration had a positivenpact on the treatment of ulcerative colitis, Crohn's disease, and
antibiotic-associated diarrheds3’4, Concerningthe gutbrain axis, it should be mentioned that
SCFAsnfluence memory and learning processes, as well as the release of serotonin by the
mucosd’®. The amount of serotonin produced in the CNS is small compared with that in the gut,
which is about 9% of the total. A substrate for serotonin production in the brain and gut is
tryptophan, the metabolism of which is an essential modulator of thelyain axisFor example,
depression and low mood conditions have been related to a reduction in tryptophan metabolism.
Alsoemotion processing and behavimvolvemicrobially derived SCFAs$ireds of evidenceeport

that butyrate improves cognitive impairments in vascular dementia model and a mouse model of
obesity, while propionate reduces anticipated reward responses to-@ghrgy foods in the human

striatum?’&378,
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3. Painat gastrointestinal level
3.1Pain

Thedefinition of pain given bthe International Association for the StudyB&in(IASPjs as follows:

"Pain is an unpleasant sensory and emotional experience associated with potential or actual tissue
damage or described in terms of such damadEeherefore,it may beinferred the subjective
component of paif’®. Indeed, the individual's response to pain is also influenced by the emotional,
psychological state, and sociocultural environmentvinich it is experience®. Experiencing pain
impliesnot only consequences related to tipeoper physiologylteration, which may be more or

less severe, but also psychological and sassales Routines can be disruptdzkcause ofeduced
mobility andpoor appetite or sleep difficulties, even leading to anxiety and depression, which in
turn aggravate the perception of pain its&f When we refer to the patient's experience of total
pain, we mean the set of etiologic components, but also the fadtaas influence the patient's
perceptionsuch as social isolation, fear, anger, helplessness, and frusfi&tion

Pain can be distinguishdxhsed orits origin into nociceptive, inflammatory or neuropathic, but also
based orits duration, into acute ochronic®, Instead, i we refer to the area of onset, it is possible

to distinguish between somatic and visceral. The latter category also includes abdominal pain, which

together with diarrhea is the main GI symptom complained of by Fahtignts*,

3.2Visceral paincharacteristics, causes and comorbidity

Visceral pain isvhat comes from the internal organs as a result of activation of nociceptors in the
thoracic, pelvic, or abdominal viscéta Abdominal pain encompasses a ramgfeeven broader
syndromes such as noncardiac chest pain, endometriosis, pancreatitis, chronic bowel and bladder
pain, and not least abdominal paf.

Abdominal paincommonto Gl pathologies like IBD and IBSt only affectmore than 506 0f FD
patients (neuropathic paifj>126:15% but also involveat least 1615% of the general population
Moreover, t is also a growing problem associated with chronic opioida4se’.

If in some cases the pathophysiology underlying ffen onset isclear, in many others the
mechanism has yet to be elucidated, which has led to them being referred to as idiopathic or
functional disorders Thus,at the origin of visceral pain there can be several causes, from
inflammation, whether acute or chronic, to enhanical/functional damage (kidney stones, Gl

dysmotility), to neoplasm¥®.
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Although somatic and visceral pain share some points regarding information processing, important
distinctionsshouldalsobe clarifiecf®*. For example, visceral structurase not particularly sensitive

to normal stimuli that evoke somatic pain, such as cutting or burning, but are sensitive to stretching,
ischemia and inflammatio® Furthermore visceral pain is poorly localized and often affects
multiple organs simulta@ously. Consequently it is perceived more diffusely than noxious skin
stimulation most likelyowing tothe low density of sensory afferents at the viscera level and the
wide divergence of inputs at the intraspinal [eV&F83%0 Visceral paitocalization generally refers

to somatic structures, manifesting as secondary hyperalgesia at the superficial or deep tissue level
because ofiisceralsomaticconfluence in common spinal levé1s3°2 Visceresomatic convergence
could explain why viscal pain often accompanies somatic pain conditions or vice versa. There is
also visceralisceral convergence whereby pain to one organ is perceived as pain to afiéther
Finally, clear autonomiexperiencesnay accompany visceral pain. These includgsea, pallor, Gl
disturbances, altered heart ratand blood pressuré®.

Contributing to the severely debilitating condition of visceral pain, as well as a very high
socioeconomic cost, is the lack of effective treatmé?t$®> The main problem ishe fact that
opioid and/or nonsteroidal analgesic/artiffammatory drugs can cause major side effects in these
patients, such as exacerbation of symptéfi$® In addition, comorbidity withgut-brain axis
mediateddisorders(such as stressnxiety and depressignncreass its impact and complexity of
management®®49, For example, in patients with IBS, it has been shown that anxiety and discomfort
induced by scanner testing negatively impacted pain perception caused by colorectal idist&ns
Overall, it follows that effective management of patients with visceral pain involves cooperation

between professionals from different fieléf.

3.2.1Central modulation of visceral pain

There are two distinct anatomic spinal pathways alorgolv colonic afferentfiow. These are the
splanchic (lumbarsplancimicnerves) and pelvic (seal-pelvic nerves) afferents that have their cell
bodies located in the thoracolumbar (T12) and lumbosacral (1%l1) spinal ganglia, respectiviéfy

405 These sensory fibers interact in the dorsal horn of the spinal cord with excitatory and inhibitory
interneurons and secondrder neurons of the dorsal columspinothalami¢and spinoparabrachial
pathway. Autonomic and affective responses topatie specific to the spinoparabrachial pathway,
whose projectionsnourish the limbic and cognitive centers (amygdala, hypothalamus, and

periagueductal gray). Instead, for the discrimination and localization of pain, and partially also for
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the emotional conponent of the response to it, there is the spinothalamic t#&tt° The thalamus

sends signals to brain regions associated with emotional processing of pain such as amygdala,
hippocampus and anteriaingulate cortef°7408

The brainstentdescending antinociceptive circuit causes the release of inhibitory neurotransmitters
in the dorsal horn of the spinal cord to regulate autonomic respot{$é¥:402410 |n fact, pain
modulation in the CNSacts through descending pathways, with muliplareas involved, for
example, the amygdala and hypothalamus. In this pathway, the periaqueductal gray region (PAG)
viaits projections to the medulla and amygdala is also invd##e@he PAG also sends inputs to the
rostral ventromedial medulla, whicim concert with the raphe magnus and the nucleus reticularis
projects to the dorsal spinal and medullary horns modifying the nociceptive sigralingthis
structure, it has also beefound that injection of opioids into these brain areas offer an analgesic

effectin animal model82

3.2.2Simuli percepton, visceral hypersensitivity and its measurement

In the GI tract it is possible to distinguish betweligh-threshold predominantly nechanical
nociceptors, which function in the range of pain, aleav-threshold nociceptors, which detect
intensity by perceiving the stimulus from harmless to noxious. In chronic visceral pain, there are also
silent nociceptor§'3414 Hypersensitivity, a response to a stimulus that should be harmless as pain
(allodynia), and hyperalgesia, an increased perception of a noxious stimulus, are the two
components of Gl paf®. Sensitization of a nociceptor is defined as a decrease indtieation
threshold and an increase in the magnitude of the respétfs&his process generally occurs when
there is a change in the chemical characteristics of the microenvironment at the site of the afferent
endings. The responsive process can be ¢ngd by the release of endogenous or synthesized
molecules at the site of interest, attracted in response to the insult or translocated to the nociceptor
membrane (receptors and ion channélg)

For visceral sensitivity analysis, one of the most widslyd methods ishe colorectal distension
(CRD). The easy accessibility and large number of sensitive afferents make the rectum an ideal target
for assessing visceral nociceptiéh This can be measured using an-fidled polyethylene bag
attached toa barostat, which maintains a constant pressure and measure changes in rectal tone by
recordingvariationsin intra-rectal pressure and volum®. The intensity and quality of perception

during the test can be assessed based on different parameters sind different scale¢$°420
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For example in IBS, in which lowered rectal pain threshold is a hallmark, it hastteesd that

about 5®00f patients have increased visceral sensitivity to rectal balloon disteff4it.,

Initially, CRD was developed in rats by Ness and Gelti8@&8) and later in mic&442% This
technique has long been the method of choice for visceral pain studies. In rodents, responses to
CRD are reliably intensitfependent and duly attenuated by analgeé#4?% The same authors
identified alsoperipheral and central neural pathways mediating the visceromotor response, later
confirmed by Kyloh and colleagu¢2011%5°424 By severingthe lumbar splanchnic nerves the
visceromotor responses or passiveoalance to CRD were unaffected, while resection of the pelvic
rectal nerves nullified the responses, regardless of the presence or absence of the
lumbar/hypogastric cut. This result revealed that nociceptive transmission to the spinal cord is

mediated by he pelvic splanchnic nen#8427

3.2.3 Microbiota and SCF#ffects on visceral pain

As detailed by Lomax and coworké2819)and other authorsthe mutualistic relationship between
bacteria and eukaryotes implies the ability of the gut microbiota to influence behavior antf$ain
431 Early evidence that the microbiota might play a rolevésteral paircomes from rodent studies

in which antibotic and probiotic treatments were used. These mice showed altered microbiota
composition accompanied by increased inflammatory markersvaswtral hypersensitiviti/HS at

CRD. However, whetihey were treated with the probioticLactobacillus paracaseihere was
normalization of tle parameterd® Still, other studies have shown thaactobacillus acidophilus
acting on opioid and cannabinoid receptors improves 4%9n contrast, a reduction in
Ladobacillus and butyrate production exacerbates colitis in #t&hus, theinteraction between
bacteria andnervous systems controversial.For instance, ecent studies on skin show that
Staphylococcus auregsn directly activate neurons in DR€sHowever, experimentsarried out

on germfree mice indicate that the alteration in visceral sensitivity is not solely caused by a direct
microbiotaneuron interaction, as a number of additional potentially camiding changes in
immune development would also have to be considéf&dindeed,in vivo evidence has long
supported a key role of epithelial and immune cells in mediating some effects of the microbiota on
paint37438 However, fecal transplantatioftom IBS patients into rats caused VHS in the absence of
mucosal permeabilitglamage or immune activation, thus leading to the hypothesis that bacterial
metabolitesmayact directly on gubrain signalinf®. Just as bacterial dysbiosis has been associated

with visceral sensitivity, consequently so are SCIRAgarticular, atibiotic- or dietary modulation
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induced decrease in SCFAs led to an increase % SHowever, when SCFAs were administered
to rats with induced colitisyHSwvas not improved by any éfiem. Actually, butyrate administration
decreased the noxious pressure threshold in rats, indicating anpeiceptive effect*’. These
results werealso supported by experiments in which sodium butyrate administered to rats induced
VHS$*, Overall, on the role of SCFAs in -guiin mediation and visceral sensitivity there are

contrasting findings that need further investigation.

3.3 Transient receyor ion channeldn visceral hypersensitivity

The biophysical properties of ion channels influence responses to pain stimuli by regulating the
action potential and excitability of neurons. Sodiuida’), calcium(C&*) and potassium(K)
channels, in particular, appear to play a critical role in neuropathic*ffaiMany of these ion
channels have also been studied in FD and found to be involved. These include-gatiedjsodium
channels (NaV1.7 and NaV1.8); transient receptor pod(fRPEhannels (TRPV1, TRPM8, TRPA);
voltagegated calcium channels (VGCC); potassium/sodiyperpolarizatioractivated ion channel

2 (HCN2); voltaggated potassium channels (KV); calciaativated potassium channels@l.1,
KCa3.1);acidsensing ia channels (ASIClandPiezo channefé’.

Although the exact pathophysiological mechanisms of visceral hypersensitivity underlying the
increased abdominal pain perception peculiar to FD @aghyother Gl pathologies have yet to be
elucidated, several studies have shown a role of TREchannelé*®,

To date, 28 TRP genes have been identified in mammals, organized into 6 subcategnaegal
(TRPE melastatin(TRPM,) vanilloid TRPY, ankyin (TRPA mucolipin TRPM) and polycystin
(TRPIP*%. TRP channels consistfofir functional subunits that form the channel capable of opening
and closingoy conformationalmodificationg®%45 The subunits have 6 transmembrane domains
with a pore letween the fifth and sixtff®4%2 TRP channels are only weakly sensitive to
depolarization, but they open in response to temperature changes, ligand binding, or other
alterations in the protein itself. Thesintly depolarizationsensitive channels neselectively
conduct cations and open in response to binding to specific ligahdsgesn the protein itself, or
variationsin temperatureg*9452454 \Whenthey areactivecancause an increase in intracellularNa
and C&" concentrationsand thusneuronal excitation anchumerouscellular responses of various
types**®. Three main functions of TRP channels can be recognized: dotéct and transduce
chemical and physical stimuli, as molecular sensorg) agt as downstream transducers of GPCR

or ion channemediated cellular activation; 3p function as ion transporters, for example of’Ca
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and magnesium(Mg?*). Detected signals are transduced into effector responses either by local
neuropeptide release by transmission of signals to the CNS, resulting in sensiti2&5h

In the GI tract, awide variety of TRP channels (including TRPV1, TRPV4, TRPA1l, aRPMS)
expressed by different cell¥hey coveseveralfunctions in this distrigtsuch as prception of food
seasoning, thermal regulation and tissue protection, peristalsis, secretion, mucosal homeostasis,
control of membrane potential and excitability of neurons, epithelial cells, muscle cells, and
interstitial cells of Cajal, and visceral satiorn*°®,

A largeliterature demonstrateghe linkingbetween altered expressiotfunction of TRP channels
and Gl disorers?68457.458 Experimentsperformed in TRP channelswuted transgenic miceand
preclinical modelghrough agonists would confirm their crucial role in the development and
maintenance of colonic hypersensitivit§+°°469 Somatic pain and skin studies sheshthat the

direct activation of TRP channels in sensory fibers trigggrsralprotective mechanisms aimed at
problem resolution. Failure to regulate these systems, in the long term, may lead to chronic

sensitization of TRP channels, thus triggering sensitiZ&tion

3.3.1Transient receptor potential vanilloidTRPV)L

TRPV1, known as thamsaicin receptor, is among the most studied and best characterized ion
channels in the context of viscerzdin. It is a voltageyated outwardly rectifying cation channel and

can be activated by a variety of stimuli: lightemperatures (> 43°C), acidosis (pH < 6), exogenous
irritants such as the capsaicin found in hot peppers, allylisothiocyanate (AITC) found in the oil of
mustard, horseradisbr wasabiandsomeendogenous lipid compounds, including anandanadd

some lipxygenase metabolites of arachidonic aé¥d4%. Pharmacological studies by gene
deletions have revealed that TRPV1 channels play a key role in inflammatory and neuropathic
paint®’. Altered heat perception (heat hypersensitivity) associated withdased expression of the
channel protein in DRG has also been reported in the mouse model of Fabry disease, the GLA K
mouse®® Againon Fabry mice, frontal paw skin, as welpaisnaryneurons from DRG cultures, also
showed increased levels of TRPV1regpion, as demonstrated by Lakaand coworker&*®>

At Gl level TRPV1 is found expressed in intrinsic and extrinsic afferents as well as in epithelial and
endocrine cells. Especially spinal and vagal primary fibers are rich in TRPV1 éfaHhels
addition, TRPV1 is expressed by snzailtl mediumsized neuronal cell bodies in DRGs and nodose
gangli&@®7.463.478478 Therefore, @ven the anatomical location, it is not surprising that TRPV1 may

play a crucial role in nociceptidf?*4/%#80 In general, altered expression and/or function of TRPV1
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appears to be involved in VHS in several Gl disorders, such as IBS, rectal hypersénaiilenty.

For example, it has been seen that IBS patients show a greater response to CRD duaing rect
application of capsaicin than controls. However, since the level of mMRNA and rectal TRPV1 protein
is comparable to that of healthy subjects, it seems that the VHS of patients is rather a consequence
of sensitization and not upegulation of the channe®l. Accordingly several inflammatory
mediators, factors associated with hyperalgesia, and acidic pH have been shown to sensitize TRPV1
and increase thehanceof channel gating by heat and capsaté#t®. In addition, primary neurons

from murine DRGs showed an inase in capsaictiimduced intracellular Caresponse following
incubation with supernatants of submucosal rectal biopsies from IBS patients, suggesting the
release by the latter of mediators capable of sensitizing TP addition, TRPVdeficient nice

in which acute colitis had been induced showed no inflammatory*8HSnally, in aat model of
maternal separation stress, VHS in adults was reversed by a TRPV1 antagonist, further emphasizing

the role of the channéf’.

3.3.2Transient receptquotential vanilloidt (TRPV#

TRPV4 is a &permeable cation channel that was once thought to be activated exclusively by
hypoosmotic swellin¢f&+%0. However, recent evidence has revealed that there may be several
stimuli causingts activation. These include stress, low pH, high temperatures (> 25°C), mechanical
distention, phorbol esters and downstream metabolites of arachidonic &&tf”. In the Gl tract
TRPV4 is mainly found expressed in the serosal and mesenteric layers by extrinsic &fferents
However, it can also be found in noervous cells, such as epithelial and endothelial ¢&lkdble

4)*8, |ts expression is higher in DRG rams projecting to the colon angkcentevidencessuggest

its role in visceral noceptionandalso in Gl motilitpy reducing N@lependent C# release from
enteric neuron$®4%, For example, in patients with IBD, TRPV4 expression has been sben to
higher than in healthy peopt&®. Similarly, in colonic lysates from patients with CD and ulcerative
colitis, TRPV4 mRN#ashighly enriched compared with healthy subjefs Furthermore, a study

on DRG neuron cultures shed that activation of poteaseactivated receptor 2 (PAR2) by
mediators released from biopsies of patients with IBS, increases the response to TRPV4
agonist$%>:501.592 Einally, chemical activation of TRPV4 has also been shown to lead to allodynia and

visceral hyperalgesia folving CRES.

48



3.3.3Transient receptor potential ankyrifTIRPAL

TRPA1 channel is activated by low temperatures8&C)l that are considered harmfifowever,
other stimuli triggerits activation, such as mechanical and chemical stimuli. These inslude
pungent compounds, such as cinnamaldehyde, menthol, AITC, allicin (in garlic), inflammatory fatty
acids, prostaglandin metabolites, and hydrogen pero¥e?®. TRPA1 was originally thought to
play a specific role in inner ear hair cells, however, experimenfBRPAXilencedmice revealed
normal hearing of the animd¥. Instead, thefunction that has been demonstrated is in
nociception, including in Fabdiseasé!!. Studies have shown that TRPAL is integral to mechanical
sensitization in pakrelated disorders resulting from peripheral inflammation, neuropathic pain,
and diabetic neuropathy. Howevein these disordersSTRPA1 does not appear to underliasiz
protective mechanical nociception, but its inhibition alleviatespleeceptionof mechanical paitt%

514 Miller and colleague$2018 showed that inFabry ratssensory neurons, blockade of TRAP1
reduced mechanical and nociceptigpersensitivity®.

