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ABSTRACT

Background: Fabry disease (FD) is an X-linked metabolic disorder caused by a deficiency in a-
galactosidase A (a-gal A) activity. This causes the accumulation of glycosphingolipids, mainly
globotriaosylceramide (Gb3) and globotriaosylsphingosine (lyso-Gb3), in several organs.
Gastrointestinal (Gl) symptoms - abdominal pain, nausea, diarrhea, constipation and early satiety -
are among the earliest and most common. Frequent episodes of diarrhea (up to 12 or more times a
day) severely impact patients’ quality of life. However, the origin of these symptoms is complex and
multifactorial and the exact mechanisms of pathogenesis are still poorly understood, thus the
pressing need to improve their knowledge.

Aims: In view of our previous work on a FD murine model a-gal A -/0 showing Gl structural and
morphological alterations, here we aimed 1) to evaluate whether these animals also capture the
functional Gl issues experienced by Fabry patients and can be considered valuable model for their
investigation. Then, we meant to explore the potential mechanisms involved in the development
and maintenance of Gl symptoms, also looking at the gut-brain axis involvement.

Moreover, given the growing body of evidence on the potential causal role of lyso-Gb3 in FD
pathogenesis, 1) we sought to examine the effects of lyso-Gb3 on colonic contractility and on the
intestinal epithelium and the enteric nervous system, which together play important roles in
regulating intestinal ion transport and fluid and electrolyte homeostasis.

Methods: ) Visceral sensitivity was assessed using the colorectal distention (CRD) technique,
measuring the visceral motor and abdominal withdrawal responses. Gut motility was evaluated by
analyzing stool amount and water content. Open Field and Elevated Plus Maze Tests were used for
anxiety-like behavior and locomotor activity assessment. Microbial profile (taxonomic and
functional) and SCFAs analysis were performed from fecal samples via 16S rRNA sequencing and
coupled GC-MS, respectively. lon channels expression was measured by immunofluorescence. Il)
Lyso-Gb3 effects on fluid and electrolytes transport and its mechanisms of action were studied in
mucosa-submucosa preparations by Ussing chamber. Short circuit current (lsc) and transepithelial
resistance (TEER) after serosal administration of lyso-Gb3 at increasing concentrations were
measured. To investigate the nature of the currents, different secretagogues were applied.
Results: a-Gal A -/0 mice revealed visceral hypersensitivity and a diarrhea-like phenotype
accompanied by anxious-like behavior and reduced locomotor activity, reasonably related to pain.

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



and an early compositional and functional dysbiosis of the gut microbiota, which partly persisted
with advancing age. Of note, most of the dysbiotic features suggest altered gut homeostasis and
altered communication along the gut-brain axis. In addition, overexpression of TRPV1 was found in
affected mice, and at specific ages partial alteration of TRPV4 and TRPA1 as well. This suggests an
involvement of these channels in the generation and maintenance of visceral hypersensitivity,
identifying them as possible therapeutic targets. Finally, the results of the Ussing chamber regarding
lyso-Gb3 accumulation showed an increase in Isc at 3 UM, perhaps mediated by the movement of
HCOs ions, which significantly affects neuron-mediated secretion, especially capsaicin and partly
veratridine-mediated.

Conclusions: This first characterization of gut-brain axis dysfunction in the a-Gal A -/0 mouse model
of FD through the study of visceral sensitivity, 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. Furthermore, we can state
that lyso-Gb3 is not only a valuable marker for diagnosis and follow-up of 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 overview: etiology, lifespan, and inheritance

Fabry disease (FD, OMIM #301500) is a rare inherited X-linked disorder ranked among the lysosomal
storage diseases, of which it represents the second most common after Gaucher disease. FD is
caused by mutations in the GLA gene (gene mutation, OMIM #300644; HGNC: 4296), leading to a
reduced or absent a-galactosidase A (a-Gal A) enzymatic activity’=. This mutation-dependent
deficiency or absence of activity results in a progressive accumulation of glycolipids, mainly
globotriaosylceramide (Gb3) and its deacetylated and soluble derivative globotriaosylsphingosine
(lyso-Gb3) within the lysosomes of several cell types, including endothelial cells, vascular smooth
muscle cells, podocytes, cardiomyocytes, fibroblasts, and nerve cells*®. Therefore, patients suffer
from a progressive life-threatening pleiotropic disorder in which the number of affected organs and
the burden increase with age, leading to organ failure and reduced life expectancy>’.

In FD patients the lifespan is reduced by about 10-20 years: in male patients, the median survival is
57 years, while in heterozygous females is 72 years, although with the introduction of dialysis and
enzyme replacement treatment there have been improvements8. In this regard, it must be said that
though FD follows an X-linked inheritance, it is neither recessive nor dominant, and it is no longer
considered appropriate to define heterozygous females as "carriers">°°, While in males one altered
copy of the gene in each cell is sufficient for the disease to occur, in females this is not always true.
Heterozygous females show high penetrance, with at least 70% of patients showing symptoms of
the disease that can be as severe as hemizygous males ones'¥'2, This can be attributed to the
process of lyonization, the skewing of X inactivation, which leads females to exhibit a mosaic of cells

expressing genes of maternal or paternal origin'3.

1.2 Epidemiology

FD is reported to be pan-ethnic but owing to its rarity and the variety of clinical manifestations an
accurate determination of prevalence remains a challenge and its incidence is most likely still
underestimated'#'>, Recent data report a frequency in male patients at 1:40000 to 1:117000,

nevertheless, targeted new-born screening (NBS) programs revealed a higher frequency?. In Italy,


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

Spada and colleagues in three pivotal trials based on enzymatic analysis of dried blood spots
described an incidence of 1:3100 in male!®; however, according to the latest data recorded in the
north of the country, it seems to be even higher, amounting to 1:7879. For Hungary, Austria, and
Spain NBS programs registered 1:3000-1:4000'8-2°, The United States reported 1:5495 and 1:8454

in Washington and Illinois respectively, while in Taiwan, an incidence at 1:1250 was found?'~23,

1.3 GLA gene, Fabry-related mutations, and genotype-phenotype correlations

o-Gal A enzyme is coded by the GLA gene, which has been entirely sequenced and characterized
and is located on the long arm of the X-chromosome in the region 22.1 (Xq22.1)?4?°. GLA comprises
7 exons between 92 to 291 bp and 6 introns from 0.2 to 3.8 kb. The complete sequence of 1437-bp
cDNA codes a precursor peptide of 429 amino acids, containing a 31-residue signal peptide. The
mature 398 amino acid subunit contains 4 N-glycosylation consensus sequences?®?’,

Currently, there are more than 1000 GLA mutations reported in the Human Gene Mutation
Database (HGMD, at 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 insertions. Furthermore, the vast majority of the
reported mutations are private, restricted to one or a few families?®.

Nonsense mutations and most frameshift mutations result in little or no a-Gal A enzymatic activity
and are associated with the classic phenotype. In contrast, missense mutations and rare splicing
mutations may encode enzymes with reduced but present activity, and thus potentially associated
with a late-onset??. Specifically, missense mutations include (1) mutations that modify the active site
of the enzyme by altering its three-dimensional structure; (Il) mutations that interfere 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, phenylalanine, or tyrosine disrupts a major disulphide
bond, leading to a lack of enzymatic activity.

Information about the genotype-phenotype association is available on the database at
http://www.dbfgp.org, however, it should be considered that since the same mutation can lead to
different clinical manifestations, this correlation is still complex3!. Environmental factors and blood
groups may also play a relevant role. Indeed, patients with blood group AB or B may manifest more
severe symptomatology given by a greater accumulation of glycosphingolipids in the membrane of

B-type erythrocytes3233, Anyway, among late-onset patients, it has been shown that those with

10


http://www.hgmd.org24/

mutations encoding p.F113L and p.N215S are more predisposed to cardiac manifestations3*3>, Also
of interest is the acting of a mutation occurring in 10% of Caucasians, in the 5' untranslated region
of the GLA gene (c.-10C>T), which can decrease normal a-Gal A activity by 25% and if present in a
patient with late-onset, can strongly aggravate the symptoms3®.

Regarding the area of genotype-phenotype 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 polymorphisms within
four genes: ABCB11, SLCO1B1, NR1I3, and ABCC5. These operate in the export, detoxification, and
absorption of bile acids in the liver, and are associated with an increased susceptibility to develop

gastrointestinal symptoms in FD37:38,

1.4 a-galactosidase A enzyme function and protein structure

a-galactosidase A is a glycoside hydrolase enzyme that cleaves the terminal a-d-galactosyl residues
from glycolipids and glycoproteins. Among these Gb3 is mainly included, but glycosphingolipids are
also present in galabiosylceramide and group B blood antigens3>%°. In FD patients, loss of functional
enzyme leads to the accumulation of substrates*!. In general, sphingolipids or glucosylceramides
are lipids having a set of aliphatic amino alcohols that comprises sphingosine, 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 ceramide unit (Cer), which is
contained by all sphingolipids*2. The sphingosine-bound head group then differentiates them from
each other®3. Cer can be brought from the endoplasmic reticulum (ER) membranes through the
ceramide-transfer protein (CERT) and transferred to the trans-Golgi (TGN), where it is mostly used
for sphingomyelin synthesis, or it can move to cis-Golgi where produce glucosylceramide (GlcCer)
via glycosylation. GlcCer is translocated to the luminal Golgi leaflet and to TNS membranes, where
it is galactosylated to produce lactosylceramide (LacCer), a metabolic step for the development of
different complex glycosphingolipids*++7.

As mentioned earlier, a-Gal A is synthesized as a 429-amino acid pre-protein, and only after several
post-translational modifications turn up to its mature form of 2 identical 49-kDa subunits?>26:48,
Specifically, the pre-protein moves into the phospholipid bilayer of the rough ER, where it loses the
signal peptide and transforms into a pro-protein, then proceeds to the smooth ER. Here a group of

different chaperones determines its proper folding®.

11
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The crystal structure of a-Gal A (Fig. 1) was solved in 2004 by Scott Garman's group3°. The mature
protein is a homodimeric glycoprotein in which each monomer is composed of two domains: the
first, a N-terminal (B/a)8 domain containing the active site; the second, a C-terminal f domain with
8 antiparallel filaments assembled into two layers making a B sandwich*!. Human a-Gal A contains
three glycosylation sites: N139, which is generally associated with complex carbohydrates, N192
and N2152%’. Because oligomannosyl carbohydrates contain mannose-6-phosphate, the lysosomal
targeting signal, N-linked carbohydrates at N192 and N215 are responsible for targeting the
glycoprotein to lysosomes®®. Indeed, mutation of N215 to serine eliminates the carbohydrate

attachment site, leading to unsuccessful trafficking of the enzyme to lysosomes?’.