At the Gl level, TRPAL1 is expressed by both the intrinsic and extrinsic innervation>$§/$tkzimly

it is found localized in mucosal and serosal and mesenteric afféfénkéowever, it can also be
found in nonneuronal cellssuch asnterochromaffin endocrine, and epithelial cel{Table4)>!8

To date, much of the literature on the role of TRPAthegut is linked to/HS but alsocolorectal
motility modulation should be considerét?>2% For example, a study comparing mmaonically
treated with a TRPA1 agonist and WT mice showed a significant increasesionisior response

in the former, suggesting a role in \VA¥$2% A nociceptive role also emerged in the rat DRG study
by Yangand colleagues(2008) who, by intrathecal administration of antisense TRPAL
oligodeoxynucleotide to reduce TRPAL expressammonstrated a reduction in colitieduced
hyperalgesia to CRD and intracolonic mustard oil administréiffofrinally, a recent study of
biopsies from patients with IBD reported upregulation of TRPA1 mRNA expression, again suggestin

that TRPA1 should be considered among potential targets for the treatment §f3/HS
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Licands Physical Endogenous GI Tract GI Related
8 Stimuli Stimuli Expression Disorders
Cannabinoids Sensor IBS
Capsaicin (red pepper) Anandamide ;cu}on{ Vlkl
Aps? pepp T>43°C Eicosanoids N )
Piperine (black pepper) Voltage Acid Enteric neurons
TRPV1 Gingerol (ginger) volag . - Epithelial cells IBD
. A Distension Bradykinin N .
Resiniferatoxin pH Serotonin Enteroendocrine
(Euphorbia poissonii) Histamine cells CRC
Proteases
Anandamide
4- Phorbol Tz25°C l:lcosanpu':ls Sensory 1BS
P ' Bradykinin VH
: (C. tiglium) Mechanical Citrate neurons
Bisandrographolide A Osmolarity S Epithelial cells
(Andrographis paniculata) Distension pH Arachidonic acids 1BD
§rapis p I P Histamine
Proteases
Allicin (garlic)
Carvacrol (oregano) Cannabinoids
Cinnamaldehyde Bradykinin zgz:g:?; {:ﬁ
(cinnamon) T=<18°C Nicotine Enteric nmimm
TRPA1 Diallyl diﬁulflde Mq::chan_ical l’ms.iaglar_\dms Epithelial cells IBD
(garlic) Distension Histamine . .
. : Enteroendocrine
Gingerol (ginger) pH Protecases cells IF
Ally isothiocyanate ROS )
(mustard horseradish, 4-HNE
wasabi)

Table4 Principalcharacteristic of the analyzedion channels Modified fromAlaimo at al. 2019
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4. Gastrointestinal fluid anellectrolyte transport

4.1lon Transport

In order to create davorableenvironmentfor effective enzymatic digestion, ideal for nutrient
absorption and fecal propulsion, ion transport is critidalthe Gl tract, pproximately 8 liters of
fluid are secreted each dad. Most of this volume is reabsorbed, and only small traces remain in
the expelledfeces. So, wean infer how finely this process regulatedto preserve water and
electrolyte balance“. Consequently, when this delicate absorptieecretionequilibriumis altered,
severalGldisorders are triggered. In particuldinjs isa common cause of symptoms associated with
IBDand IBS but alsoof serious consequences ranging from difeeatening diarrhea, for example

in cholera, to constipation, as in cystic fibr63i$2".

4.1.1Absorption mechanisms

In the absorption processs reported in Figure #he solutes mainly involved are Nand Cl

As for Ng, its uptake occurs bglectroneutralion exchangers. Three MA*(NHE) exchangers are
expressed along the GI tr&&t The first, NHE1 is located at the basolateral level and regulates
intracellular pH and cell volum&heother two, NHE2 and NHE3, are expressed on the apicafside
Severe and chronic diarrhea was found\iHN3deficient transgenic mice, thus suggestiits key

role in intestinal absorptionElectrogenic Naabsorption occurs mainly in the colon at the apical
level by amiloridesensitive epithelial Nachannels (ENaC). ENaC, the main active ion channel for
Na" reabsorption, has been shown to compensdte the loss of electrolytes associated with
diarrhea in NHEBOmice>?°.

Regarding Gbns, their uptake is mediated mainly by two anion exchangers, DRA (down regulated
in adenoma) and PAT (putative anion transportef). Both, located apically, are /EBICQ
exchanger®!532 DRA is more highly expressed in the colon than in the smaétine, while PAT

1 shows an opposite expression pattefhAs evidence of the clinical importance of DRA, suffice it
to say that its absence is associated with a rare form-afeCtetory congenital diarrhé&#.

lon absorption can also occur through nutriesdupled transporters, such as soditgiucose
transporter 1 (SGLT1) ar@CFatransporter, SCFAIC@5%. In the colon, SCFAs also affect Na
absorption and Ckecretion by promoting the expression of NHE8 &£NaCas well as inhibiting

cAMPR and cyclic guanosine monophosphate (cGitfediated secretiofP®>38,
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H* H* HCOgz H‘CO;;'

Apical J PAT1

Figure9 Absorption mechanismn the Gl tract.Na’/H* cation exchanger2 and 3(NHE, blue; NHE3, pink),
alongwith down-regulated in adenoma (DRAchre and putative anion transportet(PATL, sage anior
exchangers import Nand Clcrosswayshe apical membrane into intestinal epithelial cells while expo
a H and HCQ@. Basolaterdy, Na'/K* ATPaseand NHE1(light greer) provide a gradient for the basolate
exit of ions and subsequent transport of water across the intesépihelium. Created by BioRender.

4.1.2 Secretion mechanisms

Thesecretion isalsopredominantlyactive Itinvolves intracellular Cyradients and is regulated by
apical ion channels and the activity of several basolateral transporéarsepresented in Figure
10°23 Indeed,Cl secretion isassociated withparacellulaiNa” movement,that work to provide the
osmoticsourcefor water movement®,

Three components argnplicatedin secretion: crypt epithelial cells (effectorgnterochromaffin

cells or afferent neurons (sensors); and neural secretory reflex neurbnssummary Ci
accumulated within the cell via the basolateral sodipotassium symerter (NKCC1) exits apically.
The basaNa’/K* ATPase pump recycld&” and causes intracellulaytosolic Naconcentrations to
remain low, thereby creating a net electronegative environment within the cell. This negativity is
the driving force for apical extrusiasf C1523540.541 The best known channel for €kcretion is the
cystic fibrosis membraneegulatory Clchannel (CFTR), activated by cAMP or cGMP. However, in
addition to CFTR channels, there are also alternative pathways &xt@kion. These include €a

activated Clchannels and cAMBediatedCIG2 channels, both of which are located on the apical
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sideof crypto-secreting cellsExperimental evidence has shown tie&MP-mediated Clsecretion
has slow kinetics, whereas Tanediated Clsecretion has a rapistart and is transient. Finally, on
the basolateral side, there are alsbdhannels that promote Géxpulsionby providing a favorable

electrochemical gradient via*Kutput (Fig.10)>4%542,

cr
Apical
‘o
Ca*™
A A i
se
Basolatera,\l. Q oW

2k*Na™ ' ocI
K+
Figurel0 Secretion mechanisms in the gastrointestinal tra€l: ionsare pumped into the celia the N&/
K/Ct (NKCCl1ljght blug symporter, the gradient for which is provided by théa’/K* ATPasevhich als
recyclesNa out of the cell. Basolaterdd" channels recycl& out producinga negative intracellular char
and apushtoward apical exit through cAMP activated cystic fibrosis transmembrane conductance re
(CFTRgreen or calcium activated chloride chana¢CACC). Created by BioRender.

The exchangers/channels involved in secretion mechanisms are desaribeale detail below,

according to their basolateral or apidatalization

Basolateral membrane
- Na'/K*ATPase{ (4 NHzOGdzN» t f & (GKA& Aa I KSGSNRBRAYSN
characteristics arembeddedA y G KS whilsi(idzoSizyl A (s@natalbg hidlved in
the placementof the pump at the membrane lev@F->44 Functionally, this isesponsible for
providing the energy for active ‘Gkcretion. Itdunctionis based on the outward transport

of three Nd ions in exchange of 2" Kafter the hydrolysis of an ATP molectffe’*® Thus, s
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activity maintains a low intracelluldta® concentration and a higK", making the interior of

the cell electronegative. Such negativity is critical in providing the driving force égr€ss.
NKCCI1Thisis a N&K*/2Cl cotransporter involved i€t uptake. Tle protein is expressed in
several cell types; however, it plays its specialized role in epithelia. In fact, its expression
levels are 10to 30-fold higher in secretory epithelial celté NKCC1 is often referred to as

a secondary active transporter because it takes advantage of the ion gradients provided by
the Na'/K* ATPaseBecause two Gbns are transported in combination with two cations,

the transport is electroneutral. However,éhHow intracellulamNa" concentration causes an
accumulation of Clower thanthe expectedconcentration by electrochemical equilibrium.

To date, although the specifics are unknown, itesablishedthat NKCC1 activity is
stimulated by intracellular kirse cascades and phosphorylatiéth®*? Specifically, a kinase
sensitive toClt movementand cell volumemay stimulate cotransporter phosphorylation
caused by a decrease in intracellularr®l So, with this mechanism of communication
between the basal and serosal sides, the apical loss atdDld be compensated by an
increase in incoming Chmaximizing tk rate of transporit®L.

K" channelsin Cisecretion there are at least two'kkhannels involved. One, dependent on
intracellular C#& levels, relatively insensitive to channel blocker; the otligiinstead
presumed to be activated by increases in cAMP amgite sensitive to bariurfP%>>%, Then

there would be a third, described by Devor and cowork@98)in T84 cells that is astited

by arachidonic acf¥®.

Apical membrane

CFTRCloning of this protein occurred in 1989, since which timuenerousinformation

about its structure and function has emergé¥°°8. It undoubtedly constitutes the main
pathway of Clexcretion at the apical level. Structurally, CFTR is a large protein with several
functional domain®?®. In addition to 12 membranerossing regions forming the channel
pore, the protein also contains 2 nucleotide bonds and a large regulatory domain tha
contains consensus sequences for phosphorylation by several protein Kiffases

Functionally, CFTR opening requires two steps: covalent modification of the R domain by
cAMRdependent PKA and binding followed by hydrolysis of the nucleotide inubleotide-
bindingdomain$>%°¢2, In addition to this primary regulation, there are additional levels of
regulation. One of these is provided liye delivery of preformed CFTR from subapical

membrane vesicles at the expense of CAMP. Tiiseasesmembrane channel density,
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although this has not been observed in alt €dcreting cell type$%565 |n addition,
regulation of CFTR by other protein kinases has also been proposed. For example, it has bee
hypothesized that PKC activity may allow nhance channel activation by P#°®’ Finally,

in Gl tracts, CFTR also opens following increases in ®&NIRis could imply either @ross
activationof PKA by the high levels of cGMP induced by some agonists, or a direct effect of
another cGMRlependent protein kinase on CFPRS7C,

- CaCC(CDebatepersists whether otheCl apical channels are involvedsecretion at Gl level
Several authors have reported that intestinal epithelial cells in situ, or cultured intestinal
epithelial cells growing as confluent monolayers, show minimal, if @aj;activated Ct
conductancé’573, Furthermore, intestinal tissues from cystic fibrosis patients or mice with
a targeted deletion of the CFTR gene do not exhibit cAME&*-mediated Cl secretory
responses, whereas the transport defect is limited to cAMEdiated transport in the
airways’’1:574 Based orthese data, it has been suggested that fBesecretory responses
evoked in normal intestinal tissues by agonists that mobilize intraceldérare actually
driven primarily by the opening oftasolateraK* channel, withCt being able to exit the cell
viathe small fraction of CFT& channels open at any given time.

However, 1 is also suggested thatC&*-activated Ct channels may be significant f@t
excretior?’>57¢ Treatment of intestinal epithelial cells with antisense oligonucleotides to the
CFTR channel, sufficient to abolish cAsfifulated secretion,does not affectCa&*-
mediated responses, o&*-activated Glsecretion may be CFiRdependent. In addition,

a subgroup of CFTR KO mice showed increased survival and reduced Gl symptoms probab
due to this alternative secretory pathway>’¢ Several groups have shown the involvement

of CaCCs ithe process of viral and Vibrio parahaemolyticatated diarrhe@’*%82, Finally,
specific CaCC inhibitors shown to effectively decr&zisgecretionin vitro, but thenin vivo

experimentsmust be carried of2

4.2 Pharmacologicaecretagogues for the study of ion transport

Generally, the secretagogues are agents that promote the secretion of chemical neurotransmitters,
hormones or molecules. They can have natural origin or be artificially synthesized. Their selectivity
and specificity is determined by their and the receptors' structifeThe classic approach to

investigating intestinal ion transport processes involves the udbede specific pharmacological
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ligands with the ability to target and modulate ion channeéschangers or effecter molecules of

interest. In Figure 11 the secretagogueased in thigrojectare represented

Cl ClI'/ HCOz

o

4
;Ca” AVP)
cch
FSK
FUR

TTX\‘
XRC 2K+ Na 20l
Vv

aps K*

Figurell Secretagoguessedfor this research andheir targets. Theschemeshows the main componer
investigated at the apical and balateral levels. C&* activated chloride channel (CACC); Cystic Fibr
Transmembrane Conductance Regulator (CFTR)KNEI cotransporter (NKCC1) with its recyclers/Kz
ATPase and*Khannels (KCNN4 and KCN@#® drawn with the secretagoguesidressed to themThe
activators/stimulants Carbacho{CCh), Forskolin (FSK), Capsaicin (Caps), and Veratridine (V
represented Blue arrow$ where they act. As well, the blockdPyrimidaepyrrolo-quinoxalinedioneg(PPQ
Furosemide (FUR) and Tetrodotoxin (TTeq {icks) Figure realized bgioRender

4.2.1 Furosemide

Furosemidean anthranilic acid derivatives ahighly efficacioutoop diuretic drug which isommon
usedfor treatment ofedemadue to heart failurehypertensiongcirrhosis, and kidney disea$é>85

It has beenexplainedits inhibitory effect both on N&K"/2Ci cotransporter isoform 2 (NKCC2)
located on theapicalmembrane, and on NKCC1 ubiquitously distributed in epithelial and non
epithelial cellsandpresentat Gl level in the basolateraiembrané®®-587 Therefore, in addition to
the role of furosemide in enhancing urine output, soseveyshave describedits nondiuretic
effects,such as itgffects onairways,vascular smooth muscle, brain, andt leastGlI tract®. Some
studies havalisplayedhe side effect®f furosemide on the Gl tract including nausdarrheg and

constipatior?®®. Moreover, gven its blocking effect on NKCC1 channel, this secretagogue has been
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widely used, and is still being usdd, investigate theCt secretion mechanisms &l level, for
exampleby Ussing Chamb&f. This has also been employeddrgan Bath studiesto evaluate the

effect oncontractility®™.

4.2.2Pyrimidepyrrolo-quinoxalinedione

Pyrimidepyrrolo-quinoxalinediongPPQ [Patent Office EP2464354)4 a potent inhibitor of CFTR,

a cCAMPregulated Clchannel expressed in epithelial cells of the airway, intestine, testis, and other
tissues. It is generally hypothesized that CFTR inhibitors may reduce fluid loss in secretory diarrhes
and slow the deviepment of renal cysts in polycystic kidney disease, where fluid accumulation in
renal cysts is CFIdependend®>5%, PPQ owes its recent discovery as a CFTR inhibitor to Lukmanee
Tradtrantip and Alan S. Verkm#2009%°. The authors, after identifgg the potential of the PPQ
class of compounds, performed a structwaetivity analysis to identify the most potent CFTR
inhibitors. Then, following further characterization and biological testing, they identified1PR2Q

To study the compound's potenagversibility and specificity, they performed shaitcuit current
analysis of the Ctonductance of CFTR. Channel inhibition by-B&@2was about 100% at higher
concentrations, with 165 ~90 nM. At low concentrations, inhibition occurred for severalutes,
suggesting an intracellular site of action. In addition, reversibility of inhibition emerged, as
demonstrated by the complete restoration of CFTRlependent current after 30 min incubation
with 2 uM PP@QL02 followed by 10 min washout. The advardar PPQ is its voltagedependence,

as confirmed by patcklamp analysis, as it allows the potency of inhibition to be maintained even
in negative celf$. Since its discovery, PPQ has not only been used for the treatment of polycystic

kidney but alsdo investigate the role of CFTR in different epithelia.

4.2.3 Tetrodotoxin

Tetrodotoxin (TTX) is a wédhown and potent neurotoxin synthesized by specific bacteria, which
can be found in several animals, including pufferfish (in the ovary laed)®’°%® TTX as a
pharmacological tool has been widely used on tissues to study the role of the neural component in
the regulation of homeostatic function and external stimulus respotf8edlore generally in
experiments aimed at understandingdbe mechanisms where voltage gated sodium channels
(VGSCs) are potentially involved fact, TTX block¥ GSCs a highly potent and selective manner
without effects on any other receptor and ion channel systems. It acts from outside of the nerve

membrane through binding to the selectivity filtethus preventing the influx of Naand the
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propagation of action potentialdt does not impairs the channel gating mechari&iirherefore,
when this is administered, the result is blockadas$ociated neural or muscle functf§f°°t Some
TTXresistant N& channels have been discovered in the nervous system and received much
attention because of their role in pain sensati®tf?2 Specifically taGI function, it has been widely
used in studies w intestinal tissues processed in Ussitiltamber or organ baths tavestigate

neural components involved in motility and ion transgg#°4

4.2.4 Carbachol

Carbachol (CCh), a quaternary ammonium compound, is a cholinergic agonist of ACh receptors,
whose muscarinic and nicotinic actions it shares. However, it deactivates much more slowly than
AChand is not destroyed by cholinester&%e¢

This compoundalong withbethanecholit differs by a single-methyl group) has been widely used

to study cholinergiénduced intestinal epithelial ion transport in several species, including
roditors®0610, Muscarinic receptors are Gq protedoupled receptors tht stimulate phospholipase

C leading to the degradation of phosphatidylinosited #iphosphate (PIP2) to diacylglycerol (DAG)
and inositol 1,4,5 triphosphate (IP3) that stimulate the release of intracellukirs@aes from the
endoplasmic This C&" releasefacilitatesion transport in theGl epithelium as Ct secretion.Like
cAMRinduced Clsecretion, C# triggersbasolateral Kchannels that providéhe driving force for
apical Clefflux through CaCé€4.