Figure 1 a-galactosidase A dimer structure and Fabry-related sites. (A) a-galactosidase A (a-Gal A)
polypeptide rainbow-trace from blue at the N-terminus to red at the C-terminus. N-linked carbohydrates are
shown as bonds, and the galactose ligand is shown as spheres, marking the active site in the first domain. (B)
a-Gal A dimer in ribbon form with residues affected in severe (blue) and the atypical (yellow) variants of FD.
Modified from Guce et al. (2010).

1.4.1 Biological significance of Gb3

Gb3 (also known as CD77) comes under the glycosphingolipids class. Although glycosphingolipids
are not considered essential for cell life, as they modulate the function of membrane proteins and
contribute to cell-cell communication, they are nevertheless necessary for the development of
multicellular organisms®>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 receptors>3.

12



In the specific case of Gb3, once synthesized, it lies on 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, the glycan portion faces the lysosomal lumen, which also contains a-Gal A,
essential for the turnover of this glycosphingolipid>4.

In addition, cell surface Gb3 is involved in infectious processes, being the cell surface receptor that
the Shiga toxin family uses for entry into cells>. Shiga toxins include Shiga toxin itself, produced by
Shigella Dysenteriae, and verotoxins, produced by Enterohemorrhagic Escherichia Coli. Basically,
Shiga toxins bind Gb3 molecules present on the plasma membrane and, following endocytosis, are
transported to the ER, where they inhibit ribosomal protein synthesis leading likely to the hemolytic
uremic syndrome?4,

Finally, Gb3 has also been observed on the surface of some cancer cells, for example in colorectal
adenoma, Burkitt's lymphoma, or breast and testicular carcinomas®®®°. 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 overexpress it>’.

1.4.2 From the role of Gb3 to that of lyso-Gb3 in Fabry disease

Since Gb3 consists of a sugar chain linked to a ceramide portion of sphingosine and various fatty
acids (Fig. 2A), it is inferred that different isoforms exist in organs and tissues due to their respective
metabolic pathways*. In fact, as a result of increasingly sensitive analytical methods such as liquid
chromatography-mass spectrometry (LC-MS) and nano-liquid chromatography-tandem mass
spectrometry (nano-LC-MS/ MS), it has been possible to detect the different isoforms of Gb3 and
measure small amounts of lyso-Gb3 (Fig. 2B) (which is more water-soluble and not trapped in
lipoproteins)®¥2, Although Gb3 is itself a cellular component, its excessive accumulation has been
shown to cause endothelial dysfunction and nephropathy®*=°°, In fact, it has been supposed that
lysosomal accumulation and cellular dysfunction trigger a cascade of events that can lead to cell
death, impact energy metabolism, impact small vessels and endothelial cells, induce oxidative
stress, and cause tissue ischemia till irreversible fibrosis of cardiac and renal tissue®. Therefore, it is
now well accepted that Gb3 deposits are deeply associated with the pathogenesis of FD and have
long been recognized as a diagnostic and predictive marker®’. It must be considered, however, that
a large proportion of late-onset patients (males and females) shows no Gb3 accumulation in plasma,

thus making quantification of plasma Gb3 limiting®®. Furthermore, since replacement therapy does

13



not lead to remission and Gb3 levels do not always correlate with the intensity of symptomatology,
recent studies have hypothesized the existence of other factors besides Gb3%7°,

The measurement of circulating lyso-Gb3 levels, augmented in both patients and animal models by
100- to 500-fold compared to controls, has been indicated as a promising target, not only for
diagnosis but also for the evaluation of therapeutic efficacy®®71=73, Recently, the fact that lyso-Gb3
reflects the disease severity has been also demonstrated by Nowak and colleagues, who reported
that lyso-Gb3 levels in serum correspond to Gb3 load in organs. Since lyso-Gb3 results from the de-
acylation of Gb3 deposits or consequent glycosylation of accumulating sphingolipid precursors, the
authors speculate that the effects of lyso-Gb3 may play a direct toxic effect’*’4. To support this, it
has also been shown that lyso-Gb3 appears to support the Notchl-mediated inflammatory response
in podocytes’. In addition, an in vitro study on lyso-Gb3-treated sensory neurons found that it
markedly enhances voltage-dependent calcium channels leading to increased intracellular levels’®.
As well at the tissue level, a remarkable lyso-Gb3 concentration was found in the liver and intestine
of FD mice, significantly exceeding plasma levels’!. Lastly, in a recent work by Aguilera-Correa and
colleagues, it has been demonstrated that lyso-Gb3 alters the gut microbiota by impacting the

biofilm-forming capacity’®.
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Figure 2 Globotriaosylceramide (Gb3) and globotriaosylsphingosine (lyso-Gb3). (A) Gb3 structure consisting
of the sugar chain (red) and the ceramide portion of sphingosine (blue) and various fatty acids (green); (B)
lyso-Gb3 structure consisting of the sugar chain (red) and the sphingosine (blue). Modified from
www.matreya.com

1.5 Fabry patient’s clinical picture

Although FD presents a progressive and extremely heterogeneous clinical picture both as regards
involved organs and severity (as it usually happens with lysosomal storage diseases), many patients
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remain asymptomatic in the first few years of their life. However, the primary process may even
begin during fetal development’”’8. Based on the age of onset of the first symptoms and their
features, FD is commonly classified into two variants: the classic (or Type 1) and the late-onset (or
atypical or Type 2). The first occurs mainly in males, in childhood or adolescence, affects patients
with less than 1-3 % enzyme activity, and involves many organs3'7°. The second appears with higher
enzyme activity and the manifestations can also be restricted to a single organ. In fact, we talk about

specific variants such as “cardiac” or “renal”8%81,

1.5.1 Signs and symptoms in the classic phenotype

In the classic phenotype, generally between 3 and 10 years in males and a few years later in females,
the first symptoms impact the child's well-being and performance. With advancing age, progressive
damage to vital organs develops in both sexes, leading to organ failure (Table 1)82%3, Ultimately,
renal damage and life-threatening cardiovascular or cerebrovascular complications limit the life
span’%6,

Among the earliest and most frequent symptoms affecting about 70% of children is pain, for both
sexes (albeit with generally later onset in female)®>3*. FD patients report pain as evoked pain
(allodynia or hyperalgesia), pain attacks, permanent pain, and pain crises®. To simplify we could
divide the Fabry pain into two categories: chronic pain and "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 body®®. This type can last from several days to weeks and is often associated with mild
febrile states and elevated erythrocyte sedimentation rate, while it may be preceded by fever,
exercise, fatigue, stress, and rapid temperature changes®-®’. Recurrent painful acroparesthesias and
crises may become progressively more frequent and severe, even though they generally occur less
frequently during the second and third decades of life. Because of pain, patients with FD have a
significantly reduced quality of life®2%, Numerous pieces of evidence, including the identification of
Gb3 deposits in dorsal root ganglion (DRG) neurons, describe Fabry’s pain as principally
neuropathic®. In addition, a reduction in small A8 nerve fibers and C nerve fibers, which mediate
pricking pain and cold perception, and "slow" pain and heat perception, respectively, have been
reported®=23, This is matched by experimental studies, such as that of Choi and colleagues (2015),
in which pain is associated with hyperexcitability of peripheral nociceptive neurons mediated by

increased Ca?* lyso-Gb3-dependent influx, or that of Lakomd et al. (2016) in which the role of sodium
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ion channel Nav1.8 and transient receptor potential cation channel subfamily V. member 1 (TRPV1)
ion channels is reported’%°4%,

Another early clinical evidence of FD is angiokeratoma. It generally appears in childhood and may
progressively increase in size and number. This consists of clusters of small, purplish-red skin
angiomas caused by accumulation damage in vascular endothelial cells leading to dilatation of
vessels in the dermis. They are typically located on the buttocks, groin, around the umbilicus, and
thighs, sometimes also on mucosal areas, such as the mouth3°¢28 An additional aspect associated
with the skin is hypo-hidrosis, or even anhidrosis, which can be a cause of heat and exercise
intolerance®1%,

In almost all Type 1 affected males and 90% of heterozygous females from families with classic
variant ophthalmologic changes are also found. These constitute a characteristic FD feature known
as "cornea verticillata," but this rarely has visual significance3%1°1,

A further common manifestation of adolescence, but one that may persist into adulthood and
worsen, is that of gastrointestinal (Gl) symptoms, which are reported by over 70% of males with the
classic phenotype®. These symptoms include abdominal pain, severe diarrhea, bloating,
constipation, nausea, and vomiting'%2-1%, They can worsen after meals and cause anorexia®. Since
these features can also be found in other common disorders patients are often misdiagnosed thus
contributing to the delay of FD diagnosis3’. A more detailed examination of GI symptoms will be
provided in the paragraph 1.5.3..

Even though major organ dysfunction is not present during childhood and adolescence, the
symptoms listed so far contribute to significant morbidity severely limiting children in their normal
social habits. Indeed, psychiatric studies have revealed a high incidence of severe, which correlates
with the degree of interfering symptoms with normal life88106.107 A recent study by Polistena and
colleagues (2021) on 106 Italian Fabry patients revealed that the poor average quality of life may be
even lower than those of other inflammatory chronic disorders (i.e. Crohn’s disease, chronic
hepatitis, cirrhosis, multiple sclerosis). Social choices are the first to be impacted: the sensitivity of
refusal and the perception of people’s judgments are the main reported feelings. The awareness of
an impossible recovery can also lead to mood disorders that might further worsen the clinical
picturel®,

After the third decade, the most significant complications appear: renal, cardiac, and/or
cerebrovascular manifestations, which are the most frequent cause of death for Fabry patients,

reducing life expectancy by about 20 years compared to the healthy population?. These symptoms
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are the consequence of the progressive accumulation of Gb3 in renal podocytes, cardiomyocytes,
and microvascular system, respectively. At the kidney level between 20- and 30 vyears,
microalbuminuria and proteinuria are principally found. As in diabetic nephropathy, it seems to
contribute directly to the progression of FD nephropathy. Progressively, proteinuria worsens as
renal function, until azotemia is reached between 40 and 50 years of age'!?. Death most often
results from uremia, unless chronic hemodialysis or renal transplantation is undertaken’. Cardiac
symptoms, including left ventricular hypertrophy, arrhythmia, angina, and dyspnea, are reported in
about 40-60% of patients with FD”3%111, Cerebrovascular manifestations can lead to wide-ranging
symptoms, extending from headache and dizziness to transient ischemic attacks and ischemic stroke

and more rarely vascular dementia®!?7114,

Age Organ system and related symptoms

- Peripheral nervous system: neuropathic pain, «Fabry crisis», chronic or episodic pain triggered by
thermal changes, physical or emotional stress, intercurrent diseases or alcohol consumption; impaired
sweat function (hypoidrosis).