4.2.5 Forskolin

Forskolin(FSKjs a labdane diterpenoid isolated from the rootsRiéctranthus barbatusan Indian

plant better known asColeus forsKdii. This, along with its derivatives, has also been widely used

at the Gl level as a pharmacological tool to investigate the rol&bfE%613 Indeed, it is recalled

that cAMP plays a key role in ion and fluid secretion, particularly by increasing CFTR -channel
mediated Clsecretior??3. Forskolin is considered a valuable tool (albeit not too selective) because
it is able to increse the activity of adenylyl cyclase at the intracellular level, through the activation
of 8 of the 9 present isoforms of the enzyfhe This enzyme is responsible for the conversion of
ATP to cAMP and pyrophosphate, so the administratiorF8Kincreases the levels of these
products, with the resulting consequenéé$s Regarding intestinal ion transport, protein kinase A
(PKA) is probably the best known and most relevant effector molecule downstream of ¢AMP.

should be notedthat PKA phosphglates NKCC1 basolaterally and CFTR on the mucosal side,
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causing excretion of Cand consequently wateinto the lumen. In addition, cCAMP can stimulate
the recruitment of CFTR and NKCC1 to increase their density in the merfir&isally, through
PKAinduced phosphorylation of NHE2/3 regulatory proteins, cCAMP also inhibits Utake

4.2.6 Veratridine

Veratridine(VER)s a natural plant alkaloid derived froneratrum It is a neurotoxin witha pan
neuronal function that acts bseversibly binding to Nachannels, causing continuous activation of
action potentials in the nerve cell, thereby increasing its excitabfifity

As aresult, it has been used &®veralstudies of enteric regulation of ionic transport at the Gl level,
providing valuable functional insights into these proce&ses

For example, studies in submucosal tissue preparations have shown that exposure to veratridine
causes the release of several enteric neurotransmitters, which in concert produce a potent and
prolonged presecretory responseausingan apicaloutflow of NaC}1%617 However, inwhole Gl

tissues with extrinsic neural innervatiodERstimulation results inon absorptioff*”.

4.2.7 Capsaicin

Capsaicin has already been mentioned dfk&®X channel agonisfsee paragraph 3.3.1)As noted
above, it has long been used for the treatment of pain, but pharmacological studies on
cardiovascular, respiratory, ar@ltissues alsalescribedphysiological effecd®69 In the Gl tract,
TRPV1smainlylocalized in primary sensory neurons and is thought to be responsible for the initial
detection of noxious chemical and thermal stimuli, causing the typical burning sensation that
follows activation with capsaicin (found, for example, in hot paEE|i®3. In studies conducted in the
Ussing chamber on intestinal tissue, the effect of capsaicinflad transport was noticed
Specifically, exposure to the compound would activate sensory afferents, which in turn would
activatesecretomotor neurons to release piecretory neuropeptides (e.g., substance P) that can

increase luminal efflux of Gind thus wate$2°,

4.3Ussing Chambédor measuing the @ ion transport

The Ussing Chamber was developedr 50years agdy the DanisliiologistHans Henriksen Ussing
as a method to investigate the active NaCl transpi®2. The inventor and cavorkers used frog
skin as a model system since it can move NaCl from the skin surface into the tiot@rstyainst

concentration difference. However, distinguishing between the movement of ions actively
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transported and the passive movement of ions representetialenge The problem was resolved

by developing an experimental system whereby the tisaas placed betweentwo halves of a
chamber, each of which refilled with the same volume of identical electrolyte solufiéigs 2 A-

B). Generally,bubbled Krebs solution is used as physiological buffed the gasemployedis a
mixture of 95% @and 5% Cg&Xcarbogen) Thisoxygenates the solutions to a reasonably level of
PQ , necessary to overcome the lackl@@moglobindistribution by arterial bloogdand provides a

PCQ approximately equivalent to venous blood, which maintains the Hi@er at pH 723 This

type of tissue assembly in the Ussing chamber aline elimination of ionic movements powered

by passive forces (transepithelial concentration, osmotic and hydrostatic gradients) by blocking the
potential to zeroviaadministering an external current passed through the epithel{fing.12 C$23,

This current, called shodircuit current (s, corresponds to the summation of electrogenic ionic
currents by active transporis= Na+tk+tlci+thlcozlk. Hence, thdscin the Ussing chamber ressilt

from active transpoi?324 Yet, {calone is does not completely reflect the complexity of the system.
LYRSSRZ Ay Ylyeée OFraSa AdGQa ySOSaa lhdnedoesyYidd NS LIN
give conclusive information on the direction of ion fiti In order to have a comptensive
knowledge of the ionic nature of a response, further experimentation with pharmacological tools
as the secretagogues above mentionede often required. Moreover, we should consider the
method of tissue preparation. For example, the strippeduissémucosasubmucosal preparation),
lacking the MP and muscle layers, may provide an under estimigéed certain stimulants,
especially those involving a myenteric reflex, such as GtiBalated ion transpoft?®. The Ussing
chamber caralsomeasuretransepithelial resistance (TEER). TEER has been widely used to assess
intestinal barrier integrity. However, it is a general measurement and represents pagatrans
cellular resistance in parallel. Consequently, while TEER is useful when usdg, wgha direct
indicator of the physical tightness of the paracellular seal, it is not always a reliable marker of true
paracellular permeability and barrier function. In fact, differences responsible for paracellular
permeability to ions, solutes, and watelo not always result in a change in TEER and barrier
integrity, although they may affect transpéft.

Still to date, the Ussing chamber remains one of the most useful thatgprovides a fairly precise
method of measuring electrical and transport parameterspolarizedtissue?623 |t has been
utilized with every epithelium: reproductive tract, airway, eye, exocrine/endocrine ducts, choroid
plexus, and of course intaak; as well aso cultured epithelial cells where tight junction integrity

keeps apical and basolateral membrane pol&fit§32.
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— Currentelectrodes ——

Voltage electrodes

Voltage Clamp/Digital Converter

[ computer Recording/Analysis by Labtrax |

Figurel2 Representative photos and schemaiitustration of Ussing Chambewperation. (A)Pictures of a
open Ussing Chambeonsisting of two halves. In the zoobiue boj a piece of pinned mucosalibmucos:
preparationin correspondence of the hole. (B) A picture of fhactioning system entirely mountednc
connected tocarbogeninflating tubes, that supply the necessary oxygen and maintains pH as \
providing gas lift to allow steady circulation of buffer andfpsion of the tissueThe chamber is kept a
constant temperature of 37°@n the zoom Blue boy a graphiadepictionof an equally filled chamber wit
Krebsbuffer to eliminate osmotic and hydrostatic gradien(€)Tissue is voltage clamped to OV keynding :
set current directly across the tissue via voltage electrqoesd). The amount of current required to mainti
the tissue at OV Short circuit current) is measured by the current electrod@seen) and recorde:
electronically Drugscanbe addedto either side of the chamberdd arrowg. Created by personal photy
BioRendeand Lomasnegnd Hyland 2014.
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AIMS OF THE STUDY

FD is a rare-Knked genetic disorder caused hyutations in the GLA gene. This gene codes for the
Sy 1 & X8 A.'When its metabolic function of cutting the alpha bond of neutral glycosphingolipids
does not occur, the consequence is the accumulation of substrates in different cel? t)peke

two mainmoleculesaccumulated are Gb3 and its derivative RGb3. The resulting clinical picture

is progressive and heterogeneous, involving several ofgdie first characteristisignsare pain

and Gl symptoms. Both are severely disabling and hureptti quality of 1if828487 While there is
copious literature regarding pain in FD and some underlying mechanisms have been elucidated, with
regard to Gl symptoms, on the other hand, the topic has yet to be fully elucidated. GI symptoms
include abdomal pain, diarrhea, bloating, constipation, nausea, and vomiting. Because they can
be indicative of many other disordeithey are oftenoverlooked or misinterpreted, contributing to

the delay in proper diagnosis. Moreover, although enzyme replacementaplyeimproves Gl
manifestations in most cases, about 50% of patients complain of disorders even during treatment
or develop new one$§2194137 Thus, there is an urgent need to improve knowledge of Gl symptoms
and their triggers in FD, and this is theimpurpose of this work.

¢KS 102Nl G2NE 6KSNB L O2yRdzOGSR (KS SHBaBNRY
-/0 (KO) mouse, many aspects of which have been characterized, making it a reliable model for the
study of FD, particularly neuropdthpair?*°>633 |n 2019, Masotti and colleagues performed the
first morphologic characterization of theolonictract of this mouse model and described several
alterations,resemblingthe manifestations present irabrypatients. Thesalterationsinclude the
confirmed presence of Gb3 deposits, as wellttees thickening of muscle layers, reduction and
rearrangement of nerve fibers innervating the mucosa, and enlargement of myenteric gaéiglia
Building on these datahis thesis first objectivgAIM 1) isii 2 S @ f dzl (i S -Gal K-®G K S N
mouse model also captures the functior@l problemsexperienced by Fabry patients and can be
considered a valable model for their investigation. Once the validity of the model is established,
we attempt toidentify potential mechanisms involved in the development and maintenance of Gl
symptoms inFD

Moreover, given the growing scientific literature on the potential causal role of &3 inFD
pathogenesisthe second aimAIM 2) is the study of its effects on colonicelectrolyte and fluid

transport, sensory nerve activation, and contractility of aduétalthymale micé*’®,
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To achieveAlM 1, the researcthas beerorganized intahe following tasks

TASK 1Assessment of functional disorders through colonic motility and visceral sensitivity. The first
isdoneby means othe analysis of fecal output, in terms of weight and water content. The second,
by colorectal distentionjs measured as visceromotor respsm (VMR) inedatedanimals and as

abdominal withdrawal reflex (AWR) @onsciousnice.
TASK 2Assessment of anxiefike behavior by opefield andelevated plugnaze tests.

TASK 3Mapping the fecal microbiota. Bioinformatic analysis prositdéormation onthe indices of
microbial diversity (alphaand betadiversity) and taxonomic classifications compared to healthy
mice (phyla, families and genera levels). In addition, the profile of the predicted functional modules
are exploredto identify the pathwgs potentially involved. In particular, the gotetabolic (GMM)

and gutbrain (GBM) moduleare used todraw attention to specific microbial functional changes

and individual processes of production or degradation of neuroactive compounds, respectively.

TASK 4 Quantification of shorchain fatty acids (SCFABs)dividually and as a total amourit is
carried out by gas chromatography technology coupled with mass spectrometfyI83CGind the
amount of butyric acid, acetic acid, propionic acid, valeric aciehusgric acid and iswaleric acid

are measured.

TASK 5Qualitative and quantitative analigssof TRPVI,RPV4Aand TRPAlon channels. Transverse
colonic cryosections, sections of lumbosacral DRGs and primary nefuoom$umbosacral DRGs
are stained by immunofluorescence with antibodies specific for the abmesmtioned channels
together with a reuronal marker (Pgp9.5 or NeuN) tmnfirm the properlocalization. The
fluorescence signas evaluated as both mere visual impact and correctetl cell fluorescence
(CTCF)

¢KA&d TFANRG SELISNARAYSyYy(lt aso6aayn ABgaRSHOMRCAN SR
(controls) at three different ages:B) weeks, 180 weeks, and 12 months. Thus, a characterization

of the model that also takes into account the progressibihe pathology is provided. This allows

for the identification of possible critical stages in certain aspects rather than others. Moreover, the
planned experimental design may ultimately enable the validation of our mouse model for the study
of the patlophysiological mechanisms underlying Gl symptoms. Although this would already

represent a relevant innovation with remarkable potential because it would open up its use for the
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Gl aspects, the first mapping of the fecal microbiota and metabolites is sugynerstone of this
research. In this view, if the recognition of potential therapeutic targets is a key element in making
progress in the management of Fabmwlated GI symptoms, the identification of supportive
integrative therapies, such as specifiatrition based on the patient's profile, may also be a

breakthrough in the treatment of Gl and probably anxiet{ated disorders in FD.

As concernalM 2, the experiments were performed during my internship abroad, in Professor John
Cryan's laboratory adPC Microbiome Ireland and University College of Cork, under the supervision
of Professor Niall Hylantllssing Chamber and Organ Batlre employed to pursue the following

tasks:

TASK 1To evaluate the effect on shedircuit current (s9 and transepithelial electrical resistance
(TEER) of lys@b3 administered at increasing concentrations (30 nM, 100 nM, 300 nM, 1 uM, 3 uM,

10 pM) on mucosaubmucosa preparations ¢ie mousecolon.

TASK 2To investigate by whom the effect of ly&b3might be mediated and/or influencelly
applying specific inhibitors. Namely, the followiage used: tetrodotoxin(TTX)to blockthe TTX
sensitivevoltagedependent Nachannels pyrimidopyrrolo-quinoxalinedione (PPQ), to inhibit the
chloride current othe cystic fibrosis transmembrane conductance regulator (CFTR); furosemide, to
inhibit Na'-K*-Clt cotransporters (NKCC1).

TASK 3To assess whether lys8b3 can impact epitheliurmediated and/or neuremediated
secretion by making use @fctivators/stimulants such as carbachol, to stimulaté*@aediated
signaling pathways; forskolin, to promote cAMtiediated signaling pathways; veratridine, to excite
all intrinsic neurons expressing voltagensitive Na channels; capsaicin, to activate specific

subset of sensory afferent neurons.

TASK 4To test the impact of lys®b3 on colonic contractility through Organ Bath.

The second experimental sectiorcisicial in the pursuibf the mechanismghroughwhichlyso-Gb3
acts onhealthycolon, spedfically on intestinal permeability and contractilitjNoteworthy, in light
of a uniquein vitro study evaluating the effect of lysGb3at Gl level®, our project examines for
the first time the causal role of theubstratein the pathogenesis mechanisms of the GirElated

disorders by means of Ussing Chamber
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MATERIALS AND METHODS

1. Animals

For the experiments describeid the prent thesis 6 groups of animals were used, based on
genotype and age:-80 weekold (T1) 1620 weekold (T2)and 12 monthold (T3)h-Gal A-/0
[knockout (KOQJ I Y RGahA +/qwild type WWT)] mice. Because o-linked inheritanceand greater
severity in male patientgxclusively' -Gal A-/0 male micehave beemanalysed?°°. Heterozygous
FSYIDBth! bkb [|-GRA g0nak mited($d®e JAX strain B6; 120GEIKul/J)
purchased from Charles River Laboratories ltalia s.r.l. (stock number 003535; Jackson Laborator)
Bar Harbor, ME, USA) were crossed to give the F18l> G A 2y X  { K dza -GaloAlGH A y A
FSYID$SE N brkDHI YI & nh | -@GaRA/0PHSS THesé 1Biée were used from
iKS Cm (G2 GKS Cn 3ISYySNI (A 2y -GainlkklS)ic®dediwdh3IT dza
males +/0, B6; 12Glatm1Kul/J) of the same genetic background (B6:GR@mM1Kul/J). From the

Cn 3JSYSNIGA2YS 6S 200HDAYSR KXY2 [ leydRe dKSaIYANS Yol I 2
YAO0S GKI G ¢S NBal «Dr2anol8f0 MSdantrdfd2KOand WT groups were parated

after at least 4 generations that is known to be enough to stabilize the background and all the
experiments were performed after more than 10 generatigdd’” Therefore, weHlestablished
K2aY2l e®d2dza 'h bkb | yGal AOI W OISe D2 dradGahNB/Randi+20 controls

were used.

Mice were housed in groups of six in individually ventilated cages (Tecniplast, Italia) with water and
food ad libitum in controlled environmental conditions: lights on from 7.00 a.m. to 7.00 pa,

2°C temperature and 65% humiditynce reached sexual maturity (28 days), males and females
were separated. All efforts were made to minimize animal suffering and the number of animals used
was kept to a minimum by the experimental desiéil.the procedures followed in this work were

in compliance with the European Community Council Directive of November 24, 1986 (86/609/EEC)
and were approved by the Ethical committee of the University of Bologna (prot. 141/2019 PR).
Behavioral experiments were c¢ad out at the Department of Medical and Clinical Sciences
(DIMEC), University of Bologna, with the approval of the local ethical committee (Veterinary Service

of the University of Bologna) and in agreement with the National Animal Welfare Act.
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1.1Genovping

Genotyping is the process through which the genotype of the animals is defined. The protocol can
be divided into three steps: I) DN#olationfrom mice tails; II) Amplification of the gene of interest
through polymerase chain reaction (PCR); ldytEdphoresis of amplified DNA fragments aheir

detection

1.1.1 DNA extraction

DNAisextracted from an approximately-2 mm terminal portion of tail. Each sampliilsgperformed

using sterile scissors to avoid crasstamination, and each animal in multiple cagespecifically

eartagged to ensure its recognition post genotyping. Every masisgonitored to guarantee the

blood flow stop. The biopsiese put into anappropriately marked Eppendorf tube with Lysis Buffer

(50 uL; 25 Mm NaOH, 02 MmNa25 ¢! T LI MHO X | GA&adzsS RAISalA2)
12), and placed into thehermogyclerat 95 °C for 45 min. Thean equal volume of Neutralization

Buffero p n > [ T n-HCI; aHY5.4% addefl Finally, samplesre centrifugated (3 min, 4000 rpm,

RT) and the supernatant, containing the extracted Disl#ansferred to a new Eppendorf tube. The

extracted DNAsadded to PCR mix.

11.2PCR

The PCR master mix composition is shown in Table

Final concentration + 2 f dzY'S LJS NJ

10X Buffer 1X 2
25 mM MgClJ Solution 2 mM 1,6
10 mM dNTP mix 0.2 mM 0,4
HN >a 2¢m M >a 1
HN >a 2 ¢H | M >a 1
2n >a CI o0 NE M >a 1
5, k> ¢l t nNe®nH,; K:> 0,08
H,O Ultrapure 10,92
DNA template /H20 2

Table 5 Master mix composition per samplel0X PCR Buffer without MgQSigna, Burlington,
Massachusetts, USA); 25 mM Mg&blution(Sigma); 10 mM dNTP, deoxynucleotide [@iigma); 3y A ( & k > f

Taq Polymerase from Thermus aquaticus; WT1 forward, MWtT ¢ ®n >3k >Y2fS OLY DA GN
California, USA); WT2 reverse, M&nnp ®n >3k>Y2t S oOLY DA G NPEGFIOT Ydzi |
>3k>Y2tS OLYGAGNRISYOL D

The PCR amplification program shown in Tables. The WT forward and reverse primease
0IMRs947 6 PAGGTCCACAGCAAAGGATT) Iy ds O2PGEBAAGTTGCCCTCTGAGTIG =
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respectively They give two 296 bp 2 y 3 0 I-GaR&ombaygolls female mice (+/+) and one
0 I YR -GalyA hemizygous males (+/0); whereas the mutant reverse primer @iM&p Q
GCCAGAGGCCACTTGT®TA® I A @S i 2y oH-GaARIDiddaygohs female mice (
-0 Yy R 2 y-&alahegiiiygous/male micf]. Theheterozygousemale showboth bands.

Program Cycles Time Temperatue
Starting Denaturatior 1 0 Q 94°C
Denatuation on¢ 94°C
Annealing 35 M Q 64°C
Elongaion M Q 72°C
Final elongtion 1 HQ 72°C

Table6 PCR Amplification Program

1.1.3Electrophoresis

Electrophoréic runningis performed on agarose ge(1.8%) atl00Vfor about 30 minutes. The
agarose powdeis dissolved in TAE 1X buffer (40 mM -Baetate, 1 mM EDTA) and ethidium

0 NB YARS 09 lisaddiBd taalldvp, +> I kAYAKNG NB O Stie 10X foddifig dyebuffern Y
(0.9% SDS, 50% glycerol, 0.05% bromophenol blue, Tékadaled to DNA samplés follow the
running Samplesre loadedjoined by DNA size marker (MassRuler DNA Ladder Mix readge,
Thermo Fisher Scientific, Waltham, Madazsetts, USA). The gsekexposed to UV trans illuminator

for DNA bands visualization.

2. Evaluatiorof GImotility
2.1 Fecal outputand water content

Fecalexcretionwas assessed fdahree consecutive dayghe pelletswere collected and weighted

daily from 9:00 am. Each animal was individually housed in a clean, clear plastic cage and left there
to become acclimatized the day before. According to the previously published methods Li et al.
2006, one-hour stool frequencyvas measuredby monitoring constantly throughout the 60 mies
collection period3*. Fecal pellets were collected immediately after expulsion and placed in sealed
tubesto avoid evaporationFecal pellets were weighed (wet weigitg), counteddehydrated(60

°C, overnight), and weighed again (dry wejghg). Fecal water content was calculated according

to the equation: water content (%) = 100 (wet weighkiry weight)/wet weight. Similarly, total fecal
output was assessed every Bours (n. of pellets, total weight). Fecal samples were then collected

and frozen at80 °C for SCFAs and microbiota analysis.
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2.2 Statistical analysis

All experiments were carried out drD animals (n=10) per genotype (W¥KO) per group (T1; T2;
T3).Data were analyzed using GraphPad Prism for Windows (version 8, GraphPad Software, Inc. La
Jolla, CA, USA). The data are represented as mean values + SEMayTavalysis of variance
(ANOVA followed by¢ dz] S & Q & testidraniiltiple @oMparisoawere applied. p<0.05 (*), p<

0.01 (**) and p<0.001 (***) were chosen as indicating significance.

3. Assessmenif colon sensitivitypy Colorectal Distentio(CRDYechnique
3.1 Viscermotor Respons€VMR)Xo CRIand intraluminal pressure measurement

The Viscermotor Response (VMR) t6RDhas beenused as an objectivevaluationof visceral
sensitivity®>. According to the previously described methmd_ucariniand coworkers 2020, two
EMG electrodesvires (Tefloncoated stainless steel wire, diameter: 0.6 mm, length:152cm;
Cooner wire, Chatsworth, California, US#&)e sutured into the external oblique abdominal muscle
under deep anesthesia and exteriorizatscruff leve(Fig. 13a-€)%%6. A week was allowed to elapse
before measurement toensure a full recovery from the surgeryDuring the experiment, the
electrodes were relayed to a data acquisition system and the corresponding EMG signal was
recorded, amplified, and filtered (Animal Bimmp, ADInstruments, Colorado Springs, CO, d8d\)
digitized (PowerLab 4/35, ADInstruments, Colorado Springs, COMM#RApssessmemtascarried

out under light anesthesia (Isoflurane 2%cuphar, Milan, Itajyand the whole protocol was
performed keeping the mouse on a heating pad (about 37°£)lubricated latex balloonvas
inserted transanally into the descending colon of mic&he balloon wasssembledwith an
embolectomy catheter andonnected to a syringand a pressure sensor (DisposaBlood Pressure
(BP) Transducer, ADInstruments, Dunedin, New Zealdhé)distention was applied by filling the
balloon through the syringe with increasing volumes of water (50, 100, 150/200, 3®MEG)signal

was evaluated during the 30 seconds bef@ed during the balloon distension, whereas the
intraluminal colonic pressure only at the moment of distens{@ig. 13 ). The balloon was
deflated at the end of each distension. Five minutes were allowed to elapse between each
measurement. To quantify the magnitude of the VMR at each distension volume, the area under
the curve (AUC) before the distension (30 s) was subtdaétem the AUC during the balloon
distension (30 s), and responses were expressed as a percentage increase from the l2atine.

were analyzed, and quantified using LabChart 8 (ADInstruments, Colorado Springs, CO, USA).
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Figure13 Method for implanting intramuscularelectrode array and EMG recordingsAnesthetized rice
wereshavedin the abdominal area and at the back of the neck. By a sterile scalpel, a 1 cm incision w
in the skin in the lower right abdomeand the skin around the incision was separated from the muscul:
The two sterile electrodewere knotted in the érminal part and the Teflon coating was removed from
0.3-:0.5 cm.(a)25-G needle was inserted into thabliqueabdominal musculature anh) the two electrode
were subsequentlyhreadedthrough it so that the uncoated segmenwere completely insertedn paralle
location (c) To externalize the electrodesat the neck level, a 1 Imserological pipet was pass
subcutaneously until the back of the neck, where a 1 cm incision was made in thendkime two wire:
were then inserted into the pipeiThe 30 Prolene and silk (Ethicon, Somerville, New Jersey, USA) we
to stitch the abdomeri{d) and the back of the nedle). Wounds were kept wet with sterile 0.9% NaCl du
surgeryand disinfected with Betadinat the end Theentire protocolwasperformedkeeping the mouse ¢
a heating pad (~ 37°QJ) The balloon used to induce CRD connected to the embolectomy catheter cor
to the pressure sensor (Disposable Blood Pressure (BP) Transducer, ADInstruments) needed for in
colonic pressureeacordings. (g) The balloon insertion and EMG electrodes connection (Cooner wil
terminal part (0.30.5 cm) of the two electrodewas stripped from Teflon coating and connected to
system for EMG recordings via two connection wirebl@kandred). The ground wire (igreen) was leane
on the mouse side. The balloon was then inserted transanally into the descending colon of mic
insertion distance, 25 mmY)h) Example ofan EMG signatecording expressed as m¥lge ling, anc
intraluminal colonic pressure, expressed as mmidg (ing, for VMR evaluation by CRD. The starting
ending points of distension (example with 100 uL)srewnby the first and secontlack linesEMG sign
wasassesseduring the 30 seconds befort(the left of first black linpand duringif between the two blac
lineg the distension, whereas the intraluminal colonic pressure only at the moment of distepéid)) by
LabChart 8 software (ADInstruments).

3.2 Abdominal Vithdrawal Rdéx (AWR) to

The AbdominalWithdrawal Reflex AWR is abehavioralresponse to CRBecorded in conscious
animals,previouslydescribedon rats byChen et al(2014°%3". This consists of visual observation of
animal responses to CR this context t0:50, 100, 150/200, 300 plby blinded viewerswho
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assigned stabilizedscores(0) No behavioralresponse to colorectal distentiofl) Immobiization
during colorectal distentionvith sporadicheadmovements (2) Mild contraction of the abdominal
musclesbut absence of abdomen lifting3) Strongcontraction of theabdomenand lifting ofit from

the floor; (4) Arching of the body and lifting of the pelvic structures and scrot@riefly, mice were
anesthetized, and the balloon was traasally inserted like previously described. The tubing was
taped to the tail to hold the balloon in place. Then mice were ald¥o recover from the@nesthesia

for about 30 minbefore the visual evaluation.

3.3 Statistical analysis

Behaviorameasurements were performed diDanimals (r= 10) for eachgenotype (WT, KO) per

group (T1; T2; T3Results were expressed as mean + SEM. The analysis of variance (ANOVA) of data
was performedbyong | @ | bh ! g A (estfor ppsyibSchidpBrigohgyalues .05

GSNE O2y&aARSNBR AAAYAFAOFIYdd 51 GF 4&ipidBabl yI f &l
Northampton, MA).

4. Assessment of anxietike behavior and locomotor activity

The elevated plus maze (EPM), and the open field test (OF) were perfornasddsanxietylike
behaviorand locomotor activity These tests were chosen tover the expected range of intra
individual outcome variation. Animals (n <1 8), from all three analyzed groug31, T2, T3)f both

genotypegWT-KO) were allowed to habituate to the testing room 1 before starting the tess.
4.1Elevated Plus MaZEPM)Test

The apparatusraised off the ground (50 cngonsisted ofwo open armsandtwo closed armsg6,5

cm x 10cm)separated by a junction argd0 cm x 10 cm). A video tracking system was fixed above
the experimental platform. Themice were placed idividually inthe middle of the apparatus,
facing an open arm, and allowed to eagd for 5 minutes.The maze was cleaned between each
mousewith 30% ethanol to avoid leaving an abnornmalor. Data acquisition and analysis were
performed by the software system EthovisiadT 15Noldus(Wageningen, The Netherland§)he

number of entries and the total time spent in opand closearms were determined

4.2 0pen FieldOF) Test

OF apparatus consisbf a square areng450 Y Sem)nquietly lit up, and a ceilingnounted
camerato record thel y A Yrholvednénts The arenad divided into two areas, the center zone
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(11% ofthe total area)and the surrounding areaBehaviorwas analyzed using Ethovisi¥T 15
software system{Noldus, Wageningen, The Netherlandsjimals were gently introduced into the
center of the arenane at a time and allowed to explore for 10 mias. Theywere then removed
and placed immediately back in their home cage. The arena was cleatie80% ethanol to avoid
leaving an abnormaddor before placing the next animal insid®ata are expressedsanumber of

entries and cumulative duration spentliorderand total distancdraveled(cm).

4.3 Statistical analysis

Behavioraimeasurements were performed onrBlL animals (n=81) for each genotype (WJKO),

per group (T1; T2; T3). Results were expressed as mean D@EMvere analyzed usinamovi

and GraphPad Prism for Windows (version 8, GraphPad Software, Inc. La Jolk§AAest of
homogeneity of variances (Levene) and normality (Shapiii&) were applied.Datasets with
normal distribution were analyzed for significance using mixed model analysis of variance (ANOVA
with genotype and time as independent factors. Pbet multiple comparisons were carried out
dzaAy3 ¢dz] SeQa Llald K2 @< 005 avasdconsiderédN® ldel statisticallyi &

significant.

5. Sampls harvestingand preparation
5.1Murine colon extraction and tissue processing

Mice weresacrificedoy cervical dislocatioprevioushalothaneanesthesi&®'. Ventral incision was
made usingsterile scissors and force@nd the intestine was cut after the stomach and before the

tail (at the end of the rectumand removed with a clap Only the portiorbelowthe cecum(colon)

was used in this thesis worKhe colon content was gently flushed by inserting eound needle
syringewith cold phosphatebuffered saline (PBBX pH 7.4)Pieces otolonabout 1 cm longfrom
proximal to distawere cut and fixed in 4% paraformaldehyde (PRABSovernight at 4°C. The
samples were washed with PBSx(B min, room temperature (RTgently agitation) and stored in

PBS with 0.1% sodium azide until use (shemn storagg. The mesentery wagliminated by a
sterile bladeunderthe stereomicroscopgNikon SMZ645, Tokyo, Japan). Samples were further cut
into ~5 mm-long piecesand cryoprotected in PBS with 30% sucrose and 0.05% sodium azide
(overnight, 4°C, agitation). Once sank to the well bottom, the tissue was embedded in Tissue Tekd
0O.C.Tu Compound (O.C.T.= Optimal Cutting Temperature, Killik, Bio Optica, Milan, Italy) and

sectionedby cryostat (Leica CM1850, Wetzlar, Germarag)-23 °Ccutting temperature Parafilm
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cylinders fixed on the stubs were filled with O.C.T. and thegoaimatedsampleswere placed
inside, perpendicularlyin order to getransversesections50> Ythick crosdree-floating sections
were cut collected and stored at 4°C in PBS/sodium azide (0.05%) to pertbenm

immunofluorescencanalysis

5.2Extraction of mouse DRGs: tissue sections and culturing of primary neurons

DRGs have beeused in two ways: whole (as tissue), and as a source for primary cultures of neurons.
The extraction procedure is the same, but the pa@d postextraction steps change. In the first
case, for whole DRGHe animalgn = 3 per genotype, per groupyere deeply anesthetized and
transcardiallyperfusedwith 4% PFA (Sigma) in RR¥ pH 7.4) The spinal cord wsextractedand

the single DRGgmoved(see description belowgnd subjected to postixation in 0.4% PFA at 4°C
overnight. The fixative solution was replaced with cryoprotective solution of 30% suddé¥8s
cryo-sections $0 um) were obtained from lumbeacral spinal cord segment (starting from T13
vertebral spine) and collected on slides (Superfrost Plus, Thermati§c)e

Primary cultures of DRG neurons were prepared accordirgpreviously described protocol with

some modificatios®>¢33 Mice were anesthetized by halotharbefore decapitation. The prone
position mousewassprinkled with ethanol, and by means of sterile forceps and scistwsoat

and underlying layers, internal organs,daexcess skin and musculatunesre removedto isolate

the spinal colum (Fig. 14 a)Under the stereomicroscope, the lumbosacral pamtiof our interest

was then cut with the scalpé€Fig. 14 h)The spinewaslongitudinallycut in the middle sofor each

half one gangliorwith its routswasobtained (Fig 14 ). The ganglia were transferred in ice cold
DPBS 1x (Gibco) and ttomts were cut using a sterile bladeig. 14 f)After rinsing in DMEM (Gibco),

the ganglia were placed in DMEM containing 5000 U/mL type IV collagenase (Worthingtory for 45
Tp YAY O0AG RSLISYRa 2y i wdShet tyWiseWithfFEShtainidéediumi o1 ¢
and then gently mechanically dissociated with passages through 0.5 mm sterile needles. Cells were
centrifuged for 10 min at low speed and then appropriately diluted in 1 mL of DMEM medium
containing 10% FBS (Gibco), 50 ng/mL NGF (GibgbR ™ ®p > I kDvafabirOfarandsida, y S |
(AraC, Sigma). For immunocytochemistry, 15.000 cell/ml were plated onto 18 mm round glass
coverslips, preeoated with polyL-lysine and Laminin. Cell cultures were maintained in an incubator

at 37°C, with 5% GQOCells were maintained in DMEM, supplemented with 10% FBS in the presence
2F pn y3IkY[ bDC3I I -p&xabimofupanosidek(A4C, Sipéna) fo detluteSglial cell

expression. Half volume of medium was changed every second day.
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A

Dorsal horn

White matter Dorsal root

Dorsal root
ganglion

Figure 14 Dorsal Root Ganglia extractior{A) Schematic representatioof DRGlocalization clusters ¢
sensory neurorcell bodies located in the dorsal root of the spinal cded Mouse spinal cord exposti®
the spinal cord, blockewith thick tweezerdo assure the dorsal position,l@ngitudinally cut into two halve
along the midline; (q)eeling of the spinal corth arostro-caudal directiorio expose the DRGBlack arrows;
(d) the meningeqwithe arrowg are carefully removed to expose the DRE) ganglia are visibl¢blaclk
arrow) with their roots black trianglé; (f) single gangligarrow) with their roots(triangles are extracted

6. Immunofluorescenc@F)

6.11F on colon and DRfByosctions

p n >tlvick transverse fredloating sections of colon were put into 48ulti well plates (2 sections

per well) whereas the DRGgere handleddirectly on slides by mears PAP Pen (Abcan$amples
werewashed with PBS (5 min, RT) in order to remove the O.C.T. Sections were blocked with 5% BS
in PBS with 0.5% Tritor2¥0 (1 h, RT).e8tionswere incubated in humid chamber with primary
antibodies diluted in PBS, 1% BSA, 0.5% Trid@0X(overnight, 4°C After washing (PBS,x20

min, RT)theywere incubated with secondary antibodies in humid chamber (2 h, RT). From now on,
Fff GKS &adSLla ¢SNBE OFNNASR 2dzi Ay GKS RI
diaminobenzidine2-phenylindole (DAPI, Sigafldrich) for 10 minutes at RT, washed (4x10, Rl

and mounted with FluoromourG mounting medium (Sigraldrich). The following antibodies
were used: rabbit antPGP9.5 (1:1000; Abcam), guinea pig-B@iP9.5 (1.1000; Millipore), rabbit
anti-TRPV1 (200, Alomone, Jerusalem, Israel), rabbit ahiRPV4 (1:3Q0Abcam), rabbit anti
TRPA1 (1:4Q00lovus Biologicals, Centennial, Colorado, USA); Cy2 donkewglalniti (1:400; Jackson
ImmunoResearch, Laboratories Inc., West Grove, Pennsylvania, USA), Adexa&8iGoat anti
guinea (1:1000; Invitrogen), Gg8njungated Fab fragments donkey ardbbit secondary antibody

(1:20Q Jackson ImmunoResearch), Cy3 donkeyramibdit (1:400; Jackson ImmunoReseardtie
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specificity of each immunofluorescent signal wassured by incubation with only secondary
antibody. The fluorescent signal of negative control samples was taken as threshold to detect the
specific signalFor colon sections double immunostaining antibodies from the same host species
(rabbit) were usedFor this purpose, monovalent Fab Fragments of affipuyified secondary
antibodies was used, to achieve both labelling and the effective blocking of the first primary
antibody, in order to prevent overlapping detection of antigens. In this case, sanses
incubated (overnight, RT) with the primary antibody rabbit affRPV1, TRPV4, or TRPAL. After
washing, they were incubated (2 h, RT) with an excess ct@y8ngated Fab fragments donkey
anti-rabbit (1:10Q Jackson ImmunoResearch). The samples weem washed again and +e
incubated (overnight, RT) with the second primary antibody, the rabbit-RG#9.5 (1:10Q0
Abcam). Finally, sections were incubated (2 h, RT) with thedQ@yi2ey anti rabbit secondary
antibody (1:400Jackson ImmunoResearch) atdined with DAPColon gctions were transferred

on polylysinecoated slides (Superfrost UltraPlus®, Thermo Fisher Scientifiereas the DRG

sections werecovered

6.21F on DRG neurons

Cells were fixed with 4% PF3igma)n PBS0.01 M, pH 7.4for 20 min, RT and washed in 1X PBS (3
x 10 min, RT). Then they were incubated with blocking solution 5%rBERBS 1X pluk5% Triton
X-100(45 min R7. Samples were then incubatedth primary antibodies (over night, 4°C). In detail:
mouse antiNeuN (1:1000Millipore),rabbit anttTRPV1 (1:5@anta Cruz), rabbit artiRPV4 (1:300
Abcan), rabbit antiTRPA11:400;Novus). The following dagfter 1X PB®ashes (& 15min) the
incubation withthe secondary antibodiewas done(1h, RT, shaking). The secondary antibodies
were: donkey antirabbit Cy3(1:400; Jackson ImmunoResegremdgoat antrmouse Cy21(:400;
Jackson ImmunoReseajchAfter 1X PBS ashes (3x 15min), samples were mountedvith
Fluoroshielat with DAP[SigmaAldrich) on polylysinecoated slides (Superfrost UltraPlus®, Thermo