- Intestine: abdominal pain, diarrhea, constipation, bloating, nausea, vomiting.

- Skin: angiokeratomas.

) Eyes: cornea verticillata; conjunctival and retinal vasculopathy.

Childhood and adolescence Y ! pathy

- Ears: tinnitus; progressive sensorineural hearing loss.

(< 16 years) ) ) ) L e

- Musculoskeletal: deformation of the fingers interphalangeal joints, in some 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 dental area such as cysts and pseudocysts of the maxillary sinus.

In addition to the above-mentioned manifestations:

- Renal: Fabry nephropathy, proteinuria and progressive organ insufficiency, often renal cysts, renal
hypertension.

- Cardiac: cardiomyopathy, left ventricular hypertrophy, conduction issues (atrial fibrillation,

Early adulthood yopathy vp Py (

supraventricular and ventricular tachycardia), valve dysfunction, angina pectoris, intramyocardial

(17-30 years) o

fibrosis.
- Cerebral: transient ischemic attack, ischemic insult, rare intracerebral hemorrhage, ectasia of the

basilar artery and white matter lesions, disturbed cerebral blood flow, lymphedema of the lower

extremity, depression, psychoses, limited quality of life.

Later adulthood Progression of the above-listed manifestations: Renal insufficiency (dialysis, renal transplantation), heart
(> 30 years) failure, malignant arrhythmia, recurrent TIAs and insults, vascular dementia
Table 1 Classical manifestation in Fabry Disease according to age. Modified from Ortiz et al. (2018) and

Lenders et al. (2021).
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1.5.2 Fabry Disease atypical variants

Since late-onset patients do not have microvascular Gb3 accumulation, they do not manifest the
classic early symptoms described above, including pain, angiokeratoma, hypo-hidrosis, or Gl
complications. These patients are generally diagnosed in the fourth to eighth decade of life by
screening patients in hemodialysis, transplantation, cardiology, and stroke clinics3!1>, 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 manifest in the
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 proteinuria®. In the renal
one, patients while not showing any manifestations of Type 1, appear at the same age with

advanced-stage renal disease, often at first diagnosed as chronic glomerulonephritis*?®,

1.5.3 Focus on gastrointestinal symptoms in Fabry Disease

As mentioned before, amongst the clinical manifestations Gl symptoms (Table 2) are counted as the
earliest and most frequent, as well as disabling for Fabry patients. However, it frequently happens
that they are underestimated or misinterpreted, identified as signs of other more common Gl
disorders such as irritable bowel syndrome (IBS) or inflammatory bowel disease (IBD), or even
Chron's disease and celiac disease®*103117 Thus, this contributes to the delay in correct diagnosis,
which can come as late as 10 to 15 years>®®118 Added to this is the proven negative impact on the
quality of life of adults and children as reported in surveys EuroQol five-dimension (EQ-5D)%41%°,

Although treatments with enzyme replacement therapy (ERT) seem to have an ameliorative effect
on Gl symptoms, about 50% of patients complain of discomfort even during treatment or develop

new onesl20-122

. In this case, despite the help of drug treatments, they do not eradicate the
problem3’. Therefore, there is a pressing need to boost the level of clinical suspicion in order to
recognize and treat patients?3.

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 Fabry Outcome Survey®1%>124 Cohort studies
state that these would affect about 70% of patients!?>.

Diarrhea and abdominal pain are the two main symptoms, however, the incidence varies by gender
and age®2. Abdominal pain described as burning or colic-like pain may involve the entire abdomen

or only the lower part and is reported by between 43% and 56% of patients!?6127 |t may worsen as

a result of food intake or dietary changes. Additionally, it is reported more in children and less in
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adults, in 49% and 38% according to Hoffman et al. (2007), respectively. Regardless of the age-
related differences, it is interesting to note that in this large court surveyed by the authors no gender
differences emerged!?*. In this context, a recent study by Hopkin and colleagues (2020) that
examined 171 male Fabry patients before treatment showed a prevalence of abdominal pain of
56%17.

The other widely complained Gl symptom is diarrhea, present in 40-45% of cases'?®128, |n the same
2020 study, 57% of subjects complained of diarrhea, showing an age-dependent correlation'?’. In
this case, there also seems to be a sex dependence, in fact, it occurs more in males than in females,
ranging from 25.9% to 57% of male patients with variant 1124129, Constipation, on the other hand,
is found more in female patients and can be severely disabling'?*. Constipation-diarrhea alternation
has also been recorded!®. 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 resulting in weight loss,

albeit recent data do not seem to support these findings”1%4.

Main Gl manifestations References
e Abdominal discomfort (42.9-56 %) Martins et al. 2019; Hopkin et al. 2020; Nampoothiri et al.
e Diarrhea (41.8-57 %) 2020; Hoffman et al. 2007

e Constipation (13.5 %)
* Nausea (12.3 %)
*  Vomiting (6.7 %)

Other Gl manifestations

e  Gastritis, peptic ulcer Thomas et al. 2014; Hopkin et al. 2020; Nampoothiri et al.
¢ Hemorrhoids 2020; Germain et al. 2019; Timer et al. 2004; MacDermot et
*  Pancreatitis al. 2001; Deegan et al. 2006; Roberts et al. 1984

* Diverticular bowel disease

*  Gastroesophageal reflux

*  Achalasia

*  Appendicitis

*  Chronic bowel pseudo-obstruction

e Post-prandial fullness

* Delayed gastric emptying

* Autoimmune diseases (celiac disease, Crohn’s
disease)

*  Chest pain, belching, excessive flatulence

Table 2 Gastrointestinal symptoms in Fabry Disease. Modified from Radulescu et al. 2022.
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1.5.4 Hypothesis on the gastrointestinal disorders' pathogenesis in Fabry disease

As regards the origin of Gl symptoms in FD, given the complex and multifactorial nature, countless
hypotheses have been made3’. Gb3 deposits in ganglion cells of enteric plexuses have long been
seen and have been associated with Gl disorders like altered motility and pain'®>130, Studies on
autopsies and biopsies exhibited myenteric and submucosal plexuses affected with inclusions, and
histopathological investigation revealed vacuolization of ganglion cells and surrounding axons with
intracellular Gb3 accumulation®?. According to these findings recently it has also been
demonstrated in the first morphological and molecular study on the colon of a murine model of FD,
the thickening of the muscle layer with alteration of ganglionic areas, the presence of Gb3 deposits
in nerve fibers entering mucosa and their numerical reduction and morphological damage®3!. These
deposits in enteric neurons might contribute to abdominal pain, like it has been supposed to be in
patients!02105119,132 The small fiber neuropathy might provoke Gl tract ischemia, causing abdominal
pain®’. Furthermore, neuronal damage, by impacting peristalsis, may play a key role in bacterial
growth and consequently diarrheal phenomena®33. 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 diarrhea. Moreover, it was supposed that Gb3
accumulation may also cause modifications in invariant natural killer T cells, leading to an amplified
inflammatory response®3*, Additionally, it was reported that Gb3 deposits impact nitric oxide (NO)
pathways inducing a prothrombotic environment®3>. These alterations might be transferred to GI
symptoms. It was suggested that abdominal pain is due to inadequate blood flow to the Gl tract.
Overall, it seems that the neuropathy of FD patients and that of diabetics have many similarities
suggesting a similar mechanism?3e,

To date, from a clinical-diagnostic point of view, there are no guidelines or tools specifically created
for investigating the GI tract of Fabry patients'?3, However, two types of questionnaires, not yet
validated, have recently been developed to allow a proper evaluation of FD patients: on the one
hand, the FD Patient-Reported Outcome-Gastrointestinal (FABRO-GI), on the other that consisting
of a series of questions in combination with the Gastrointestinal Symptom Rating Scale*1%,
Though there are no diets specifically designed for FD, it is essential to adopt specific eating
habits!3’. The same recommendations for the management of IBS are those most recommended for
Fabry patients'38132, Along these lines, in FD a diet low in short-chain fermentable carbohydrates,
foods that attract water and increase gas production, is suggested to ameliorate Gl disorders!®. In

IBS it has indeed been shown that a diet low in FODMAPS (fermentable carbohydrates or
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fermentable oligosaccharides, disaccharides, monosaccharides, and polyols) improves symptoms of

bloating, flatulence, and diarrhea'4!.

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 standard is the quantification of a-Gal A activity either on dried blood

142 |In contrast, for

spot (DBS), which is more practical and cost-effective, or in leukocytes
heterozygous females, in whom values within normal ranges can be found, this is not always a
reliable method. In fact, in this case only genetic testing, which allows the identification of the
genetic mutation, can confirm the diagnosis*'*3. Genetic testing is also useful for males to identify
the specific mutation and then administer the most appropriate therapy. Initially, it was used to
measure Gb3 in urine or plasma, however, to date, the measurement of lyso-Gb3 is preferred given
its higher sensitivity and specificity'#4. Finally, in cases of controversial mutations and/or ambiguous
enzyme activity and lyso-Gb3 values, tissue biopsy can be performed. Indeed, in the latter, it is
possible to detect the presence of so-called "zebrafish bodies," i.e., multilamellar myelin bodies#°.

o-Gal A activity can also be measured in chorionic villi or amniotic cells cultured during prenatal

diagnosis in the case of a known mutation in the family?104,

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 chaperone drug therapy (PCT), and on the
other hand, the symptoms as such are addressed with supportive treatments. Currently, in addition,
there are promising therapeutic avenues: a) substrate reduction therapy, b) gene therapy, and c)
alternative enzyme therapy’®:14,

Nowadays, ERT represents the first-line treatment. This is based on the exogenous administration
of the deficient enzyme to slow the progression of the disease. The recombinant enzyme, which
expresses the mannose-6-phosphate receptor (M6PR), is collected and 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 beta
(Fabrazyme®, Sanofi Genzyme, Cambridge, 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 States’®.

Data report that Replagal®, which is safe even in children, can improve life expectancy in both males
and females!*® 10, |n people with advanced kidney disease, a slowing of the loss of function has
been shown>1152, Patients with abnormal renal function or cardiac hypertrophy before treatment
showed modest progression of symptoms, while those with normal renal or cardiac function under
10-year treatment showed no significant advancement®>3,

Regarding Fabrazyme®, increased Gb3 clearance has been demonstrated in kidney, heart, and skin
treated patients®*. In addition, male patients, five years after treatment, reported improvement in
Gl disorders'>. About renal and cardiac disorders, in other cohorts, cardiac hypertrophy has not
advanced and the renal decline has returned parameters>®%7,

PCT migalastat (Galafold™; Amicus Therapeutics, Cranbury, NJ, USA) employs small molecules
designed to increase residual enzyme activity, preventing misfolding of the mutated enzyme or its
degradation in the cell’*8. The advantageous aspects 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 size. However, PCT also has a major limitation, namely that it can only be used for
chaperone-responsive mutations, called "amenable mutations"*>°. 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 date, in vitro and in vivo studies are available and clinical trials are
ongoing (NIH, ClinicalTrials.gov, Interventional Studies Fabry disease, 2019)60-162,

b) Gene therapy

This has been validated in the mouse model of Fabry disease'®3164, To date, experiments of in vivo
gene therapy using adeno-associated virus vectors and ex vivo through autologous stem cell
transplantation are being investigated; also the systemic mRNA therapy has been proposed!6>-167,

c) Alternative enzyme therapy
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This is a PEGylated version of the recombinant enzyme with a longer circulating half-life, as
demonstrated in a Phase Il study. It also appears to promote a reduction in Gb3 inclusions in

peritubular capillaries and stable renal function?68,

1.8 a-Gal A knockout mouse: a reliable model for Fabry Disease study

In FD research the a-Gal A knockout (KO) mouse model is commonly used. This model was
developed through a constitutive ablation of the GLA gene as detailed described in Ohshima et al.
(1997)'%°, Even though the a-Gal A deficient mouse has some limitations due to lack of some
symptoms that occur in human patients (as reported in Table 3)179, over the years many papers have
reported the validity of the model for mood/sensory behavioral and small-fiber neuropathy
investigations, as well as for studies on novel drug therapies®*°>171-175,

Indeed, similar to FD patients, in whom heat hyposensitivity and pain evoked with mechanical
hypersensitivity are frequently reported, a-Gal A KO mice show mechanical and heat
hypersensitivity associated with cold hyposensitivity®*172176, 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 strain-matched controls?”?.

Although much remains to be known, at 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 Fabry-associated Gl
disorders. In fact, in cross sections of murine ileum and colon, by analysis with high-resolution light
microscopy and transmission electron microscopy, Bangari and colleagues (2015) 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 spectrometry, they measured Gb3 levels in ileum and
colon samples of KO mice finding significantly higher levels than in wild type (WT)’8. Therefore,
these results already indicated the potential of the a-Gal A KO model for studying neuropathy and
enteropathy in FD. Recently, these results have also been corroborated and extended by Masotti et
al. (2019)®31. The authors reported the thickening of the muscle layer with alteration of ganglionic
areas, the presence of Gb3 deposits in nerve fibers entering mucosa, and their numerical reduction

131 Moreover, in this study, as well as in the one proposed in this thesis,

and morphological damage
the problem of genetic background described above has been overcome. Specifically, the authors

separated homozygous a-Gal KO and 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

genotypes!’’.
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. 2016
Abnormal small fiber conduction yes Namer et al. 2017
Pain yes (neuropathic); uncertain | Formaggio et al. 2022; Hofmann et al.
(chronic) 2018; Rullo et al. 2021; Ugeyler et al. 2016
Abdominal pain/Visceral Hypersensitivity yes The present work
Acroparesthesia yes Bangari et al. 2015; Hofmann et al. 2018
Thermal sensitivity yes Lakoma et al. 2016; 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 | no Noben-Trauth et al. 2007; Sakurai et al.
earing loss 2010
Gastrointestinal distress yes Masotti et al.2019; The present work

no (but presence of

Renal insufficiency TR )

Rodrigues et al. 2009

unknown (but presence of

Cerebrovascular disease
accumulates)

Rodrigues et al. 2009
Vascular/Cardiac disease yes (partially) Nguyen et al. 2012; Park et al. 2008
Mood disorsers yes Hofmann et al. 2017; The present work

Table 3 Correlations between the signs and symptoms of Fabry disease and the alpha-Gal A KO mouse
model
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2. Gastrointestinal tract: structures and functional organization

2.1 Anatomy and Histology of the gastrointestinal tract

Anatomically, the Gl system is divided into the following parts: oral cavity and salivary glands,
esophagus, stomach, small intestine or upper Gl tract (divided into duodenum, jejunum, and ileum),
and large intestine or lower Gl tract (consisting of cecum, colon, and rectum). The upper tract is
involved in the transport of the food bolus, enzymatic digestion, and absorption of nutrients, as well
as protection against the external environment; while the lower tract in dehydration, storage of
fecal material, and reabsorption of water and solutes.

From a histological point of view, we observe an organization into four concentric layers distributed
as follows: mucosa, submucosa, tunica muscularis, and serosa (Fig. 3). The mucosa is characterized
by adjusting morphology and architecture of the epithelium along the different levels of the Gl tract
according to the function of the specific segment (digestion, absorption, secretion). The mucosa is
made up of 3 components: the epithelium, consisting of a single layer of specialized 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 muscle involved in local movements of the GI mucosa.
The submucosa consists mainly of loose connective tissue and collagen and elastin fibrils. Here are
mucus-secreting glands, blood and lymph vessels, and one of the two enteric nervous system (ENS)
plexuses: the Meissner plexus or submucosal plexus (see 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 they are instead longitudinal.
This is responsible for peristaltic movement and is the site of the second nerve plexus: the
Auerbach's (or myenteric) plexus, located between the two muscle layers mentioned above.
Finally, the serosa is composed of a secretory epithelial layer (mesothelium), which produces a
mucus-like 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 the intestine. On the other hand, the retroperitoneal parts are covered by adventitia,
consisting of collagenous tissue for the passage of the large blood vessels and nerves that support

and modulate the entire Gl tract.
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Figure 3 Representation of the gastrointestinal layers. The image illustrates the four layers of Gl wall:
mucosa, submucosa, muscularis and serosa and the relative sub-layers (boxes). The localization of glands,
lymph glands, nerves, myenteric and submucosal plexuses and blood vessels are also represented. From
Gastrointestinal Tract Histology.

2.2 Human and murine gastrointestinal tract comparison

The GI tract of humans and mice consists of anatomically similar organs and exhibits similar
physiological mechanisms. This makes the mouse a valuable and commonly used model in the
research field. However, different diets, body sizes, and metabolic requirements mean that there
are also significant differences’°-181,

As with the human intestine, the mouse one is divided into upper and lower tracts (Fig 4). In an adult
mouse, the small intestine measures about 35 cm. Whilst the large intestine is shorter and is 14 cm
approximately*®. Macroscopically, despite the average ratio “intestinal surface area: body surface
area” is similar between the two species, it considerably varies in different segments. For instance,
the small intestine: colon length ratio is 2.5 in mice and around 7 in humans3184_ Again, the human
cecum is quite small, conversely, the mouse one is particularly developed, nearly one-third of the
total length of the large intestine, and serves as a fermentation container. Indeed, in mice, this is
essential for the fermentation of plant materials and the production of vitamins K and B, which they
reabsorb through coprophagy'®%184. An appendix is also present in humans, whereas it is absent in

mice'®. Another relevant difference is about intestinal villi, which are bigger in mice than in humans
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so that the available surface area is expanded. Regarding the colon, of particular relevance to this
study, in the mouse, this is rather smooth and lacks the typical sacs (haustra) found in human (Fig.
4). Such differences between murine and human Gl tracts, especially regarding the greater
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 host complements such as vitamins K and B and

short-chain fatty acids (SCFAs) as well as in the fermentation of indigestible food components!’®.

Mouse Human

| Upper Gl tract I B

Stomach
............ 2 Duodenum

Jejunum

llleum

Colon

Figure 4 Murine and human gastrointestinal tract comparison. The upper (red) and the lower (blue) Gl tract
of mouse (A) and (B) human are shown. Fs, forestomach; Gs, glandular stomach; Ap, appendix; Tc, taenia
coli; Ha, haustra. Modified from Nishiyama et al. 2016.

At the microscopic level, some relevant differences can also be found: the murine colon has a thin
muscularis mucosae in which the submucosa cannot be distinguished, whereas the human colon is
covered by a thicker mucosal wall. The presence of transverse strips along the length of the colonic
mucosa in humans, and the presence of these only in the cecum and proximal colon, is another
important difference’84186,

At the cellular level, differences include those of Goblet and Paneth cells. The former, which produce
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 antimicrobial 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 cecum. The different
localization of the above cells also implies differences in local immune responses, which could shape

the composition of the intestinal microbiotal’®:181,182,187
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2.3 Enteric Nervous System (ENS)

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
(CNS)1818 Indeed, for years it has been demonstrated that ex vivo the gut can continue to generate
propulsive neurogenic motor patterns even after extrinsic nerves removal'®®1%2, However, despite
the ENS can function autonomously, is considered to be quasi-autonomous'®3. The control of GI
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 the CNS°4,
Indeed, innervation includes intrinsic sensory neurons completely contained in the Gl wall,
intestinofugal fibers that project to prevertebral ganglia, and vagal and spinal afferents that project
into the CNS (Fig. 5)1°>%%, The ENS regulates and coordinates several intestinal functions from
motility, fluid and electrolyte transport, and mucin secretion to cytokine production and Gl barrier
maintenance®®*197.198 Al of these functions represent essential aspects of Gl physiology. In fact,
impairment of one or more of these functions is found in various Gl diseases such as IBD and IBS, as
well as in various neuropathies, whether congenital, sporadic or associated with other diseases%.
Therefore, it is not surprising that there is a growing scientific interest in understanding what role

ENS might play in Gl disorders?®®.
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Figure 5 Schematic representation of the two-way communication between the ENS and CNS. From the
periphery to the CNS the afferent information travel via neurons in dorsal root or cranial nerve ganglia
(“sensory” portion; yellow). Thanks to CNS integration, the efferent output moves through the “motor”
division (green). From the CNS, the efferent projections reach either skeletal muscle or the ANS, which
consists of sympathetic, parasympathetic and ENS. The ENS neurons are organized in an integrated circuit
that contains intrinsic primary afferent neurons (IPANs) able to respond intrinsically to local stimuli and to
combine information and organize motor responses. The exceptional ENS sensory and motor properties are
indicated (dotted line). From Rao and Gershon 2016.
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2.3.1 Organization of ENS: myenteric plexus, submucosal plexus, and 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 neurons®’. These are grouped into ganglia in
neuronal continuity with each other to form two ganglionic plexuses: the myenteric plexus (MP) or
Auerbach's and the submucosal plexus (SMP) or Meissner's (Fig. 3)'%’. Within each of the two
plexuses are different neuronal populations distinguishable by neurochemical coding, projections,
and function!®. Both consist of the axons of neurons located there, a mix of afferent neurons,
interneurons, and secretomotor neurons. There are also extrinsic afferent fibers from the nodose
or jugular ganglia (vagal afferents), and the dorsal root ganglia (DRG) (spinal afferents)!9>197.200,
Thus, a communication network is established between the Gl tract and the brain for coordination

between gut reflexes and behavioral responses CNS specific, as well as for pain perception (Fig.6)?°%~
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Figure 6 ENS organization with different types of intrinsic and extrinsic sensory neurons. Myenteric and
submucosal plexuses are represented. (1) Dogiel type | neurons (zoom in the box) are myenteric
mechanosensory that functionally act as interneurons and are largely length sensitive and tension insensitive.
(2) Rapidly adapting myenteric mechanosensory neurons (cholinergic and nitrergic). (3) Extrinsic vagal
afferent neurons innervating mostly the upper gut and acting as slowly adapting tension receptors. (4) Spinal
afferents providing a rich sensory innervation of the lower tract, strongly activated by stretch and muscle
tension. (5) Dogiel type Il neurons (zoom in the box) are myenteric chemo- and mechanosensory with
projection into the mucosa. They receive fast and slow synaptic inputs from other enteric neurons. (6)
Intestinofugal neurons, generally thought as second order neurons, but can be also directly
mechanosensitive and respond to mechanical compression stimuli. Modified from Spencer and Hu 2020.
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203 The MP is a network located 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 movements®®’.