Fisher Scientific)
7.Image acquisition and processingnfocal microscopy arichageJ

7.1Tissue sections acquisition

Images of tansverse colorand DRS sectionswere taken on Nikon DEclipse Cinverted laser

scanningconfocal microscopeat 40X magnification(Immersion oil, Sigma). The threshold value

(gain) for each of the three channels of our interest (blue, green, red) was set based on the negative
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control in order to eliminate nonspecifgignalsEach experiment was performed in triplicate, and
4-6 sectons per sample were acquired from ea@ixor more images (depending on size) were
taken to have theentire section(n=3; WT and KOT1, T2, T8 EZC1 3.90 FreeViewer and Image J

software were used for image processing

7.2 DRGeuronsimagesandfluorescence quantification

Images oheurons fromDRG weracquired byNikon DEclipse C1 inverted laser scanning confocal
microscope, at 40X magnification (Immersion oil, Sigma). The threghhlds wereset based on
the negative control in order to ehinate nonspecific signals. Each experiment was performed in
triplicate and15images per sample were acquiréa=3; WT and KO; T1, T2, TigdageJ software
was used to quantify the fluorescence of each neuron. Eauih @lack/white) transformed image
was processed as followd: y I f &8 T SMed3yreiméntsh ! NBI = a S| ynte@dttd &8
density and Min and max gray valughen, usingrreehad selectionthe perimeter of each celVas
manually outlinedandl y I £ @ T S [yo\ad&lthé \@dNESS of our interest. The same procedure
was performed to set the values of the background, if gfyg.15). For data analysis, the values
obtained were exported to Excelfor calculation ofCorrectedTotal Cell Huorescence QTCF) =
Integrated density- (area of selected cell x average of background fluorescdiiae)previously

described ifMcCloy et al(2014)5%,
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Figure15 Quantitative fluorescence analysis on cell§he image illustrates the three steps to obtain
fluorescence quantity data. From the meAmalyze Measure,and seting ofthe parameters Ifottom left).
Using the cursor the shape of the sgiyellow ling were drawn and one by one the measurement &
taken.Finally, a region bordering the cell, which does not show fluorescence sigamleasured to set ti

background valug From Imgag¢om

8. Microbiotaassessment

8.1Fecal DNA extraction

DNA was extracted from thmousefecal samplesiccording tahe protocol described b¥eckhout

and Wullaert (201883 with a few modifications as described beloWw was performed using the

QIAMp® DNA Stool Mini Kit(QIAGENYiving i K S

YI ydzF I OdG dzNB ND &

Ay a i NHzC

mechanical lysis by bedukating.Briefly, 206300mg of feces wre weighed for each sampland

0.5 g of zirconia beads (Grim diameter), 4 glass beads (3 rthameter) and 1.4 ml of ALS lysis

buffer (QIAGH) were added. Chemical lysis was supported by mechanical one performed with

FastPrep Instrument (MP Biomedicals, Irvine) thfough 3 homogenization steps of 1 min at 5

movements/s, interspersed with 5 min of incubation on ice. Then, samples were irclida®5°C

for 5 min to complete cell membrane lysistwyat shock and centrifuged at 13,000 rpm for 1 min at

4°C.The supernatants were incubated with half InhibitEX Tablet (QIAGEN) to remove inhibitory

substances. After further centrifugation at 13,000 rpm for 3 min at room temperature, the

supernatants were incubated with 15 pl of Proteinase K and 200 pl of Alr WQi&@GEN) at 70°C

for 10 min, to remove any residual protein. The DNA was then purified using the QIAGEN spin
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O2f dzyYyas Fa LISN G§KS Sdeofidalyh©DNENEiNGD in tha gokitnNzO | A
washed with 500 pl of AW1 buffer and then w0 ul of AW2 buffer, which take advantage of
different percentages of ethanaod allow the elimination of residual reagents, as well as to elute alll
cellular material ceextracted with the DNA; at each wash, the samples were centrif{$yd@00

rpm, 2 min, RT). To remove all residual ethanol the samples were vacuum centrédg@min, RT)

To elute the DNA from the column, separating it from the resin, 50 ul of AE buffer was added and
followed by centrifugatiorf13000 rpm 1 min,RT).The same elution sfes were repeatedwice with

50 ul of AE buffer, eventually yielding an aliquot equal70 pl of genomic DNA for each starting
fecal sample. The extracted DNA was quantified using the NanoDrop ND 100 spectrophotometer
(NanoDrop Technologies, WilmingtonED Samples were diluted DNase/RNas€ree Distilled

Water (Roche, Basel, Switzerland) to a concentration of 5 ng/ul and stor&Dat.

8.216S rRNA gene amplification and sequencing

The V3V4 hypervariable regions of the 16S rRNA gene warplified using primers 341F and 785R
AyOf dzZRAY3a 2@SNXKIFyYy3 | RFLIWGSNI aS1ljdzSyO0Sa F2NJ Ltf
{ SljdzZSy OAy 3 [ A ophtodal(lllumings $ah Digdgd, £A& YSA). Amplicons were purified
using a magnetic beadasd system (Agencourt AMPure XP, Beckman Coulter, Brea, CA, USA) anc
indexed with Nextera technology by limiteycle PCR. NA STt 83X Sl OK wp >f t/
yIk>f YAONRYMO t5b! T M >a -ZCBTCEROABCATRAGATGAGCTSTAA
GAGACBCCTACGGGNGGCWGCANd M >MBE JSNE S -GINNGGCIGGGOGTEGGAGAT
GTGTATAAGAGACAGGACTACHVGGGTATGTAMNEICH ®p Kaph Hifi Hestart ReadyMix
(Kapa Biosystemsjere added The PCR conditions were as followsf A G A I £ RSy I (i dzNJ
3 min (melting} 30 cycles 0of98°C for 20 se¢melting) 55°C 30 se¢annealing) 72°C 30 sec
(elongation) and 72°C x 5 mir(final elongation)After further purification, the final libraries were
prepared by pooling theasnples at 4 nM, denaturing the pool with 0.2 NaOH and diluting it to 5
pM. Sequencing was performed on an lllumina MiSeq platform using a 2 x 300 bp-gaired
LINE G202t | O0O2NRAY3I (2 RewSegWdnoihdzEdddrg depaBithidirttheA v a
European Nucleotide Archive (ENA) under accession number PRIJIEB61216

8.3Bioinformatic and statistical analysis

Bioinformatic analysis of the sequences we obtained was performed in collaboration with the
Microbiome Science And Biotechnology Unit ledFsgf. Marco Candel@Jniversity of Bologna).

After sequencing, the 16S rRNA gene sequences were returned in .fastq format. The reads in the
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fastq file were processeasingPANDAself’. PANDAseq aligned the forward (R1) and reverse (R2)
pairs of reads;his was followed by merging and reconstruction of the actual sequence between R1
and R2, filtering the resulting sequences based on quality and length. An additional sequence
cleaning step was conducted using QIIME2 (Quantitative Insights Into Microbiag¥gcsoftware
(https://giime2.org), a bioinformatics platform that enables the analysis of complex microbial
communities through a pipeline that includes the DADA2 (Divisive Amplicon Denoising Algorithm)
plugrin®%842 The cleaned sequences, obtairfedm PANDAseq, were imported into a single file in
.gza (QIIME zipped archive) format into the QIIME2 working environment. Through the DADA2
algorithm, a denoising process was carried out. In parallel, QIIME2 performed clustering of
sequences into ASVs (phton Sequence Variants) based on their sequence homology. During the
DADA2 denoising process, the ASVs are filtered by quality, generatin@Qtbdjty ASVs with the
undiscarded sequenceslsing the VSEARCH program and the Greengenes datahaseomic
assignment of HiglQuality ASVs was conducted and returned as ASV tables of which, for the
purpose of analysis, 3 distinct levels of taxonomic classification were considered, namely: phylum,
family, genu%*3644 Relativeabundance was reported for eadhxonomic unit. The ASV tables
obtained were analyzed to calculate the ecological indicealpadiversity andbeta-diversity,
intra-sample and inted | YLJX S RA @S NA A (0 diversityBllawsI§uaniifying $he degree¢ KS h
of biodiversity of the intvidual sample as an independent variable, through the parameters of
richness (number of species present) and distribution (percentages of relative abundance of species
in the sample)To enable comparison of diversity among different samples, multiptfaation was
performed. Rarefaction was performed until a plateau of taxonomic richness was reached, with a
minimum number of ASVs for a normalized analysis of all samples. The metrics used in these
analyses are divided into (1) phylogengsed metrics an¢{R) nonphylogenybased metrics: of the
former, the PDWhole Tree metric was used (defines diversity based on phylogenetic distances of
observed species), for the latter, Chaol (defines diversity by species richness in samples) and
Observed ASVs (definésA OSNARAGE o0& GKS ydzYoSNJ 2F 20-aSNBSR
diversity was computed using the UniFrac metric to construct phylogenetic distance matrices from
the ASVs tablé$. The ASVmbles were subjected to biostatistical analysis using the open source
software R (version 3.6.0, https://wwwsitoject.org/) and the program RStudio (version 1.2.1335,
https://www.rstudio.com). Applying a selection filter, all taxonomic groups that dt mave a
relative abundance greater than 0.1% for at least two samples were discarded; the discarded taxa

were then grouped into a single cluster named "Other" of the corresponding taxonomic
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classification level of each ASV table (phylum, family, geflaestompare the microbial diversity
and taxonomic composition among the different sampling tipzents, a KruskalVallis significance

test was conducted for preliminary analysis, confirmation was then sought with the paired Wilcoxon
rank-sum test method focorrection of Type | errors due to running multiple tests on the same data.
The results of these analyses were provided asgiok barplot, ringplot or scatterplot using R
packages such as ggplot2 and plét§®+’ Values of p<0.05 were consided as significant.

In parallel, beta-diversity analysis highlights differences in gut microbiota composition among
different samples, making it possible to represent them in a ndittiensional graph. To make the
distance matrices easy to read, the Umi€rweighted and unweighted files were graphed by
multivariate Principal Coordinates Analysis (PCoA), performed with the vegan package (vefsion 2.5
6; https://CRAN.Rproject.org/package=vegan) ¥f.R'he Adonis function, from the same package,
was usedd assess the statistical significance of the resuli®ined through a permutation test.
Considering the absence of data in the literature regarding the microbiota of mice and Fabry
patients, to validate and extend the analysis, it was decided to pertosmcond analysis from the
High-Quality ASVs with the undiscarded sequences.

This analysis was conducted at the APC MicrobiomenbtetaUCC University College of Cork
(Laboratory of Prof. John Cryan) during my internship at the aforementioned hostyfacili
Specifically, in this case, 3b@sepair pairedend reads were prdiltered based ora quality score
threshold of >30 and trimmed, filtered for quality @mhimaeras using the DADA2 library in R
(version 4.1.2). Only samplesth >10,000 readafter QC were used in the analysis. Taxonomy was
assigned with DADA2 against the SILVA SSURef databas®at88eters recommended in the
DADA2 manual were adhered to unlastberwise specified. ASVs were aggregated at the genus
level. As ratiosare invarant to subsetting and this study employs compositional dataalysis
techniques, features that were unknown on the genus level weseconsidered in downstream
analysis, as were genera that were onlgtected as norzero in 10% or fewer total sampfé8
Genera that were never detected at a 2% relative abundance or higher were aggregated and defined
4 NINB GFEIF F2NJ GKS aGFO1SR 6N LX20Gad ¢KS3
The iINEXT library was used to computdiversity forthe first three hill numbers (Chaol, Shannon
entropy and Simpson Indéxy. Changes ih-diversity were assessed using linear models. Principal
component analysis was péormed on centred logatio (clr}transformed counts as a visual
companiontothed S+ RAGSNEAGE lylfearad &SNBBEBRRS NS
diversity was computed as Aitchison distance (Euclidean distance-tohrcdformed counts) and
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differences were measured using the PERMANOVA implementation from the vegan Wrary
1000 permutation®? Differential abundance of taxa and functional modules was assessed by
fitting linear models on the cliransformed count tables. To correct fanultiple testing in tests
involving microbiome features, the Benjamidochberg post hoc procedure was performed with a
false discovery rate (FDR)vglue of 0.1 as a cuiffs53 Plotting was handled using ggplot2. All R

scripts are available online https://github.com/thomazbastiaanssen/PPAAPICRUSt2 was uben

raw DADAZ2 output for functional inference from 16S rRNA geggience of microbiome samples
in the form of KEGG orthologu8s GutBrain Modules (GBMs) and GMtetabolic Modules
(GMMs) were calculated using the R version of the Gonaad?®. Further data handling was done

in R (version 4.1.2) with the RStuddJI (version 1.4.1717).

9. Assessment dCFAm fecal samples
9.1 SCFAguantification Gas Chromatographyass Spectrometry

Quantification of SCFAs was performieg using a headspace sofitase microextraction gas
chromatographymass spectrometry (HSPME G®™S) method For eah fecal samplea 250mg

aliquot was weighedriefly, 256mg aliquots of fecal samples were homogenized in 10% perchloric
acid solution and then centrifuged at 15,000 rpm for 5 min at 4°C. Fifty microliters of supernatant
were added with internal standarS, D&utyric acid) and diluted 1:10 in water. We performed

the calibration by analyzing spiked sample solutions and water standard solutions at scalar SCFA
concentrations (external standardizatiorfjor acid identification and quantification, calibiati
solutions were prepared through Sigma commercial kit containing the internal standard and all
standards of acetic, propionic, butyric and valeric aciéh& obtained solutions underwent FEPME

and GEMS analysis. HSPME operated under the followingnmtitions: temperature of 70°C, 10

min equilibration and 30 min extraction, 75 pm CarboxenTM/polydimethylsiloxane fiber (Supelco,
SigmaAldrich, Italy, Milan). Analytes were desorbed in the GC injector at 250°C for 10 mifiSGC
analysis was performed withe TRACE GC Gas Chromatograph (Thermo Fisher Scientific, Waltham,
MA, USA), interfaced with the GCQ Plus mass detector (Thermo Fisher Scientific) with an ionic trap
analyzer, operating with a El ion ionization source (70eV). The capillary column u§xd Yeas a
Phenomenex ZBVAX (30m x 0.25mm ID, 0.15 um). Helium (SIAD S.p.a.) was used as carrier gas at
1 ml/min. The thermal program was: 40°C for 5 min, increasing by 10°C / min until 220°C was
reached and held for 5 minutes. The temperature of the elmtimpact (EIl) source was maintained

at 200°C, while the transfer line was maintained at 250°C. Injector base was at 250 °C in splitless
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mode. Mass spectra were analyzed in-8dan (34200 m/z) and in extract ion mode (EIM) on the
Elgenerated ions: 45ra 60 m/z for acetic acid, 55 and 73 m/z for propionic acid and isobutyric
acid, 60 and 73 m/z for butyric and valeric acid, 60 and 87 m/z for isovaleric acid, 63 and 77 m/z for
the internal standard (D&utyric acid). The concentration of SCFAs was asggekin pumol/g stool.

The range for the detection limit was between 4 and 68 nmol/g.

9.2 Statistical analysis

Samplesvere collected from 10 animals &10) per genotype (WWKO) per group (T1; T2; T3). Data
were analyzed using GraphPad Prism for Windows (version 8, GraphPad Software, Inc. La Jolla, C
USA). The data are represented as mean values + SEMwdyanalysis of variance (ANOVA)
followed byTulS & @dst hoc test for multiple comparisons were applied. p < 0.05 (*), p < 0.01 (**)

and p < 0.001 (***) were chosen as indicating significance.

10. Assessmenbf lysoGb3 effect orelectrolyte and fluid transport and sensory

nerves activationby Ussinghamberandon contractility byorganbath
10.1 Animals

Adult C57BL/@ male mice purchased from Harlan, UK, were gittaysed and maintained on a

12h ¢ 12 h darklight cycle with a room temperature of 22 + 1 °C; standard rodent chow and water
were availablead libitum All experimental procedures were condadt in accordance with
European Community Council Directive (86/609/EEC) and approved by the local University Colleg

Cork Animal Experimentation Ethics Committee.

10.2Tissue preparation and Ussing Chamber

Mice were euthanized by decapitation, and teetire colon was removed and placed in cold Krebs
solution (0.012nM NaH2PO4, 1.1d NacCl, 0.0481 KCl, 0,01% MgCl2, 0,250 M NaHCO3, 2.5 mM
CaCl2, and 10 mM-glucose). Seromuscular stripping was carried out by dissection under a
stereomicroscope, and It the longitudinal and circular muscle layers were removed. The resulting
mucosalsubmucosal preparations were mounted in Ussing chambers (Harvard Apparatus, Kent, UK
exposed tissue area of 0.12 #mvith 4 ml of Krebs solution at 37°C, and oxygenatel varbogen

gas (95% £) 5% Cg) in both the basolateral and luminal reservoirs as described previSuslip

to six preparations were obtained from each mouse and mounted in order from the proximal to

distal part.
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Tissues were voltaggamped at dnVVusing an automatic voltage clamp (EVC 4000; World Precision
Instruments, Sarasota, FL, USA); the sboduit current (s required to maintain the potential at

0mV was recorded as a reflection of the net active ion transport across the epitheliurateiResi

was calculated using Ohm's law. Experiments were carried out simultaneously in chambers
connected to a PC equipped withataTrax Il aftware (World Precision Instruments). After
mounting, the tissue was allowed to equilibrat®30 min) until astable baseline was achieved.
Reagents were added to the basolateral or apical chamber as the following indicated. The change
Ay (KS aK2 Nlls)@asNadieted baSedzbiiNie yalue biefore and after the stimulation
and was normalized as theiicent per unit area of the epithelium (mA/cth Carbachol (CCh) and
forskolin (FSK) were added at the end of each experiment to assess tissue viability and epithelial

secretory function.

10.3Treatment and Drugs

Serosal administration of lysBb3 (synthdt - 860952P, Avanti Polar Lipids) was performed at
increasing concentrations (30 n1100 nM¢ 300 nM¢ 1 pM ¢ 3 uM - 10 puM) to test its effect in

GKS | O0dziS aSidAy3a | yR | @&t NEER.TheYidaycdniehtzatio® & 3 S E LJ2
UM lysaGI3 was chosen for the subsequent experimental protocols.

All drugs were obtained from Sigafddrich unless otherwise stated. The following compounds

were used, with the final concentration, side, and diluent in parenthesis: carbachol (CCh) (100 pM;
serosal;in dH20); forskolin (FSK) (10 uM; serosal; in DMSO); tetrodotoxin (TTX) (Tocris, 300 nM,;
serosal; in dH20); veratridine (VER) (30 uM; serosal; in 70% ethanol); furosemide (FUR) (100 pM,;
serosal; in dH20); Pyrimighyrrolo-quinoxalinedione (PPQ) (MCE, gM; apical;, in DMSO);

capsaicin (3uM; serosal; in 70% ethanol). The administration protocol (order and time) for each

compound will be indicated for each specific experiment.