The SMP lies between the muscolaris mucosae and the circular musculature. It generally has smaller
ganglia than MP and a finer inter-ganglionic connection'88200.204 |n |arge mammals it is possible to
distinguish two layers, sometimes separated by an additional intermediate layer?9>2%, Instead, in
small mammals, as in the guinea pig and mouse, there is a single layer containing secretomotor
neurons?%”:2%8 The nerve fibers of the SMP innervate the smooth muscularis mucosae and establish
a functional interaction with epithelial cells (enterocytes, caliciform cells, enteroendocrine cells,
Paneth cells, microfold cells, cup cells, and tuft cells) in the mucosa®®’.

The motor innervation of longitudinal and circular muscles is basically from neurons that have their
neuronal bodies in the MP. In particular, the innervation of longitudinal muscles depends on their
thickness: for thick muscle layers, a longitudinal muscle plexus consisting of bundles of nerve fibers
parallel to the muscle can be found?®. In contrast, for thinner layers, there are bundles of MP axons
adjacent to the inner wall of the muscle. Circular muscles have innervation consisting of thin bundles
of nerves parallel to the muscle. Largely these are motor neurons with the cell body in MP, but they

can also originate from the SMP*7,

2.3.2 Morphological and electrophysiological classification of enteric neurons

Despite many similarities with the CNS, the morphology, function, and neurochemistry of Gl
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 "mini-brain in the gut"). However, the
sympathetic and parasympathetic ganglia act more as intermediaries between the brain and spinal
cord, and the periphery®®°.

Morphologically, ENS neurons can be classified, based on the descriptions provided by Alexander S.
Dogiel, into Dogiel Type | and Dogiel Type Il (Fig. 6)%1°. They have discoidal, flattened cell bodies
from which multiple neurites unravel, adapting to the intestinal wall during contraction and
relaxation processes/filling and emptying of the organ; Dogiel Type | account for approximately 80-
90% of the neurons present in the MP and SMP?'1212_ They project in the circumferential and
longitudinal plane and are flat; they have many short processes (dendrites), that receive synaptic

input, and a single long process (axon) that projects long distances through many layers of ganglia.
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Depending on their direction of projection, they express specific neurotransmitters. Dogiel Type I
neurons exhibit different configurations, smooth surfaces, and both long and short processes that
can cross inter-ganglionic fiber tracts and several layers of ganglia in circumferential, oral or aboral
directions. All Dogiel Type Il neurons in the MP develop towards the submucosa/mucosa®®. In
addition, in the murine colon MP, they have been seen to project both to other myenteric ganglia
and the SMP, suggesting a key role in regulating the coordination of enteric reflexes?!3214,

Also from the point of view of electrical behavior, two subtypes can be distinguished: S-type and
AH-type neurons. S-type neurons are characterized by monophasic potentials, the presence of fast
excitatory postsynaptic potentials, and the absence of long-lasting hyperpolarizing after
potentials?!l. Studies have revealed that S-type neurons are repetitively activated during
intraneuronal injection of long-duration depolarizing current via microelectrode recording. The
frequency of the repetitive discharge increases in proportion to the amplitude of depolarization
produced by the injected pulses'®%2%, |In contrast, this repetitive discharge of the potential generally
does not occur in AH-type neurons. These are characterized by lower membrane excitability,
produce biphasic responses, contain a hump on the repolarizing phase of the action potential,
generally contain slow after-hyperpolarization and do not produce fast excitatory postsynaptic
potentials. S-type behavior is mainly found in Dogiel Type | neurons, AH-type one in Dogiel Type Il

morphology!90:215:216,

2.3.3 Functional classification and chemical coding of enteric neurons

From a functional point of view, ENS neurons can be classified into: a) intrinsic primary afferent

neurons (IPANs); b) motor neurons; c) interneurons; d) intestinofugal neurons (IFANs) (Fig. 7)242%7,

a) Intrinsic primary afferent neurons.
IPANSs, primary neurons of the intestinal reflex pathways, have cell bodies, processes, and synaptic
connections embedded in the intestinal wall (Fig.7, blue). They respond to stimuli such as distension,
luminal chemistry and mechanical stimulation of the mucosa, conveying information to local
integrative reflexes!®7.204218-220 |ndeed, they are involved in the control of motility, secretion, and
blood flow?%!. Their targets are mainly at the mucosal level but can also be other MP and SMP
neurons?%>212222 Of note, IPANs can also act as nociceptors, triggering protective responses through

the spinal pathway®’.
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Morphologically, IPANs are multi-axonal (Dogiel Type Il) and make up 10-30% of neurons in the SMP
and MP ganglia of the small and large intestines. Electrophysiologically, they have broad action
potentials Na*- and Ca?*-mediated followed by early and slow hyperpolarizing potentials.??!

Studies in guinea pig ileum report that more than 80% of MP IPANs express calbindin (CALB), a
calcium-binding protein, against 30% of SMP?23-22>_|nstead, the majority express cytoplasmic NeuN
and Choline acetyltransferase (ChAT)??6723%, In the mouse colon, CALB also emerged as not being a
good marker of IPANs; in fact, anti-calcitonin-gene-related-peptide (CGRP) antibody emerged as the

most specific marker of these cells?3%232,
b) Motor neurons

Motor neurons refer to all neurons that innervate the longitudinal and circular muscularis propria
and muscolaris mucosae. Excitatory and inhibitory neurons are included in this category (Fig. 7, light
blue and dark green)?'%. Generally, the neuronal bodies of neurons innervating the muscularis
propria are located in the MP%7.214233 |n this case, the neurochemical code is well defined: the
primary excitatory transmitter is acetylcholine (Ach), although tachykinins (especially substance P,
(SP)) colocalize with ACh; conversely, the inhibitory one is nitric oxide (NO), although again there is
the involvement of other neurotransmitters such as adenine triphosphate (ATP) and vasoactive
intestinal peptide (VIP)197:216.233-236 Another important subclass is represented by secretomotor and
vasomotor neurons. These neurons have their cell bodies in the SMP and mucosal
projections?14237.238 The neurochemical code for these cells also seems well defined: in all species
studied, small VIP-positive neurons have mucosal projections and are probably involved in secretory

processes?3%-241,
c) Interneurons

Interneurons, located mainly in the MP, are responsible for the formation of local circuits (ascending
and descending) and have the longest projections?*%?42, Sometimes, they can also act as
mechanoreceptors'8243.244  Ascending interneurons (Fig. 7, yellow) are Dogiel Type |, cholinergic,
and may also contain calretinin and SP, while those descending (Fig. 7, light green) are cholinergic
but can also be distinguished by their positivity to NOS/VIP, and 5-hydroxytryptamine (5-HT)?14.24>~
247 A study by Porter and colleagues (2002) showed that in the human colon, 90% of the oral
projection interneurons contains only ChAT, whereas other neurons are ChAT- and nNOS-negative;

among the anal projection interneurons, it is possible to distinguish between neurons expressing
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ChAT and NOS, neurons only NOS-positive, and neurons only ChAT-positive?*®. Moreover, in

humans, descending-projection NOS-positive interneurons can co-express VIP?4,
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Figure 7 Localization and chemical coding of ENS neurons. Mechanoreceptive endings of intrinsic primary
afferent neurons (IPANs) are displayed (blue). They are directly activated by luminal distension/distortion or
indirectly by serotonin (5-HT) release from enterochromaffin cells (ECs) in the epithelium. IPANs activate
ascending (yellow) and descending (light green) interneurons, which stimulate excitatory (light blue) and
inhibitory (green) motor neurons, respectively. Ach, acetylcholine; SP, substance P. Enk, encephalin. NO,
nitric oxide; VIP, vasoactive intestinal peptide; BNAD, B-nicotinamide adenine dinucleotide. Modified from
Rao and Gershon 2016.

d) intestinofugal neurons

IFANs display mainly Dogiel Type | morphology and sometimes Type Il. They have the cell body in
MP and project outward from the intestinal wall?>°. Their function is to detect changes in volume
and respond to muscle stretching, as mechanoreceptors?°%2>2, Once activated, they release Ach to
sympathetic neurons by evoking fast postsynaptic potentials. Some IFANs, following colonic
distension, may also release gamma-aminobutyric 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 neurons?>3-2>%,
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2.3.4 Extrinsic innervation

As previously mentioned, though the ENS is capable of acting autonomously, its connection with
the CNS cannot be ignored!®3. In fact, the ENS and CNS cooperate in bidirectional communication.
The connections between them can be classified into vagal and spinal; the latter in turn divided into
thoracolumbar and lumbosacral. Each of these has sensory (afferent innervation) and motor
(efferent innervation) functions'®42°¢, Sensory afferent fibers originate in the intestinal wall and
project to the CNS through the vagus nerve and the spinal pathway?>®. Most of these are thinly
myelinated A8 or unmyelinated C fibers with free endings directly in the target organ?®’. They are
distinguished into intraganglionic MP ganglia laminar, mucosal, intramuscular, muscularis mucosae
(close to the muscularis mucosae) and vascular®®2>°, Efferent fibers come from the CNS and project
into the enteric ganglia by controlling and/or modifying their activity. The sympathetic pathway is
specific to the thoracolumbar connections, while the parasympathetic to the craniosacral

connections?®.

2.3.4.1 Vagal innervation

The vagus nerve mainly innervates the upper Gl tract (esophagus, stomach, proximal small intestine,
liver, pancreas) whil in the caudal small intestine and proximal colon, it is less present?®®, In fact,
there are enteroendocrine cells that detect information and release hormones such as
cholecystokinin (CCK) and serotonin (5-HT). These create a chemoreception mechanism of vagal
afferent endings for reaction to luminal stimuli?®%-262, Appetite, satiety, esophageal propulsion,
gastric volume, contractile activity, acid secretion, gallbladder contraction, and pancreatic enzyme
secretion are some of the functions regulated by these afferents neurons®®. In addition, the vagus
nerve is involved in the perception of adverse sensations such as bloating, nausea, apnea, and

unpleasantness associated with visceral pain?*’.

2.3.4.2 Spinal innervation - Thoracolumbar region

The sympathetic innervation of the Gl tract originates from the thoracolumbar (T5-L2) region of the
spinal cord. The afferent section arises in the DRGs and the axons are predominantly unmyelinated
C-fibers?>®. Endings are found around the arterioles of the intestinal wall, in musculature, in the MP
and SMP ganglia, and the lamina propria; fibers have also been identified in the serosa?>°263.264,

A large number of these neurons appear CGRP- and VIP-positive, markers commonly used for

sensory fibers?6>26¢_|n addition, they express the Transient Receptor Potential Vanilloid 1 (TRPV1)
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channel, known to be involved in visceral nociception?6”-268_ In contrast, the sympathetic efferent
section predominantly involves the two plexuses, blood vessels, and sphincter muscle?°®.

The sympathetic pathway comprises preganglionic and postganglionic neurons. Preganglionic
neurons have their cell bodies in the intermediate columns of the spinal cord; postganglionic ones
in the paravertebral ganglia (mainly vasoconstrictor neurons) and prevertebral ganglia

(vasoconstrictor neurons, neurons controlling motility and secretion)®®’.

2.3.4.3 Spinal innervation — Lumbosacral region

The lumbosacral region of the spinal cord provides afferent and efferent innervation to the distal
colon and rectum from the sacral and lumbar roots?>®. Pelvic afferents are characterized by the
presence of nociceptive fibers?®®. In the case of mild touches of the colonic or small intestine
mucosa, the fibers carry information as low-threshold mechanoreceptors?’%. In contrast, in the
rectum, mucosal mechanoreceptors act in response to stretching and distension of the wall, up to
the level of pain?’!. As for the efferent pelvic pathways, these innervate the enteric ganglia of the
distal colon and rectum?’2. It should be mentioned that in the lumbosacral L5-S3 region of the spinal
cord is located also the defecation center. Distention or irritation, through this center, can trigger

the different reflexes involved in defecation control?’3.

2.3.5 Enteric glia: structure and functions

Enteric glial cells (EGCs) represent a large and unique population of peripheral neuroglia first
described by Gabella (1972)?74. EGCs lack myelin coating and are found associated with the cell
bodies and processes of enteric neurons throughout the Gl tract?’>. Their number exceeds that of
enteric neurons. In the guinea pig ileum's MP ganglia, glial cells are twice as abundant as the
neuronal population. Moreover, their structure and morphology have been shown to be more
similar to astrocytes than to Schwann cells?’. In the Gl tract, it is possible to distinguish between
different types of EGCs based on their anatomical settings: glia associated with the cell bodies of
MP and SMP neurons, glia within the bundles of nerve fibers connecting the MP ganglia, extra-
ganglionic glia, associated with nerve fibers of either plexus or mucosa, and glia associated with
nerve fibers of the smooth muscle layers?’>.

From an immunohistochemical point of view, several markers can be used to identify EGCs. Among
them, the transcription factor Sox10 (SRY-related HMG-box 10), glial fibrillary acidic protein (GFAP),

and calcium-binding protein beta S100 (S100B) are the most widely used?”’-282, Sox10 is expressed
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by enteric neural crest progenitors, thus it is used as an early and general marker; GFAP and S1008,
meanwhile, are expressed only in specific subpopulations?®3, EGCs broadly serve functions in
controlling ENS homeostasis. More recent advances have begun to define more precisely what these
functions are and the mechanisms involved. Published data revealed that enteric glia has a marked
dynamicity in signaling, renewing the idea of glial cells as merely support cells?’>. Whether there is
a correlation between functional heterogeneity and different localization remains to be clarified?84,
However, it is known that glia in MP and SMP support and modulate neuronal signaling in mice,
while in mucosa influences enterocyte development and immune responses in cell culture?®>2°2,
Enteric glia has also a neuroprotective action which is expressed in several ways: by increasing
neuronal survival and reducing oxidative stress-induced cell death, by secreting glial mediators with
neuroprotective effects and substrates for neuronal enzymes involved in the neuro-mediators
synthesis, by regulating the neuro-mediators expression, regenerating enteric neurons, and
participating in postnatal ENS development via Toll-like receptor 2 (TLR2) expression?92-2%,
Furthermore, the role in controlling Gl non-neuronal functions: regulation of motility and
homeostasis of the intestinal epithelial barrier?87.2892%_|n 2019, Morales-Soto and Gulbransen
highlighted that there is abundant evidence suggesting a crosstalk between EGCs and nociceptors.
This might lead to link mechanisms of visceral hypersensitivity and enteric glia, emphasizing the role
of EGCs in pain perception?®’. In addition, TRPV1 and TRPV4 ion channels, notoriously associated
with pain, are expressed in EGCs and may play a role in glial maturation in mice and inflammation
in colitis patients, respectively?®®2%°. Since Gl neuropathologies are roughly the failure of
homeostasis maintained by the ENS, it is critical to consider the role of glia in any study3°%3°1, |n this
context, in Parkinson's disease, Gl inflammation has been associated with glial dysregulation3%,
Impairments were also observed in slow transit constipation and megacolon, two severe disorders
of Gl motility?8%. Additionally, in IBD, the proliferation of EGCs has been found to be altered in GFAP

282 Finally, in a mouse model of mucopolysaccharidosis IlIB increased

and S100B expressions
expression of GFAP in MP and SMP was interpreted as enteric glial activation secondary to lysosomal

deposits3%3,
2.4 Gut-brain axis
The bidirectional neuronal pathway connecting CNS and ENS has prompted researchers to develop

the “gut—brain axis” concept. The concept arises with the intent to elucidate the mechanisms

underlying the linking between cognitive, emotional, and autonomic centers and the ENS, and
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neuroendocrine-immune system. In the early 90, the first observation regarding this two-way
biochemical communication was by Pavlov, with his work about classic conditioning in the cephalic
phase of digestion, where there was stimulation of gastric and pancreatic secretions in response to
sensory signals3%4. The complex network includes the vagus nerve way, with its sympathetic and
parasympathetic signals, and the hormonal and immune pathways3>-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 terminate in the 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 paragraph3®. Studies in which
dorsal column lesions have been executed displayed suppression of pain stimulation-induced
inhibition of exploratory behavior and visceromotor reflexes elicited by colon-rectal distension30.
To the vagal afferents of the nucleus solitarius, spino-parabrachial projections reach higher limbic
and cognitive centers, including the amygdala, hypothalamus, and periaqueductal gray, namely
areas involved in affect393!, Thus, the afferents are involved in activating and regulating the
Hypothalamic Pituitary Adrenal (HPA) axis. Electrical stimulation of afferent vagal fibers leads to the
production of IL-1 beta in the brain, which in turn is implicated in HPA axis functions3’. In this
context, the clinical measurement of vagal tone is found to be reduced in conditions of anxiety and
dysbiosis as is the case of IBD and IBS.

In contrast, vagus nerve stimulation would help restore homeostasis in the microbiota-gut-brain
axis®'2, Regarding the latter, several pieces of evidence suggest that the connection between gut
and brain should be extended to the gut microbiota (see paragraph 2.4.1). Hence, the
comprehensive name microbiota-gut-brain axis (Fig. 8). The hypothesis that bacterial populations
in the Gl tract may participate in CNS development and maintenance is how confirmed3'3. Germ-
free mouse models have shown altered neurogenesis and morphology of the hippocampus and
amygdala, as well as of the microglia morphology3'#31¢. These findings established a connection
between pathological alterations in the gut microbiota and neurological diseases. Interestingly,
studies on germ-free mice and rats transplanted with microbiota from patients also revealed a

“microbiota-anxiety behavior” and “microbiota-depression” association, respectively317,318,
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Figure 8 Microbiota-Gut-brain axis This bidirectional communication between the Gl system and CNS is
mediated by direct and indirect ways of the gut-brain axis. The communication pathways involve the ANS
(e.g., ENS and vagus nerve), neuroendocrine system, hypothalamic-pituitary-adrenal (HPA) axis, immune
system, and metabolic routes. Within the gut, the microbiota can produce neuroactive compounds such as
neurotransmitters (GABA, norepinephrine, dopamine, and serotonin, amino acids (e.g., tyramine and
tryptophan), and microbial metabolites (e.g., SCFAs). These metabolites move through the portal circulation
and interact with the host immune system, affecting the metabolism and/or local CNS neuronal cells and
vagus nerve afferent paths that signal directly to the brain. The microbiota may also act on the integrity of
the gut barrier, which in some neuropsychiatric disorders, such as anxiety, autism spectrum disorder, and
depression may be compromised. Stress can activate the HPA axis response, involving neurons in the
hypothalamus that secrete hormones such as corticotropin-receptor hormone, triggering the release of
adrenocorticotrophic hormone, which causes the synthesis and release of cortisol. The latter regulates
neuroimmune signalling responses that, in turn, affect the integrity of the intestinal barrier. Stress hormones,
immune mediators, and neurotransmitters can activate CNS neuronal cells and vagus nerve afferent
pathways, altering the gut environment and changing the microbiota composition. From Morais et al. 2021

2.4.1 Gut microbiota

"Gut microbiota" refers to a collection of microorganisms, mainly bacteria, that colonize the Gl tract.
The number of these bacteria has been estimated to be around 104, weighing approximately 2 kg,

more than the cells of the entire human body3'°. 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 genome3%,
Each individual has a unique and specific microbiota, the composition of which is the result of many
factors such as genotype, host pathophysiology, mode of first colonization, and not least
environmental factors, diet, and medication use. However, as revealed by a metabolic
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 microbiota3?!.

The fetus does 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 environment. Its composition stabilizes about
3-4 years. In this regard, recent studies revealed that there is variability between children born of
natural birth or cesarean delivery, as well as between breastfeeding or artificial feeding3??2-324, Then,
over the course of life, the microbiota changes and diversifies3?>.

The human gut microbiota most abundantly includes two major gram-negative anaerobic phyla, the
Bacteroidetes and Firmicutes, and one gram-positive phylum, Actinobacteria®?6-3%8, Other identified
types are present in small numbers and include some species of the Proteobacteria, Cyanobacteria,
Verrucomicrobia, and Actinobacteria phyla3?°.

Bacterial colonization brings with it two main advantages. The first is to educate the immune system
and increase tolerance to microbial immune determinants; the second is to metabolize, degrade
otherwise indigestible substances, potentially toxic food compounds (e.g. oxalate), and synthesize
some vitamins and amino acids3°. During these processes, the microbiota releases a wide range of
metabolites and small molecules that affect the body. The main site of fermentation is the proximal
colon, where substrate availability is higher. The latter along the distal colon decreases, and with it
the microbial production. Specifically, saccharolytic primary fermenters such as Bacteroidetes
ferment nondigestible carbohydrates in the proximal colon and produce short-chain fatty acids
(SCFAs), along with CO; and H; gases®3!. At the most distal part of the colon, however, fermentation
of bacterial proteins and amino acids derived from primary fermenters occurs 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 volatile sulfuric compounds332.