10.40rgan Bath

The proximal colon was excised from mice and the tissue was mounted to record the muscle
contractility. The colonic tissue was suspended from a tension transducer in a tissue bath of
carbogenbubbled Krebs solution underdlL of tension and allowed to eqiotate (2@;30min)

before reagents were added to the bath. Changes in tension were recorded and analyzed using
Powerlab and LabChart8 (AD Instruments Inc., Colorado Springs, CO, USA). Responses are reported

as a percentage of the maximal response evokethbycholinergic agonist carbachol (180a 0 A Y
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each experiment. The tissue was exposed to carbachol before and after the administration of lyso
Gb3 (3uM).

10.5 Statistical Analysis
Data were analyzed using GraphPad Prism for Windows (version 8, GrapffitexateS Inc. La Jolla,
[V '{1O0d ¢KS RIFIGF FNBX NBLINBaAaSyiSR Fa YSIy
unpaired or paired-tests were used when comparing two groups, and repeatezhsures ANOVA

GAOUK . 2YFTSNNRBYAQa Y dztest wastuSd ihanycbdhphiihgirgoye thhdté@ol

groups. p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) were chosen as indicating significance.
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RESULTS

1. Genotyping ofmurine colony

The experiments werg@erformed on male h-Gal A KO mice anglative WT controls, then also
namedh -Gal A/0 andh-Gal A +/QrespectivelyBoth of them werelAX strain B6;128latm/1Kul/J
The choice to work only with male mice was dictated byfdet that the symptomatology is more
severe and uniform in the latter than in the femalds particular, we considered three different
time points: 810-week-old (T1); 16-20-week-old (T2) 12-month-old (T3) Thus, b confirm the
genotype of animals usech iexperiments andcarry out aimed breeding for murine colony
maintaining genotyping was periodically performed on both male and female .midee
electrophoresis gel of the DNA isolated from mice tails and amplified by PCRdbamds of 295
0 LJ F&WI+/0and 202 bp fok -Gal A/0 hemizygous male mé; both lineswere shown in case
of heterozygoudemale(Fig 16).

WT WT KO WT WT HET WT WT HET WT W

295bp
202 bp

Figurelew SLINB a Sy G G A @S A Y I 3 &al2 F/Qh5Qall A-/0 sy -Bal A+LIN e DNAX
11 different animals wasoadedalong with the DNA laddenarker (ane 6 into an electrophoresiggelanc
revealedby UVtransillumination TK S 5 b GalA#0 mice (KO) separated irthe third two lang gave
202bpf 2y 3 Ol YRAZ ¢ KSANBHMica(WTS sepabated i |dnes2, 4-5, 89,11-12, gave
295 bp-longbands Heterozygou$emales(lanes7, 10 gave both the bands at 202 and 295. bp
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2. Assesment of functional disorders at gastrointestinal level and dysbiosis
murine model of Fabry diseasdrom visceral hypersensitivity to the first
characterization of the fecal microbicdad its metabolite

2.1 Abnormal defecation parameteksy-GdlA-/0 mice adiarrhed-like phenotype

Since the main Gl symptoms complained by Fabry patients include diarrhea, we investigated
whether our animal model reportedny motility dysfunctiors. Therefore, stool analysis was
performed by assessindgefecation paraneters like the number of pellets,stool dryweight
(mg/24h), and water content%) As shownn Figurel7>  (i-&#BA-/0 mice compared to controls
showna significantly higher fecal output both with regard to the number of pel(@is,h -Gal A/0
VSh-Gal A +/Qorukey < 0.001; T27-Gal A-/0 VSh-Gal A +/Qorukey< 0.001; T3h -Gal A-/0 VSh-Gal

A +/0prukey = 0.03)(Fig 17 A), andtotal weight, except in this case atB)- week old point(T1,h-

Gal A/0 VSh-Gal A +/Qprukey =0.41; T2,1-Gal A-/0 VSh-Gal A +/Qorukey =0.0Q2; T3,h-Gal A/0
VSh-Gal A +/Qprukey< 0.00) (Fig.17 B). Moreover, posthoc analysisevealed that tlese increases

in number of pellets and fecal output in KO mice wednectlyrelated to the ageln the firstcase,

the effect ofagewas[F (2, 42) = 13@ < 0.001]and theinteraction genotype*ag¢F (2, 42) = 11.7,

p < 0.001] and regarding theotal weight, effect of agewas|[F (2, 42) 4.23 p =0.02] and the
interaction genotype*aggF (2, 42) 8.77,p=0.03]. Similarhz. G KS FSOF f HalA-SNI 02y
/0 mice was significantly higher compared to contriol8-10-weekand 12month old point T1, " -

Gal A-/0 VSh-Gal A +/0ptukey < 0.001 T3 "-Gal A-/0 VSh-Gal A +/0 prukey < 0001) (Fig.17 C)
However this alteration was nosignificantin 16-20- week old mice (T2,-Gal A-/0 VSh-Gal A +/0

prukey = 0.1). Furthermore,although there was both a genotygiependent and agelependent

effect, the two dd not appear to be statistically significantly correlat@edfect of genotype [F (1, 42)
=63.5 p < 0.001]; aggF (2, 42) 26.2 p < 0.00],; interaction genotype*aggF (2, 42) 2.99, p =

0.06])). Overall, thesdindings confirm the presence of a diarrhé&le phenotype in thanurine

model The complete statistical analysis is shown in T&ble
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Figurel7 Diarrheaf A { S LJK S yGaliA&0LdSce. Stgolahalysis was carried out dnGalA -/0 mice
(gray bar®y | YR OGayAi#R¢ihige bdrd at 810 weeksold (T1), 160 weeksold (T2), and 1
monthsold (T3). The fecal output was measuredAmumber of pellets andB) mg produced in 24h(C
The water contentwas calculated according to the equation: water content (%) = 100 (wet weidy
weight)/wet weight. Data are expressed as mean + SEM ahimals per group (& 10). GraphPad Prism
was used for the statistical analysisvoway ANOVAest with Bonferroni postcorrectionwas used*** p<
0.001, ** p<0.0Land *p<0.06vsh-GalA +/0animals
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Figure 17 Two-way ANOVA test with Bonferroni post-correction
Panel A Comparisons n. pellets/24h
genotype F (1, 42) =149 p<0.001
age F @,42) =130 p<0.001
genotype*age F @,42) =11.7, p<0.001
h-Gal A-/0 VS T1 p<0.001
h-Gal A +/0
T2 p<0.001
T3 P=0.04
h-Gal A-/0 T1VS T2 p<0.001
T1VS T3 p<0.001
T2VS T3 p<0.001
h-Gal A+0 T1VS T2 p=0.02
T1VS T3 p<0.001
T2VS T3 p<0.001
Panel B Comparisons mg/24h
genotype F (@, 42) =46.5 p<0.001
age F @, 42) =4.23 p=0.02
genotype*age F @, 42) =3.77, p=0.03
h-Gal A-//0 VS Tl ns
h-Gal A +/0
T2 p=0.003
T3 p<0.001
h-Gal A-/0 T1VS T2 ns
T1VS T3 p=0.010
T2VS T3 ns
h-Gal A+0 T1VS T2 ns
T1VS T3 ns
T2VS T3 ns
Panel C Comparisons % water content
genotype F (L, 42) =65.5 p<0.001
age F @,42) =26.2, p<0.001
genotype*age F @, 42) =2.99 p=0.06
h_Gal A-/0 VS T1 p<0.001
h-Gal A +/0
T2 ns
T3 p<0.001
h-Gal A-/0 T1VS T2 p=0.010
T1VS T3 Ns
T2VS T3 ns
h-Gal A+0 T1VS T2 p<0.001
T1VS T3 ns
T2VS T3 p<0.001

Table7{ GF GA&GAOLI € FyFfeaArnr 2 ¥! FT56d A0 hdReNdt tiréel
different ages.Age-genotype-dependent correlations8-10 weeksold (T1), 1620 weeksold (T2), and
12 monthsold (T3) ns = not significat.
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2.2 Visceral hypersensitivity ' -Gal A/0 mice

To evaluate vhether the diarrheatlike phenotype inh-Gal A-/0 mice was associated with
differences in visceral sensitivity, waeasured theViscemal Motor Response (VMR and the
Abdominal Withdraval RefleXAWR to Colorectal DistensiorCRD. Experiments were performed
on 10 animals (n = 10) pgenotype("-Gal A-/0 VSh-Gal A +/0 per group (T1, T2, T3)t was
performed through the insertion of a balloon inflated with increasing volumes in the rah§6-
300 pL. The maximum distending volus#50uLat T1, 20QuLat T2 and 30@iLat T3) verechosen
based orthe animals ageto avoid injuring the colon.

Figurel8showsii K -GalAb/0 micedisplayechigher abdominal responses to the colorectal stimuli
O2YLJ NBR (2 O2y(iNRfa I i -GalAdKnicevasigrifigantlf idcte&sBdd
in response to the balloon inflation with volummsd.00 ulLat all three time pointgh -Gal A-/0 VSh -
Gal A +/0T1,100pLp =0,004 150uLp =0,006; T2,100uLp <0,001, 200pLp <0,00L T3 100pL

p =0,002 200puLp <0,00L; 300uLp =0,00) (Fig.18 A-B-C). Similarly by scoring the behavioral
nocifensive response t6RCthrough the AWRassessment -GalA -/0 mice showed a significantly
greater sensitivityo controls even at the lowest distension volume (50 pith anhigher scordo
anyappliedstimulus("-Gal A-/0 VSh-Gal A +/0iT1,100uLp <0,001, 150uLp <0,001; T2,100uL

p <0,001, 200uLp <0,001L; T3 100puLp =0,02, 200uLp =0,005 300uL<0,00]) (Fig.18 D-EF),

providing evidencef visceral hyperalgesialrhe completestatistical analysis is reported in Table 8.
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Figure 18 Assessment oft A & OS NI f K & LISGUBAS/Y midelby CRDWisceral gensitivity was

assessed in-80 weeksold (T1), 16820 weeksold (T2), and 12nonths2 f R éG&lé YO (White) and

O 2 y (i NGaKkAE+HO {grey) mice, by measuring the electromyography (EMG) amplitude of abdominal
contraction (VMR) unddight anesthesialéft pane| AB-C) and by scoring the behavioral responses (AWR)

in consciais animals ight pane|] D-EF) to theCRDwith increasing volumes (5800 pL balloon inflation).

Data are expressed asean + SEM of 10 animals per gro(p = 10) Origin 9 software (OriginLab,
Northampton, MA)as used for the statistical analysis. @hé € ! b h £ ! F2tft26SR o0& . 2y
test wasapplied *** p<0.001, *p<0.0Land *p<0.06vsh-Gal A +/0animals
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Figurel8 Two-way ANOVA
Panel AB-C Two-way ANOVA statistics for VMtest
Comparisons Colorectal Distending Volumes
50 pL 100 pL 150 pL 200 pL 300 pL
genotype F(148) = | F(149=| F114=| F(136) = | F(1.20) =
9.1, p=0.0(4 41.7; 85.2 66.1 51.4
p<0.001 p<0.001 p<0.001 p<0.001
age F(248) = F(248) = n.d. F(,36) = n.d.
4.1; p=0.023 0.3 28.5
p=0.754 p<0.001
genotype*age | F (248) = F(248) = n.d. F(,36) = n.d.
0.4; p=0.694 0.0% 0.2
p=0987 p=0.647
h-Gal A/0VS | T1 n.s p=0.004 p=0.006 n.d. n.d.
h-GalA+/0 | T2 n.s p<0.001 n.d. p<0.001 n.d.
T3 n.s p=0.002 n.d. p<0.001 p=0.009
Panel DEF Two-way ANOVA statistics foAWRtest
50 pL 100 pL 150 pL 200 pL 300 pL
genotype F(,52)=| F(1,52)=| F(1,B) = | F(1,36)=| F(120)=
36.5; 98.3; 41.2; 82.7; 106.2;
p<0.001 p<0.001 | p<0.001 | p<0.001 | p<0.001
age F(2,52)=| F(2,52) = n.d. F (1, 36) = n.d.
11.5; 26.9; 162.2;
p<0.001 p<0.001 p<0.001
genotype*age | F(2,52)=| F(2,52)= n.d. F (1, 36) = n.d.
5.7; p=0.005 9.4; 0.2;
p<0.001 p=0.652
h-Gal A/0VS | T1 n.s p<0.001 p<0.001 n.d. n.d.
h-Gal A +/0
T2 n.s p<0.001 n.d. p<0.001 n.d.
T3 n.s p=0.032 n.d. P=0.006 p<0.001
Table 8 Statistical analysis ofiisceral sensitivityA y-D P £ ! b-Gal A-10 yhike alt three

different ages.Age-genotype-dependent correlations8-10 weeksold (T1), 1620 weeksold (T2), and
12 monthsold (T3) n.s. = not significantn.d. = not detected.

2.3 Anxietylike behavior trag andNBS RdzOS R f 2 O 2 Y-@dl 2/0thide OG A @A G @

Given thedifferent resultsbetweenh-Gal A-/0 and h-Gal A +/Omice in motility and visceral
hypersensitivity, we decided to investigate the role of the-grdin axis. To dthat, the anxiety and
locomotor activity were investigateoly the Elevated Plus Maze (EPM) Test @men FieldOF)Test
evaluatorsof fear and anxioudike behavior In particularthe firstwasmainlyused to test anxiety
like behavior, the secondo assessa more generalized anxious traibcomotor activity and
explorative behavior In fact, in this regardit has been argued that emotionality is not cne

dimensional but rather has the ability to vary along different axes ittidimnensional space. This
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means that different environments, such as open spaces, lighted or elevated areas, can provide
different behavioral responsé¥.

With regards to the EPM, betweeénGal A-/0 andh-Gal A +/0Omice, for the same total entries
(effect of genotype [F (1, 48) = 0.199,= 0.66]; age [F (2, 48) = 1.59,= 0.21]; interaction
genotype*age [F (2, 48) = 0.5 0.57])(Fig.19 A) no significandifferences were found in either
the frequency of enly into the closed arms (effect of genotype [F (1, 47) = 0.4350.52]; age [F
(2, 47)= 2.25p = 0.117]; interaction genotype*age [F (2, 47) = 0.§24,0.49) (Fig.19 BQ or the
time spent in them; even if for the latter in-Gal A-/0 mice there wa a timedependent decrease
(effect of genotype [F (1, 47) = 3.53,= 0.07]; age [F (2, 47) = 15®< 0.001]; interaction
genotype*age [F (2, 47) = 1.2~ 0.29]). In particularl2-month-old KO mice spent less time in
close arms compared to the sargenotype younger mice, both atB) weekold and 1620 week
old (T3"-Gal A/0 VS T -Gal A/0 prukey=0.001; T3 -Gal A/0 VS T2 -Gal A/0 prukey=0.002)

On the other hand, bDF testwe observed that -Gal A-/0 miceshoweda significant decrease in
frequency in the periphery at all the threges(effect of genotype [F (1, 51) = 68.p4 0.001]; age
[F (2,51) = 9.78 <0.001]; interaction genotype*age [F (2, 51) = 1.86,0.293]h-Gal A/0 VSh-
Gal A +/0 T1prukey< 0.002 T2,prukey=0.002; T3prukey=0.005) (Fig.20 A). Howeverthe time spent
in borderbyh -Gal A-/0 was significantly increased (effect of genotype [F (1, 45) = 5388,001];
age [F (2, 45) = 5.9/,= 0.005]; interaction genotype*age [F (2, 45) = 0.G¥5,0.93] h-Gal A-/0
VS -Gal A +/0 TIptukey= 0.008; T2prukey< 0.001; T3prukey=0.0@R) (Fig20B), indicatingan anxiety
like behavior traitin Fabrymice. Furthermore, we observed thdt-Gal A-/0 mice exhibited
decreased spontaneous activity in tld-arena comparedo control littermates only af 3(h-Gal A
-/0 VS -Gal A+/0 prukey=0.002)(Fig20 Q. Thisalteration was not observed at80- and 1620-week
old (810-week old,h-Gal A/0 VSh-Gal A +/Qotukey=0.517; 1620-week old,"-Gal A-/0 VSh-Gal A
+/0 prukey=1.000) Posthoc analysis revealed that this reduction in locomotor activity observed in
h-Gal A/0 mice is directly related to the ageffect ofage [F (2, 47) = 7.2 = 0.002]; interaction
genotype*age [F (2, 47) = 9.39<0.001]) The completeOFstatistical analysis shownin Table 9.
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Figure19 Assessment of axiety-like behaviorA y-DP f |  bH@ahA-/0 rfide byElevated Plus Ma:
Test Experiments werearried out on8-10 weeksold (T1), 1620 weeksold (T2), and 12 montka f R «
GalA-/0 (greyv | Y R ORajAi+/B@Hite) mie.Data are representative of at least three indepenc
experiments performed on-11 animals (n =-11) per group per genotypeAnxietylike behavior we
measuredas (ANumber of total entriegB) Time irtlose arms (drequencyn closearms Values represel
means+SEM-21 & ! bhx! F2ff 2gSR &bp<Codzi8d 0.801 sEaddigerfotgpt
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Figure20 Assessment of anxietjike behaviorand locomotor activityA y-D P £ | H@ahA-/0 ryide

by Open FieldTest Experiments were carried out 08-10 weeksold (T1), 1680 weeksold (T2), and 1
months2 f R @alé0 (greyd | Y R ORayA+NRHité) mite.Data are representative of at le:
three independent experiments performed oRld animals (n =-11) per group per genotype. Aexy-like
behavior was measured &8) Frequency in bordg(B) Time in borderC)total distance moved.Value:
representmeans+SERR2 | @ ! bh+! FT2ff2¢SR wadappliddt 5<®.065 [(198.61;
*** n<0.001 v -GalA +/0; ##p <0.01; ###p <0.001 vssame genotype.
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Figure 20 Two-Way ANOVA f ol | oposthhocby Tuk

Panel A Comparisons Frequency in border
genotype F @, 51) =68.37 p<0.001
age F @,51) =9.78 p<0.001
genotype*age F @,51) =1.26 p=0.293

h-GalA-/OVS | T1 p<0.001

h-Gal A +/0
T2 P=0.002
T3 P=0.05

h-Gal A-/0 T1VS T2 n.s.
T1VS T3 n.s.
T2VS T3 n.s.

h-Gal A+0 TLVS T2 n.s.
T1VS T3 P=0.02
T2VS T3 n.s.

PanelB Comparisons Time in border (s)
genotype F (@, 45) =53.38 p<0.001
age F @,45) =5.97, p=0.0(b
genotype*age F @, 45) =0.075 p=0.930

h-GalA-//O0VS | T1 P=0.08
h-Gal A +/0
T2 p<0.001
T3 P=0.002
h-Gal A-/0 T1VS T2 n.s.
T1VS T3 n.s.
T2VS T3 n.s.
h-Gal A+0 T1VS T2 n.s.
T1VS T3 n.s.
T2VS T3 n.s.

PanelC Comparisons Total distance moved (cm)
genotype F (@, 47) =1.41;, p<024
age F @, 47) =7.21, p=0.02
genotype*age F @,47) =9.39 p<0.001

h-Gal A-//O0VS | T1 n.s.

h-Gal A +/0
T2 n.s.
T3 P=0.002

h-Gal A-/0 TLVS T2 n.s.
T1VS T3 p<0.001
T2VS T3 P=0.01

h-Gal A+0 TLVS T2 n.s.
T1VS T3 n.s.
T2VS T3 n.s.

Table9 Statistical analysis dbpen Field Tesk y-D P f !

@ahA-/G nyicR at three different

ages Agegenotype-dependent correlations8-10 weeksold (T1), 1620 weeksold (T2), and 12 months
old (T3) n.s. = not significant
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2.4Compositional and functional dysbiosis of the gut microbjota®alA-/0 mice
2.4.1 Alpha and betdiversity

The 16S rRNA amplicon sequencing yielded a total of 570,308 reads f/%2n9,50% 1,624),
binned into 3,630 ASValpha diversitydescribes the complexity of a community in terms of the
number of species represented (richness) and the equality between species (evenness) and was
analyzedat the genus levie! f LK RAGSNEAGE Ay OBk A SRFGaBAMIK | 3S
mice, but at 1620 weeks it was significantly higher in the formgrute=0.007). In more detail, on

the Chaolindex of microbial richness-Gal A-/0 mice showedrelevant differencecompared to
controls especially at the first two time poir(effect of genotype [F (1, 54) = 3@, p <0.001]). h-

Gal A-/0 mice exhibited a consistent increas¢ T2 also in evenness as measuredStmannon
entropy, in a timedependent way(effect of genotype [F (1, 54) = 0.58= 0.46]; age [F (2, 54)=
27.93,p < 0001]; interaction genotype*age [F (34) =12.25 p < 0.00]). Even forSimpsonndex

the most relevant difference was detected at,T& increment ih-Gal A-/0 mice (effect of
genotype [F (1, 54) 6.495 p=0013]; age [F (2, 54)=32/5, p < 0.001]; interaction genotype*age

[F (2, 54) .65, p < 0.00)) (Fig.21 A). As forbeta diversity,which describes differences in the
overall composition of communitiegitchisonrbased principal coordinates analy$iBCAshowed
AAIYATFAOFY(G &SLI NIGaRxyi 2-@ENI0imiceeSpeciaBithinGRIAK b

/0 mice the shift over time imarked(Gal A/0 T2 VS Gal 40 T1, p< 0.001Gal A/0 T3VS Gal A

/0 T2, p< 0.001Gal A-/0 T3 VS Gal A0 T1, p< 0.001) As well as between the twgenotypesat

all ageghe separation is significantly evidlefPERMANOVA,< 0.005)(effect of genotype [F (1,

54) = 6.944p < 0.001]; age [F (2, 54%=773 p < 0.001]; interaction genotype*age [F (2, 543.%6,

p < 0.001) (Fig.21B).
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test, * p < 0.(; ** p < 0.01** p < 0.001.(B) Principal Coordinates Analysis of beta diversity, base
Aitchison distance, of all fecal samples. A significant separation was found between groups of mici

age and within each mouse group over time (PERMANP¥®.005).
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2.4.2 Signs of gut microbiota dysbidsig-GalA-/0 miceat phylum, family and genus level

CNRY (KS (I E2y AR na YA YBhIR YRR differed from each other

and over time, even at the phylum level. particular, at 8v 1~ ¢ S $&alA J0 mice showed

increased proportions ofDeferribacteres and Firmicutes while reduced proportions of
BacteroidetesO 2 Y LJ- NB-Bal Ai-®0 niice (Wilcoxon testp < 0.05), but these changes
disappeared at 1 year @fge (Fig22 A-B). Themain families involved were those belonging to the

phylum Bacteroidetes with particularlyPorphyromonadaceaand Rikenellaceadeing enriched
andBacteroidales S22 groupR S LJt S (-GaRA-/Ginyce &t8vn 6SS1 & OLBHARNBR G 2
mice <0.016 (Fig23 A-B). Again, the proportions of these taxa varied over time, no loigéng
RAAGAYOG FTNRY (K2 aS -GlA-/0nke vientRISodiscriniinatediby atighell K & @
relative abundance dBacteroidaceaat 12 months, as well as a temporal increasBrievotellaceae
P<ndno0® LG Aa | f a&alAs/@ MBeKshoyed (ah yhceasd Kikhiiagehin
Erysipelotrichaceaeand Streptococcacegewhile a decrease irLachnospiraceagwhich was
overrepresented at T1 compared to controls) ahtklicobacteraceagp < 0.03). The major
discriminating genera includeflistipes BacteroidesRuminococcaceddCG014,Helicobacterand
LachnospiraceadJCG0O01, of which the former two were overrepresented (at T1 and T3,
NBEaLISOGABStev YR GKS 1 0GSNI GKNBS daGRA-MNS LINE a
mice compaed with counterpartqp<0.03) (Fig24-25-26).
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/0 (right) and controls(left). (B) Boxplots showing the relative abundance distribution of different
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Figure25 Taxonomy analysis at genus level brGal Ak n | -@aRA +/0 mice at three age8:10 weeks
old (T1), 1820 weeksold (T2), and 12 montk@ f R éGalAk nh | Yy R  @&alyAH+NEnicé we
considered. (Abar-graphshowingthe taxonomy distributiorat the various timepoints inh -Gal A/0 (below)
and controls ébove. (B)Heatmapshowing the relative abundance distribution of differentially represe
genera betweergenotypesat each timepoint. Colors indicates effect size, with blue indicating highér-
Gal A+/0 and redindicating higher abundances'inGal A/0.* p< 0.QL; ** p< 0.0%1 *** p< 0.M1.

Bacteroidaceae Bacteroides

Butyricicoccaceae_UCG-009

Christensenellaceae_Christensenellaceae R-7 group
- Clostridiaceae Candidatus Arthromitus
Clostridiaceae_Clostridium sensu stricto 1
Eggerthellaceae_Enterorhabdus
Helicobacteraceae_Helicobacter
Lachnospiraceae_[Eubacterium] ventriosum group

Lachnospiraceae_[Eubacterium] xylanophilum group

Proportion

Lachnospiraceae_A2
Lachnospiraceae_Acetatifactor
Lachnospiraceae_GCA-900066575

Lachnospiraceae_Lachnoclostridium

Lachnospiraceae_Lachnospiraceae AC2044 group

Lachnospiraceae_Lachnospiraceae FCS020 group

Lachnospiraceae_Lachnospiraceae NK4A136 group

Lachnospiraceae_Lachnospiraceae UCG-001

Lachnospiraceae_Marvinbryantia
Lachnospiraceae_Roseburia
Marinifilaceae_Odoribacter
Monoglobaceae_Monoglobus
Muribaculaceae_Muribaculum
Oscillospiraceae_Colidextribacter
Oscillospiraceae_NK4A214 group

Oscillospiraceae_Oscillibacter

Proportion

Oscillospiraceae_Oscillospira
Oscillospiraceae_UCG-005
Prevotellaceae_Alloprevotella
Rhodobacteraceae_Roseovarius

Rikenellaceae_Alistipes

Rikenellaceae_Rikenella

Rikenellaceae Rikenellaceae RCY gut group
Ruminococcaceae_Anaerotruncus
Ruminococcaceae_Incertae Sedis
Ruminococcaceae_Negativibacillus

Ruminococcaceae Paludicola

e gl mtm Npmon R R

Saccharimonadaceae Candidatus Saccharimonas

- Tannerellaceae_Parabacteroides

104



a-Gal A +0 a-Gal A-f0

Q
El
0 %0 ) %_ i -~
33 ~ o 9
g
?n‘z'z" §%
1 } =4
g 0 88
S [ 2] == %8 &8
2 8 48 3
a
{ F
£ 2
0 0
8 4
g0 >§
co -
! I 88
iz gg
~ i i
=5 0 20
: ‘EE—% -= 28 5%
a
g
3 =) 2
g 0
' g
g5 z
E 5
: i -
-1 5 g5
< e 38
-1 9 8 §% 2 Eg
— -~ c® @
, E =g = 'E"l 58 8
- Q
i — 0 || L s
o E -
50
’ r__i__T
E g 45 e
8 b =
1 « == g 2
= £l I i
A - - B ] g3
0 o b g gg
E 2 [
3 35 e
4 ‘ g
30
-2
25
=
2 4 2
2
2 == |3 3
L5 2
= )
Phe 52 3 22
CH 3
. 82 838
0 - 38 55
r 23 2 23
N o Y
- 28 ge
E - . - S
o e e B == & ) s
K} g
.5 °
3
! o
”
of 2 g
~ ss 2 §§
3 == 28
§5 32
_ s iz
- - 2o 4
3 g%
1
2

T1 T2 T3 T1 T2 T3

Legend

a-GalA40TL a-Gal A+0T1
IO o-caia-n12 [ a-cala+oT2
a-GalA-/0 T3 a-Gal A+/0 T3

P T
1
——-|E oo
\
o—9
wninoequNiy
oradE|NORAUNI

Figure26 Canparison betweenh-Gal Ak n | -@aRA 0 miceof selectedgenera with a specific tren
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2.4.3Alterationsin predicted gut microbiota functions related to the-rgin axis andjut-

metabolomieaxis

LY 2NRSNJ) (G2 2060FAY FdzyOlGA2y |l f -Gy oAk A6 rRN¥K G 2 3 d
gene sequencing data were used to predict microbiota functitieal in the form of KEGG
orthologues, using PICRUSRInLJ: NI A Odzf I NE O 2 YQalA ¥0Bnke ai @10 vizeky (0 N2 f &
showed an overrepresentation of functions involved in the dissimilatory sulfate reduction, and
degradation of urea and the aminacids aspartate, glutamine, histidine, lysine, proline, and
tryptophan ¢ <0.05). The tryptophan and lysine degradation pathways were also overabundant at

16-20 weeks and 1 year of age, respectivelgi Pnp0® hy GKS 20KSNJ KIFIyRXZ C
GalA-/0 mice at 810 weeks were overall depleted in functions involvethm degradation of other

amino acidsi(e., arginine, cysteine, threonine, and tyrosine), mucin and sugars (arabinose, fructose,
maltose, sucrose, trehalose, and xylose), as well as in other metabolic functionalities related to
energy production (e.g., ths® involved in glycolysis and the citrate cyge)@.05). At 1620 weeks,

the two groups of mice did not show substantial differences, while at 1 year of age, they still differed

for some of the aforementioned predicted functions but also for rhamnasgfacose degradation,
GKAOK @ SNB SOAIMA-O Kfe® andl yargiine and threonine degradation, and
Bifidobacteriumd Kdzy G = 6 KA OK ¢ S NEGaly+H inBd pR 0.BY(AMGIRD.ARVER Ay b
specific regard to modules related to the ¢gutain axis (Fig28), it is worth noting that at 8.0

% S S 1-@alA-/0 mice were discriminated by an overrepresentation of functions involved in GABA
degradation and synthesis, -ltydroxybutyric acid degradation, butyrate synthesis, and
menaguinonesynthesis, and by underrepresentation of nitric oxide degradatps Q.03). The

changes in the latter module as well as in the synthesis of GABA, butyrate and menaquinone, were
maintained even at 120 weeks f§ < 0.05). At 1620 weeks, several other diffences appeared
0SiG6S6afA-kRn YA OSGalA ¥R mite, including especially an overabundance of
biosynthetic functions for fgresol, propionate, acetate, isaaleric acid, glutamate, DOPAGC, S
adenosylmethionine, quinolinic acid, and inositol i tormer p<n ®np 0 ® | dGalAOA & | IS
mice also showed increased degradation of quinolinic acid, while reduced degradatiecregqgb

and kynurenine synthesip € 0.05). At 12 months, the overrepresentation of functions involved in
propionate sythesis persistedpg= 0.0008) These data suggest that phenotypic differences in the
Fabrygut microbiota may have effects on functional pathways that encode rtregabolism of

neuroactive molecules essential for gutain communication
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Figure27 Differences between and within genotypes over time lgyit-metabolic modules predictions i -
Gal Ak n | -@dRA #0 mice Samples8-10 weeksold (T1), 1620 weeksold (T2), and 12 monthksld (T3
h-Gal Ak n |-@aRA #0 mice(A)Heatmap showing the relative abundance of main differences ir
metabolicaxisinvolved pathways. Colors indicates effect size, Witke indicating higher i -Gal A +/0 an
redindicating higher abundances!inGd A-/0. Stars indicate Benjamitlochbergadjusted pvalues (* padj
0.1, ** padj < 0.01, *** padj < 0.001)(B) Baiplots representing the most significantly different biochen
routs over timebetweenh -Gal A +/Qblue nuancgandh -Gal A/0 (orange nuancg. Dotted lines highlight th
slope of increasingralecreasing trend ovehe three time points
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Figure28 Differences between and within genotypes over time Igyt-brain modules predictions it -Ga
Ak n I-@aRA #0 miceSamples8-10 weeksold (T1), 1620 weeksold (T2), and 12 montkd f R«
Gal Ak n I-@aRA +/0 mice. (Mleatmap showing thelifferential abundance of significantly altel
neuroactive gubrain module® / 2f 2NBE AYRAOI 1Sa STTSOGanib&hdre
AYRAOI GAYy3 KA I&KE NO.ISErdzyidicate/Baiamitibcyibergadjusted pvalues(* padj <
0.1, ** padj < 0.01, *** padj < 0.001]B) Ba#plots representing the most significantly different biocherr
pathwaysover timebetweenh-Gal A +/Q(blue nuancg andh-Gal A-/0 (orange nuancg. The dottedlines
highlight the slope of incresang o decreasing trend over the three time points.
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To correlate the taxonomic changied' -Gal A/0 miceto their diseasepromotingfunctionalty, we
performeda GEMS analysis of fecal SCFAS-D I f |  bGahA/Q nyicRat 8-10 weeks old
(T1), 1620 weeksold (T2), and 12 monthsld (T3) The results are siwn in Figure29. The total
amount of SCFAgmMol/g) was found to bgraduallyincreasing it -Gal A/0 mice comparedto h -
Gal A +/0In fact,even thoughthere were no significant differences at T1 and only a slight increase
at T2, in older micthe differencewas found to besignificant(" -Gal A/0 VS -Gal A +/(at T3,Prukey
<0.001). The enhancement oSCFAs$otal amountin old Fabry micas such that it is statistically
significantalsocompared to the amount at T1 of the same genotypeSal A/0 at T3 VS -Gal A-
/0 VSat T1, prukey<0.00). Hence it mightbe said that theSCFAmcreases both genotype antdme-
related (effect of genotype [F (1, 54) £1.1, p = 0002]; age [F (254)=5.54, p = 0006]; interaction
genotype*age [F (54) =4.95, p = 001]) (Hg. 29 A). Going more into detail, the analysis o§ingle
fatty acids revealed that butyric acid 'nGal A-/0 miceis consistently higher than in-Gal A +/0
at all three time points, althoughnly in younger micehe increase is significant {Gal A-/0 VSh-
Gal A +/0at T1, prukey= 0.(; effect of genotype [F (1, 54) 9.3, p <0.001]) (Fg. 29 B).Itsisomer,
iso-butyric acid exhibited an entirely similar trend, with a constant inerentin " -Gal A-/0 mice
comparedto h-Gal A +/0Q but significant exclusively at Tl-Gal A-/0 VSh-Gal A +/0at T1,prukey=
0.03 (Fg. 29 E) Regardinghe acetic acid no substantial differers@ere found between the two
genotypes, however while-Gal A +/Gnice maintained constant levels over tinheGal A/0 mice
showed a significant aggependent increaseeffect of time F (2, 54) = 7.0%,= 0.M2]; h-Gal A/0
at T3 VS -Gal A/0 at T1, prukey= 004) (Fg.29 C) The third mosextensivelyproduced fatty acid is
propionic acid, which exhil@td among all geculiartrend that should be considered in the context
of Fabry dysbiosigropionic acid was found to undergo both a genotyaad timedependent
effect (effect of genotype [F (1, 54) #1.0, p <0.001; age [F (2, 54)%1.9, p <0.007; interaction
genotype*age [F (2, 54)6:40, p = 0.@3]) (Hg. 29 D). Inparticular, inh -Gal A/0 mice its amount is
progressively greater than in controls-Gal A-/0 VSh-Gal A +/0at T1,prukey= 0.18;at T2 prukey
<0.001; at T3pTukey<0.00). The increase is markedly differemvenwithin the same genotype at
the different times analyze@ -Gal A/0 at T2 VSh-Gal A-/0 at T1,prukey= 01;h-Gal A/0 at T3VS
h-Gal A/0 at T1,prukey< 0.001;h-Gal A-/0 at T3 VS -Gal A/0 at T2, prukey= 0.03, in contrast td" -

Gal A +/0mice, in which propionic acid levels remain constant over time.
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Finally, valeric andsovaleric acid were assessadd no differences were uncoveredbetween

healthy and affecteénimals The complete statistical analysis is reported in Table 10.

Total SCFAs Butyric Acid
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Figure29 Alterations in fecal shorOK I Ay FIF GG & | OAGR Ado{micE Experirheft \Bei
carried out on 8-10 weeksold (T1), 1620 weeksold (T2), and 12 montkd f R éG&l A0 (grey) anc
O 2 y (i Naalt Ax+/0 fyhite) mice. SCFAtevels were measured innpol/g.(A) Total amount of SCFAg;
Butyric Acidamount (C) Acetic Acidmount; (D)Propionic Acid amount; (E3o-butyric Acid amount; (
Valeric Acid amount@) Isovaleric Acid amouriData are shown as means + SEMV&y ANOVA followe
08 ¢dz1 SeQa LkRad K20 GSad 41 & tp<IDIOSA*SR 0.6y p< OO
vsh-Gal A +/Q#p < 0.05 # < 0.QL; ###p < 0.001 vsame genotype.
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Figure 29 Two-way ANOVA f ol | opostiibc by

Panel A Comparisons SCFAs total amounfumol/gr)
genotype F @, 54) =11.1; p=0.0@2
age F @, 54) =5.54 p=0.006
genotype*age F @,54) =4.95 p=0.01

h-Gal Ak 1 *QGal A +/0 T1 n.s.
T2 n.s
T3 p<0.001
h-Gal A-/0 T1VS T2 n.s.
T1VST3 p<0.001
T2VS T3 n.s.
h-Gal A+0 T1VS T2 n.s.
T1VST3 n.s.
T2VS T3 n.s.

Panel B Comparisons Butyric acid gmol/gr)
genotype F (,54) =19.3 p<0.00L
age F @,54) =0.107 p=0.90
genotype*age F @, 54) =0.143 p=0.87

h-Gal Ak n  *Gal A +/0 T1 p=0.05
T2 n.s
T3 n.s
h-Gal A-/0 T1VS T2 n.s.
T1VS T3 n.s
T2VS T3 n.s.
h-Gal A+0 T1VS T2 n.s.
T1VS T3 n.s.
T2VS T3 n.s.