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

induce the release of proinflammatory cytokines such as IL-1pB, IL-6, or TNF-a, thus considerably
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affecting the immune response and protection of the host from pathogens33. As a result, any
alteration in gut microbial composition, diversity, or function may pose a risk®3**. A good balance
between microbiota and mucosal immunity ensures intestinal homeostasis, whose imbalance can
lead to adverse conditions such as IBD, Crohn’s disease, and ulcerative colitis3?°.

Experiments in germ-free mice have shown the importance of the microbiota also in 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
enterochromaffin cells of the Gl tract3®. In addition, germ-free animals also showed cognitive

impairment, sociability problems, and depressive and anxious behaviours33®,

2.4.2 Short Chain Fatty Acids (SCFAs)

SCFAs are saturated aliphatic organic acids composed of one to six carbons. Acetate (C2), propionate
(C3), and butyrate (C4) account for 95%33. These are present in an approximate 30:10:10 molar
ratio in colon and feces338-34°, Their total concentration can vary from 70 to 140 mM in the proximal
colon to 20-70 mM in the distal colon, depending on diet3,

Most Gl bacteria get acetate as their net fermentation product. In contrast, propionate and butyrate
are produced by more specific bacterial species. Butyrate can be produced via glycolysis from
acetate, lactate, amino acids and various carbohydrates by two different pathways: the butyryl-CoA:
acetate CoA-transferase or the phosphotransbutyrylase and butyrate kinase pathway. For example,
some families from the order Clostridiales (Firmicutes) such as Lachnospiraceae (Coprococcus,
Eubacterium, Anaerostipes, and Roseburia), and Ruminococcaceae (Faecalibacterium) are able to
produce butyrate341343, Propionate is produced from various substrates, including amino acids,
carbohydrates, lactate, and 1,2-propanediol, via succinate substrate, its precursor. The succinate
pathway is specific to Bacteroidetes and some Firmicutes. An alternative way used by some
Firmicutes, belonging to the Lachnospiraceae and Ruminococcaceae, is the acrylate pathway, where
the substrate for propionate production is given by lactate. The commensal bacterium Akkermansia
muciniphila (phylum Verrucomicrobia) produces propionate from the propanediol pathway from
deoxy sugars344. For the microbial community, SCFAs are a necessary waste product to balance the
production of redox equivalents in the anaerobic environment of the gut3*>. However, SCFAs are
responsible for much more. In fact, they are involved in the regulation of gut motility and brain,
secretion, and signaling. To do this, they act through receptors for free fatty acids on epithelial,

enteroendocrine, immune cells, and both intrinsic and extrinsic neurons of the Gl tract3*63%8, There
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are several mechanisms by which SCFAs can affect the host. These include regulation of acetylation
and methylation of histones and G-protein-coupled receptors (GPCRs), secretion of various
hormones and neurochemicals (e.g., serotonin), and induction of vagus nerve signaling3*°-3>,
Furthermore, it has been shown in rodent experiments that SCFAs can be used as a mitochondrial
energy source3>%73%8, The contribution of SCFAs has also emerged associated with the maintenance
of physical barriers (blood-brain and intestinal) through action on tight junctions3>9-361,

Hence, since SCFAs can impact the host in a multitude of ways, it is not surprising that SCFAs are
implicated in numerous functions. Gl tract functions, lipid-, glucose-, and cholesterol-metabolism,
blood pressure regulation, circadian rhythm, and immune function36273%8, |n this regard, it has
emerged in recent decades that SCFAs could be crucial in the prevention and treatment of metabolic
syndrome, intestinal disorders, and some cancers3®9379, In clinical trials, for example, SCFAs
administration had a positive impact on the treatment of ulcerative colitis, Crohn's disease, and
antibiotic-associated diarrhea3’*374, Concerning the gut-brain axis, it should be mentioned that
SCFAs influence memory and learning processes, as well as the release of serotonin by the
mucosa3’>. The amount of serotonin produced in the CNS is small compared with that in the gut,
which is about 90% of the total. A substrate for serotonin production in the brain and gut is
tryptophan, the metabolism of which is an essential modulator of the gut-brain axis. For example,
depression and low mood conditions have been related to a reduction in tryptophan metabolism.
Also emotion processing and behavior involve microbially derived SCFAs: shreds of evidence report
that butyrate improves cognitive impairments in vascular dementia model and a mouse model of
obesity, while propionate reduces anticipated reward responses to high-energy foods in the human

striatum376-378,
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3. Pain at gastrointestinal level
3.1 Pain

The definition of pain given by the International Association for the Study of Pain (IASP) is as follows:
"Pain is an unpleasant sensory and emotional experience associated with potential or actual tissue
damage or described in terms of such damage." Therefore, it may be inferred the subjective
component of pain3’°. Indeed, the individual's response to pain is also influenced by the emotional,
psychological state, and sociocultural environment in which it is experienced38. Experiencing pain
implies not only consequences related to the proper physiology alteration, which may be more or
less severe, but also psychological and social issues. Routines can be disrupted because of reduced
mobility and poor appetite or sleep difficulties, even leading to anxiety and depression, which in
turn aggravate the perception of pain itself38!, When we refer to the patient's experience of total
pain, we mean the set of etiologic components, but also the factors that influence the patient's
perception such as social isolation, fear, anger, helplessness, and frustration322,

Pain can be distinguished based on its origin into nociceptive, inflammatory or neuropathic, but also
based on its duration, into acute or chronic3®, Instead, if 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 Gl symptom complained of by Fabry patients®*.

3.2 Visceral pain: characteristics, causes and comorbidity

Visceral pain is what comes from the internal organs as a result of activation of nociceptors in the
thoracic, pelvic, or abdominal viscera3®4. Abdominal pain encompasses a range of even broader
syndromes such as noncardiac chest pain, endometriosis, pancreatitis, chronic bowel and bladder
pain, and not least abdominal pain'®.

Abdominal pain, common to Gl pathologies like IBD and IBS, not only affect more than 50% of FD
patients (neuropathic pain)'9%126:155 but also involve at least 10-15% of the general population.
Moreover, it is also a growing problem associated with chronic opioid use38>-387,

If in some cases the pathophysiology underlying the pain onset is clear, 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 mechanical/functional damage (kidney stones, Gl

dysmotility), to neoplasms 1%,
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Although somatic and visceral pain share some points regarding information processing, important
distinctions should also be clarified384. For example, visceral structures are not particularly sensitive
to normal stimuli that evoke somatic pain, such as cutting or burning, but are sensitive to stretching,
ischemia and inflammation3®8. Furthermore, visceral pain is poorly localized and often affects
multiple organs simultaneously. Consequently, it is perceived more diffusely than noxious skin
stimulation most likely owing to the low density of sensory afferents at the viscera level and the
wide divergence of inputs at the intraspinal level'®6:3893% visceral pain localization generally refers
to somatic structures, manifesting as secondary hyperalgesia at the superficial or deep tissue level,
because of visceral-somatic confluence in common spinal levels3°¥392, Viscero-somatic convergence
could explain why visceral pain often accompanies somatic pain conditions or vice versa. There is
also visceral-visceral convergence whereby pain to one organ is perceived as pain to another3%,
Finally, clear autonomic experiences may accompany visceral pain. These include nausea, pallor, Gl
disturbances, altered heart rate, and blood pressure3®,

Contributing to the severely debilitating condition of visceral pain, as well as a very high
socioeconomic cost, is the lack of effective treatments3*#3°>, The main problem is the fact that
opioid and/or nonsteroidal analgesic/anti-inflammatory drugs can cause major side effects in these
patients, such as exacerbation of symptoms3°33%_ |n addition, comorbidity with gut-brain axis
mediated disorders (such as stress, anxiety and depression) increases its impact and complexity of
management3*~4%1 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 distension®®2.
Overall, it follows that effective management of patients with visceral pain involves cooperation

between professionals from different fields38.

3.2.1 Central modulation of visceral pain

There are two distinct anatomic spinal pathways along which colonic afferents flow. These are the
splanchnic (lumbar-splanchnic nerves) and pelvic (sacral-pelvic nerves) afferents that have their cell
bodies located in the thoracolumbar (T10-L2) and lumbosacral (L5-S1) spinal ganglia, respectively*3-
405 These sensory fibers interact in the dorsal horn of the spinal cord with excitatory and inhibitory
interneurons and second-order neurons of the dorsal column, spinothalamic, and spinoparabrachial
pathway. Autonomic and affective responses to pain are specific to the spinoparabrachial pathway,
whose projections nourish the limbic and cognitive centers (amygdala, hypothalamus, and

periaqueductal gray). Instead, for the discrimination and localization of pain, and partially also for
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the emotional component of the response to it, there is the spinothalamic tract3?34%, The thalamus
sends signals to brain regions associated with emotional processing of pain such as amygdala,
hippocampus and anterior cingulate cortex*°7:408,

The brainstem descending antinociceptive circuit causes the release of inhibitory neurotransmitters
in the dorsal horn of the spinal cord to regulate autonomic responses33496:409410 | fact, pain
modulation in the CNS acts through descending pathways, with multiple areas involved, for
example, the amygdala and hypothalamus. In this pathway, the periaqueductal gray region (PAG)
via its projections to the medulla and amygdala is also involved*!!. The PAG also sends inputs to the
rostral ventromedial medulla, which in concert with the raphe magnus and the nucleus reticularis
projects to the dorsal spinal and medullary horns modifying the nociceptive signal. Proving this
structure, it has also been found that injection of opioids into these brain areas offer an analgesic

effect in animal models*12,

3.2.2 Stimuli perception, visceral hypersensitivity and its measurement

In the GI tract it is possible to distinguish between high-threshold, predominantly mechanical
nociceptors, which function in the range of pain, and low-threshold nociceptors, which detect
intensity by perceiving the stimulus from harmless to noxious. In chronic visceral pain, there are also
silent nociceptors®'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 pain*®®. Sensitization of a nociceptor is defined as a decrease in the activation
threshold and an increase in the magnitude of the response®'®. This 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 triggered 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 channels)*'’,

For visceral sensitivity analysis, one of the most widely used methods is the colorectal distension
(CRD). The easy accessibility and large number of sensitive afferents make the rectum an ideal target
for assessing visceral nociception?®®. This can be measured using an air-filled polyethylene bag
attached to a barostat, which maintains a constant pressure and measure changes in rectal tone by
recording variations in intra-rectal pressure and volume®*8, The intensity and quality of perception

during the test can be assessed based on different parameters and using different scales*1°420,