Panel C Comparisons Acetic acid gmol/gr)
genotype F (@, 54) =0.0627 p=0.8
age F @, 54) =7.05 p=0.002
genotype*age F @,54) =7.57, p=0.001

h-Gal Ak n  *Gal A +/0 T1 n.s.
T2 n.s
T3 n.s
h-Gal A-/0 T1VS T2 n.s.
T1VS T3 P<0.001
T2VS T3 n.s.
h-Gal A+0 T1IVS T2 n.s.
T1VS T3 n.s.
T2VS T3 n.s.

Panel D Comparisons Propionic acid |gimol/gr)
genotype F (@, 54) =71.0, p<0.001
age F @,54) =11.9 p<0.001
genotype*age F @, 54) =6.40, p=0.003

h-Gal Ak n *Qdal A+f0 Tl n.s
T2 p<0.001
T3 p<0.001
h-Gal A-/0 T1VS T2 p<0.001
T1VST3 P<0.001
T2VS T3 p<0.001
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h-Gal A+0 T1VS T2 n.s.
T1VS T3 n.s.
T2VS T3 n.s.

Panel E Comparisons Isobutyric acid gmol/gr)
genotype F (@, 54) =16.2 p<0.001
age F @, 54) =1.94 p=0.15
genotype*age F @, 54) =0.597 p=0.55

h-Gal A-/0 + { -Gal"A +/0 T1 p=0.03
T2 n.s.
T3 n.s.
h-Gal A-/0 T1VS T2 n.s.
T1VS T3 n.s.
T2VS T3 n.s.
h-Gal A+0 T1VS T2 n.s.
T1VS T3 n.s.
T2VS T3 n.s.

Panel F Comparisons Valeric acid jimol/gr)
genotype F @, 54) =3.82 p=0.06
age F @,54) =3.09 p=0.05
genotype*age F@,54) =2.14 p=0.13

h-Gal Ak n  *QGal A +/0 T1 n.s.
T2 n.s.
T3 n.s.

h-Gal A-/0 T1VS T2 p=0.04
T1VSTS3 n.s.
T2VS T3 n.s.
h-Gal A+0 T1VSI2 n.s.
T1VSTS3 n.s.
T2VS T3 n.s.

Panel G Comparisons Isovaleric acidfmol/gr)
genotype F @, 54) =0.0889 p=0.77
age F @,54) =1.51: p=0.23
genotype*age F @,54) =3.76 p=0.03

h-Gal Ak n  *Gal A +/0 T1 n.s.
T2 n.s.

T3 n.s.

h-Gal A-/0 T1VS T2 n.s.

T1VS T3 n.s.

T2VS T3 n.s.

h-Gal A+0 T1VS T2 n.s.

T1VS T3 n.s.

T2VS T3 n.s.

Table10 Statistical analysis ofecal SCFAkvelsA y-D b f

b-®ahA-/0 ryide at'three

different ages.Agegenotype-dependent correlations8-10 weeksold (T1), 1620 weeksold (T2),
and 12 monthsold (T3) n.s. = not significant.
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3. Qualitative andjuantitative evaluation of the expression of TRP ion channels

involved in visceral sensitivity in tissue and cells of a mouse model of Fabry disease.
3.1 TRPVaverexpressioim colon, lumbosacr&ldRGndprimary DR@&euronsin Febry mice

Given the extensive literature relating TRPV1 channel alterati@idesorders and visceral pain, to
assess whether there were alterations in its expression infFumurinemodel, we performed a
qualitative and quantitative analysis by immunofluoreseanthe staining wergerformed on
tissue sections (colon armdRG (kg 30-31-32) and cells (neurons from lumbosacral DRGg)38)

of -Gal A +/0and"-Gal A-/0 mice at three different ages8{10 weeksold (T1), 1620 weeksold

(T2), and 12nonthsold (T3). Pan neuronal marker Pgp9.5 or nuclear specific neuronal marker
NeuN (in green), and antibodies against TRPV1 channel (red) were used. As sha@\80jnnF
reconstructed images of colon transverse sections, the fluorescence signal\éf TR&nel i -

Gal A-/0 mice looked higher than ih-Gal A +/Q especially in myenteric plexuBy an higher
magnification analysis (objective 40X) performed in triplicate on three animals (n=3 per genotype,
per age; 4 sections per animals and 4 pictuper sections), TRPV1 intensification iGal A-/0

mice seemed to be confirmed at all three time paiahalyzed (ig.31A, B, C). In this contexgven

the role of lumbosacral innervation, it was deemed appropriate to evaluatexipeession of TRPV1
upstream at the level of the DRGs. As shown in Figure 32, qualitative analysasled K |-Gal A

-/0 mice had an enhanced fluorescence signal of TRPV1.

TRPV1 expression was also evaluated in primary cultures of neurons from horddld3RGs (Fig.
oo0® ! LINBEftAYAYIFINE ljdzr t AGFGAGS Iylfeara 27 ¢
GalAk n YA OS 02 Ya&d A¥ORnice asiréported at the tissue level. However, in this
case, due to the defined cell shape, itsvaossible to quantify this signal byrrectedtotal cell
fluorescencegCTCFE)The blinded analysis was performed on three mice 8 for each genotype

and age), and 15 fields were acquired for each slide. The analysis indicated increased CTCF of TRF
A y-Gdl A-/0 mice comparedo Gal A +/0 miceS & LISOA | £ f & -GalAktiH $aYAR/0¢ o
in T1,prueyl 1 ©@at Ak /1 GAl AR/ In THrukeyl 1 D AGAITAK nh 4541 AR/0 in T3,
prukey= 0.03) (Fig. 33). In addition, there wasagedependent increase in TRPV1 fluorescence in
h-GalAk n |y AQalAkan &hwGakA{0 at'T2,prue,] 1 GPBa Ak "¢ m-Gat A/0 &t
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T3, prukey= 0.04) which did not occur in WT animalhere the levels appear to be fairly constant

over time

500 pm

Figure 30 Representative reconstructed immunofluorescence staining images of PGP9.5 and TRI
transverse colon cryosections 6f-D | f |  b-Gah A-/D giiee. PGP9.5greer) and TRPVIr¢d) were
detected by IFA Yy pthick transverse cryesections of 8to 10-week-old, 16 to 20-weekold, and 12
month-old (here represented -Gal Ak 1 -GaRA +/0 male mice colon. Fluorescent images were cay
on a Nikon EEclipse C1 irerted laser scanning confocal microscope. Representative images were ti
single confocal sections at 40X magnification and separately for each channel. Image
http://rsb.info.nih.gov/ij/) software was used for image analysssale bar: 500 pum
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h-Gal A-/0
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h_-Gal A-/0 h_-Gal A+0

h-Gal A+/0

h-Gal A-/0

Figure31 Representative images of PGP9.5 and TRPV1 immunofluorescence staining on colon sec
h-Gal A+/0 and"-Gal A-/0 mice at three time point . PGP9.5dreen a, d) and TRPVie(; b, e) wer
detected by IR Yy pthick tvansverse cryesections of 8L0-weekold (A; T1), 1&0-weekold (B; T2), ar
12-month-2 £ R 6 /G&l A 0 U [-@aRA +/0 male mice colon. ThahancedTRPVIluorescencesigna
(redd  AG@l AK/0) is showed\hite arrows. Images were capturedn a Nikon EEclipse C1 inverted las
scanning confocal microscopbnages were takeras single confocal sections at 40X magnification
separately for each channel. Image J (NIH, http://rsb.info.nih.gov/ij/) software was used for image
and merge. Scale bar: 50 pm.
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a-Gal A +/0

a-Gal A -/0

Figure32 Representative images of NeuN and TRPV1 immunofluorescence stainingREB(L6)sections

of h-D I ¢ ! b-Gal A-10 yhike. NeuN (green) and TRPVIréd) were detected by IF ip n >thick
transverse cryesections of 8l0-weekold, 16 20-week-old, and 12month-old (here represented -Gal A

bk n Gyl R/0 male mice colonTRPVpositivestaining edd  AG#l AY0) is indicated\White arrows.
Images were captured on a NikonHalipse C1 inverted laser scanning confocal microscope. Images were
taken as single confocal sections at 40X magnification and separately forckanhel. Image J (NIH,
http://rsb.info.nih.gov/ij/) software was used for image analysis and merge. Scale bar: 50 pm.
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Figure33 Qualitative and quantitative analysis of TRPV1 fluorescemt@euronal cells from lumbosacr
DRGofh-DI f | b-®ahA-/D iige abthree time pointsIn A representative images of NeuN &
TRPV&tainingby immunofluorescencen primary neurons from lumbosacral DR@"-D I £ | BGa
A-/0 miceat 8-10-weekold (T1) 16-20-week-0ld (T2) and 12month-old (T3;here representedimages were
acquired with Nikon EEclipse C1 microscope, 40X objective. Scale bar=50 pm. ImageJ software was
image processing. In B, the graph showinggtagisticalanalysis of TRPMluorescence signaxpressed ¢
CTCHn h-Gal A +/0 (white) andh-Gal A-/0 (grey) animals at T1, T2, T&raphPad Prisi@ software wa
used to perform statistical analysBata are shownas means+SEM.R & ! bh+! T2 { fpasl
hoc test was applied (n3; per genotype, per group).p < 0.05; *p< 0.a; *** p< 0.001 v§-Gal A +/Q#
p<0.05#p < 0.4, ###p < 0.001 vsame genotype

117



3.2IncreasedrRPV4xpressiorin old"-Gal A/0 mice

To improve thaunderstarding of mechanisms involved in visceral nociception and have an overview
of the TRP channels expression incBldn TRPV4 was also analyzed, with an approach quite similar
to that usedfor TRPV1The immunofluorescence analysisere performed oncolon and DRG
sections (k. 39 as well as oprimaryneurons from lumbosacral DRG3d. 39 of h-Gal A +/0and
h-Gal A-/0 mice atthe three selectedages 8-10 weeksold (T1), 1620 weeksold (T2), and 12
months-old (T3). Pan neuronal marker Pgp9.5 or nuclear specific neuronal marker Negihéém,

and antibod/ against TRRMchannel (ed) wereemployed

From the qualitative evaluation of the pictures captured by confocal microsfagective 40X(n

= 3 per genotypeper age; 4 sections per animals and 4 pictures per sectitowiing at colon
sections, TRPY was not markedly differentin terms of fluorescencantensity between the
genotypes at none of the three agdsowever, by observing the DRG secti@specially at T3Hg.

34 B h-Gal A/0 DRGsappeared with ah higher number of cdlgéensivelyTRPVpositivecompared

(i 2-Gdl A +/0.This observationasshownin Fgure 35, was also confirmed bythe staining on
neurons,whose fluorescence intensity was definitively higireFabry than iWWT. This increment

in the oldest mice was validated by the quantitative analysisCTCFThe analysiseported a
significantincreased CTCF inGal A-/0 compared to Gal A +/fhice exclusively aT3 (-Gal A-/0
VSh-Gal A +/0at T3, prukey= 003). Regarding the other two time points, no differences between
genotypes were recorded, however, it is noteworthy the huge k#r8 y 2 6 8 LIS Ay ONB I &S
Gal A-/0 mice compared with healthy animals, in which, on the other hand, the values remain
constantover time(h-Gal A-/0 T3VSh-Gal A +/Cat TL, prukey= 004; " -Gal A-/0 T3VSh-Gal A +/0

at T2, prukey= 003).

118



a-Gal A +/0

a—Gal A-/0

a-Gal A +/0

a-Gal A -/0

Figure34 Representative images dPgp.5NeuN and TRPA/immunofluorescence staining okolon anc

DRG(L6) sections of-DI f !  b-Gal A-I0 yniRe. Pgp9.5 orNeuN (greer) and TRPV1réd) were
detected by IFA Yy pthick ¥ryosectionsof 810weekold, 1620-weekold, and 12month-old (here
represented -D' f | bBGahA/0-mAIR mite colorfA) and lumbosacral DR@) The TRPApositive

staining fedd  AGAl A/0) is indicated \hite arrowg. Fluorescent images were captdren a Nikon E
Eclipse C1 inverted laser scanning confocal microscope. Images were taken as single confocal sect

magnification and separately for each channel. Image J (NIH, http://rsb.info.nih.gov/ij/) software wz
for image analysis andernge. Scale bar: 50 pm.
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Figure35 Qualitative and quantitative analysis of TRB¥luorescencen neuronal cells from lumbosacr
DRGf h-D I f ! b-Gal A-/D yhiBe. I A representative images of Neufgreer) and TRPY (red)
stainingby immunofluorescencen primary neurons from lumbosacral DR&"-D I £ !  bGalA/Ol:
Images were acquired with Nikon-Bclipse C1 microscope, 40X objective. Scale Baum. ImageJ softwa
was used for image processing. In B, the graph showingt#tisticalanalysis of TRP\luorescence sign
expressed as CT@F -Gal A +/0(white) andh-Gal A/0 (grey) animals aB-10-weekold (T1) 1620-week
old (T2) and 12month-old (T3;here represented GraphPad Prism 8 software was used to perform stati
analysisData are shown asmeans+SEM.R& ! bh+! F2f{f 2SR o0& ¢dz| S
3, per genotype, per group)p < 0.05vsh-Gal A +/0#p < 0.05 vssame genotype

3.3Progressive increasd TRPAgXxpressiorin h-Gal A/0 mice

The staining were performed orolon, DRGsections Fig. 3¢ andlumbosacral DR@eurons(Fig.
37) fromh-Gal A +/0andh-Gal A/0 mice at the three different ages(n=3 per genotype, per age;

4 sections per animals and 4 pictures per sectioRan neuronal marker Pgp9.5 or nuclear specific
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neuronal marker NeuN (igreen, and antibodies against TRPchannel fed) were used. As shown
in Figure 36 Athe TRPATIuorescence signal ih-Gal A-/0 micecolon sectionappeaed stronger
than inh-Gal A +/Q especially ilMP, where the gangliavere also enlargedAccordingly, also the
qualitative analysis performed on sectionslombosacral DRGs also seemed to indicate a trend of
increasing TRPAL expressiorh #eal A-/0 animals (K. 36B). Furthermore TRR1 fluorescence
signalwas assessed in neurons primary cultures from lumbos&fR&sThequalitative analysis of
TRRAL expressiomonfirmed the increase ih-Gal A-/0 mice comparedo controls as reported at
tissue levelNoteworthy, in "-Gal A-/0 mice the channelasalsoexpressedalongthe neuronal
branches, which was not the case for the other channels studitmvever, for the quantification of
CTCEF, as in previous analyses, only fluorescence at the level of the ndaadiealvasconsidered
Blinded analysis waserformed on three mice (& 3, for each genotype and age), ab@15 fields
were acquired for each slidel spite offluorescence images appearanchetstatisticalanalysis
reportedthat the TRRALlincrement was not parallelized by a signific@¥CHncreasein h-Gal A-
/0 (effect of genotype [F (B) =0.87, p = 0.37]; age [F (29)= 0.566 p = 0.59]; interaction
genotype*age [F (D) =8.63, p = 0.0@B). However it has to be note the opposite tend over time
betweenGal A/0 andGal A +/0 Theformer tended to growwith increasingage (-Gal A-/0 T3VS
h-Gal A/0 at T, prukey= 01), while thelatter to decreaseh(-Gal AHO T3V -Gal A+O0 at T1, prukey
= 015).
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Figure36 Representative images of Pgp.5/NeuN and TRPA1 immunofluorescence staining on col

DRG(L6) sections of-D | £ ! b-Gal A-I0 yniRe. Pgp9.5 or NeuNgfeer) and TRPVIrdd) were
detected by IFA Y pthick ¥ryoesections of 8L.0-weekold, 1620-week-old, and 12month-old (here
represented -D' f | bGaA/0-mAIR mite colon (A) and lumbosacral DRGs (B). Th&l pasitive

staining (ed), especiallyA y-Gdl A-/0 is indicated White arrowg. Fluorescent images were captured ¢
Nikon DEdipse C1 inverted laser scanning confocal microscope. Images were taken as single
sections at 40X magnification and separately for each channel. Image J (NIH, http://rsb.info.nih
software was used for image analysis and merge. Scal®bam.
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Figure37 Qualitative and quantitative analysis of TRR fluorescencein neuronal cells from lumbosacr
DRGofh-DI f |  b-@ai A-D ¥hiBe. I A, representative images of Neuttder) and TRR1 (red)
staining by immunofluorescence on primary neurons from lumbosacral DRA3 bff !  bGalA/Ol:
Images were acquired with NikonEzlipse C1 microscope, 40X objective. Scale bar = StnaigeJ softwal
was used for image processing. In B, the graph showing the statistical analysig\aflli®Rscence sign
expressed as CTCP u@Gal A +/0(white) andh -Gal A/0 (grey) animals at 8 0-weekold (T1), 1&20-week
old (T2), and I:2nonth-old (T3;here represented GraphPad Prism 8 software was used to perform stati
analysisData are shownasmeans+SEM.R& ! bh+! F2ff 2SR o6& ¢dz] S
3, per genotype, per group)p < 0.05was choserassignificant.
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3.4 Neurons from lumbosaciaRGs of -Gal A/0 mice develop in larger size

Interestingly genotypespecificohenotypeof the neuronal bodiesizefrom the lumbosacral DRGs
was noticed.Theanalysis of cell body arear(?) was performed on neurons fromB)>-weekold

(T1), 16 20-weekold (T2)and 12month-2 f R ¢ d 0 ! ' bG&anA/0-mick (n+9; for each
genotype and age). Ahown inFigures38, in addition to the physiological reduction in size in older
mice that is visible in both genotypes (cultures of neurons from DRGs becomegsivgly more
complicated to set up and slower in development the older the starting animal), it is interesting to
y20S -G& A mice comparedo h-Gal A +/0 mice, at the same age and days of culture
developin larger dimension§ -Gal A-/0 VSh-Gal A +/Gat T1,p= 0.004}-Gal A/0 VSh-Gal A +/0

at T2,p=0.03;h-Gal A/0 VS"-Gal A +/Gat T3,p= 0.01).

1 «a-GalA+/0
B o-GalA-/0

Figure38 Statistical analysis of neuraal size from lumbosacral DRGs'ofGal A +/Gandh -Gal A-/0 animals
at three agesIimmunofluorescence images of primary neurons from lumbosacral DRG&alff A +/0 an
h-Gal A-/0 mice at 810-weekold (T1), 1&0weekold (T2), and 12nonth-old (T3) were used for the c
body area evaluation. ImageJ software was used for image mimcesNucleaspecific neuronal mark
NeuN wasemployedto draw the perimeter. GraphPad Prism 8 software was used to perform stai
analysisData are shown as means + SEM. Paired Studest tvas applied (n = 9, per genotype, per grc
*p<0.6; * p<0.002 v§-Gal A +/0
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