44



For example in IBS, in which lowered rectal pain threshold is a hallmark, it has been noticed that
about 50% of patients have increased visceral sensitivity to rectal balloon distension#2-423,

Initially, CRD was developed in rats by Ness and Gebhart (1988) and later in mice*?*%%>, This
technique has long been the method of choice for visceral pain studies. In rodents, responses to
CRD are reliably intensity-dependent and duly attenuated by analgesics*?#4?6, The same authors
identified also peripheral and central neural pathways mediating the visceromotor response, later
confirmed by Kyloh and colleagues (2011)?%%4?4, By severing the lumbar splanchnic nerves the
visceromotor responses or passive avoidance 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 the pelvic splanchnic nerves26®427,

3.2.3 Microbiota and SCFAs effects on visceral pain

As detailed by Lomax and coworkers (2019) and other authors, the mutualistic relationship between
bacteria and eukaryotes implies the ability of the gut microbiota to influence behavior and pain*%%-
431 Early evidence that the microbiota might play a role on visceral pain comes from rodent studies
in which antibiotic and probiotic treatments were used. These mice showed altered microbiota
composition accompanied by increased inflammatory markers and visceral hypersensitivity (VHS) at
CRD. However, when they were treated with the probiotic Lactobacillus paracasei, there was
normalization of the parameters*32. Still, other studies have shown that Lactobacillus acidophilus
acting on opioid and cannabinoid receptors improves VHS*¥. In contrast, a reduction in
Lactobacillus and butyrate production exacerbates colitis in mice*34. Thus, the interaction between
bacteria and nervous system is controversial. For instance, recent studies on skin show that
Staphylococcus aureus can directly activate neurons in DRGs*3>. However, experiments carried out
on germ-free mice indicate that the alteration in visceral sensitivity is not solely caused by a direct
microbiota-neuron interaction, as a number of additional potentially confounding changes in
immune development would also have to be considered*3®. Indeed, in vivo evidence has long
supported a key role of epithelial and immune cells in mediating some effects of the microbiota on
pain*37438 However, fecal transplantation from IBS patients into rats caused VHS in the absence of
mucosal permeability damage or immune activation, thus leading to the hypothesis that bacterial
metabolites may act directly on gut-brain signaling®3°. Just as bacterial dysbiosis has been associated

with visceral sensitivity, consequently so are SCFAs. In particular, antibiotic- or dietary modulation-
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induced decrease in SCFAs led to an increase in VHS*#*%43_ However, when SCFAs were administered
to rats with induced colitis, VHS was not improved by any of them. Actually, butyrate administration
decreased the noxious pressure threshold in rats, indicating a pro-nociceptive effect***. These
results were also supported by experiments in which sodium butyrate administered to rats induced
VHS**, Overall, on the role of SCFAs in gut-brain mediation and visceral sensitivity there are

contrasting findings that need further investigation.

3.3 Transient receptor ion channels in visceral hypersensitivity

The biophysical properties of ion channels influence responses to pain stimuli by regulating the
action potential and excitability of neurons. Sodium (Na*), calcium (Ca?*) and potassium (K*)
channels, in particular, appear to play a critical role in neuropathic pain**®. Many of these ion
channels have also been studied in FD and found to be involved. These include voltage-gated sodium
channels (NaV1.7 and NaV1.8); transient receptor potential (TRP) channels (TRPV1, TRPMS8, TRPA1);
voltage-gated calcium channels (VGCC); potassium/sodium-hyperpolarization-activated ion channel
2 (HCN2); voltage-gated potassium channels (KV); calcium-activated potassium channels (KCal.1,
KCa3.1); acid-sensing ion channels (ASIC1a), and Piezo channels*¥’.

Although the exact pathophysiological mechanisms of visceral hypersensitivity underlying the
increased abdominal pain perception peculiar to FD and many other Gl pathologies have yet to be
elucidated, several studies have shown a role of the TRP channels**8.

To date, 28 TRP genes have been identified in mammals, organized into 6 subcategories: canonical
(TRPC), melastatin (TRPM), vanilloid (TRPV), ankyrin (TRPA), mucolipin (TRPML) and polycystin
(TRPP)*3, TRP channels consist of four functional subunits that form the channel capable of opening
and closing by conformational modifications*?4>1, The subunits have 6 transmembrane domains
with a pore between the fifth and sixth*24>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. These faintly depolarization-sensitive channels non-selectively
conduct cations and open in response to binding to specific ligands, changes in the protein itself, or
variations in temperature®4°4>2-454 '\When they are active can cause an increase in intracellular Na*
and Ca?* concentrations and thus neuronal excitation and numerous cellular responses of various
types*8. Three main functions of TRP channels can be recognized: 1) to detect and transduce
chemical and physical stimuli, as molecular sensors; 2) to act as downstream transducers of GPCR-

or ion channel-mediated cellular activation; 3) to 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 or by transmission of signals to the CNS, resulting in sensitization4484°>,

In the GI tract, a wide variety of TRP channels (including TRPV1, TRPV4, TRPA1l, TRPMS8) are
expressed by different cells. They cover several functions in this district, such as perception 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 sensation®°®.

A large literature demonstrates the linking between altered expression/function of TRP channels
and Gl disorders?®®457.458 Experiments performed in TRP channels-muted transgenic mice and
preclinical models through agonists would confirm their crucial role in the development and
maintenance of colonic hypersensitivity®®4594%0 Somatic pain and skin studies showed that the
direct activation of TRP channels in sensory fibers triggers several protective mechanisms aimed at
problem resolution. Failure to regulate these systems, in the long term, may lead to chronic

sensitization of TRP channels, thus triggering sensitization462,

3.3.1 Transient receptor potential vanilloid 1 (TRPV1)

TRPV1, known as the capsaicin receptor, is among the most studied and best characterized ion
channels in the context of visceral pain. It is a voltage-gated outwardly rectifying cation channel and
can be activated by a variety of stimuli: by high temperatures (> 43°C), acidosis (pH < 6), exogenous
irritants such as the capsaicin found in hot peppers, allylisothiocyanate (AITC) found in the oil of
mustard, horseradish or wasabi, and some endogenous lipid compounds, including anandamide and
some lipoxygenase metabolites of arachidonic acids*¢?7%¢, Pharmacological studies by gene
deletions have revealed that TRPV1 channels play a key role in inflammatory and neuropathic
pain?®’, Altered heat perception (heat hypersensitivity) associated with increased expression of the
channel protein in DRG has also been reported in the mouse model of Fabry disease, the GLA KO
mouse?®8, Again on Fabry mice, frontal paw skin, as well as primary neurons from DRG cultures, also
showed increased levels of TRPV1 expression, as demonstrated by Lakoma and coworkers®*°>,

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 channels?474, |n
addition, TRPV1 is expressed by small- and medium-sized neuronal cell bodies in DRGs and nodose
ganglia267463475-478 Therefore, given the anatomical location, it is not surprising that TRPV1 may

play a crucial role in nociception?’%472480 |n 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 hypersensitivity (Table 4).
For example, it has been seen that IBS patients show a greater response to CRD during rectal
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 up-regulation of the channel*®!. Accordingly, several inflammatory
mediators, factors associated with hyperalgesia, and acidic pH have been shown to sensitize TRPV1
and increase the chance of channel gating by heat and capsaicin*®2=*8, In addition, primary neurons
from murine DRGs showed an increase in capsaicin-induced intracellular Ca?* response following
incubation with supernatants of submucosal rectal biopsies from IBS patients, suggesting the
release by the latter of mediators capable of sensitizing TRPV1%8>, In addition, TRPV1-deficient mice
in which acute colitis had been induced showed no inflammatory VHS®. Finally, in a rat model of
maternal separation stress, VHS in adults was reversed by a TRPV1 antagonist, further emphasizing

the role of the channel®’.

3.3.2 Transient receptor potential vanilloid 4 (TRPV4)

TRPV4 is a Ca?* permeable cation channel that was once thought to be activated exclusively by
hypoosmotic swelling*¥4%0, However, recent evidence has revealed that there may be several
stimuli causing its activation. These include stress, low pH, high temperatures (> 25°C), mechanical
distention, phorbol esters and downstream metabolites of arachidonic acid*'™#%’, In the Gl tract,
TRPV4 is mainly found expressed in the serosal and mesenteric layers by extrinsic afferents®8.
However, it can also be found in non-nervous cells, such as epithelial and endothelial cells (Table
4)%8  |ts expression is higher in DRG neurons projecting to the colon and recent evidences suggest
its role in visceral nociception and also in Gl motility by reducing NO-dependent Ca?* release from
enteric neurons*®*%, For example, in patients with IBD, TRPV4 expression has been seen to be
higher than in healthy people %8, Similarly, in colonic lysates from patients with CD and ulcerative
colitis, TRPV4 mRNA was highly enriched compared with healthy subjects>®. Furthermore, a study
on DRG neuron cultures showed that activation of protease-activated receptor 2 (PAR2) by
mediators released from biopsies of patients with IBS, increases the response to TRPV4
agonists#9>°01502 Finglly, chemical activation of TRPV4 has also been shown to lead to allodynia and

visceral hyperalgesia following CRD>%,
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3.3.3 Transient receptor potential ankyrin 1 (TRPA1)

TRPA1 channel is activated by low temperatures (< 18°C) that are considered harmful. However,
other stimuli trigger its activation, such as mechanical and chemical stimuli. These include some
pungent compounds, such as cinnamaldehyde, menthol, AITC, allicin (in garlic), inflammatory fatty
acids, prostaglandin metabolites, and hydrogen peroxide>®*=%, TRPA1 was originally thought to
play a specific role in inner ear hair cells, however, experiments on TRPAl-silenced mice revealed
normal hearing of the animals®®. Instead, the function that has been demonstrated is in
nociception, including in Fabry disease!!. Studies have shown that TRPA1 is integral to mechanical
sensitization in pain-related disorders resulting from peripheral inflammation, neuropathic pain,
and diabetic neuropathy. However, in these disorders TRPA1 does not appear to underlie basic
protective mechanical nociception, but its inhibition alleviates the perception of mechanical pain®?-
14 Miller and colleagues (2018) showed that in Fabry rats sensory neurons, blockade of TRAP1
reduced mechanical and nociceptive hypersensitivity>*°.

At the Gl level, TRPAL is expressed by both the intrinsic and extrinsic innervation system>'6, Mainly
it is found localized in mucosal and serosal and mesenteric afferents®!’. However, it can also be
found in non-neuronal cells such as enterochromaffin, endocrine, and epithelial cells (Table 4)>18,
To date, much of the literature on the role of TRPA1 in the gut is linked to VHS, but also colorectal
motility modulation should be considered®*>2°, For example, a study comparing mice colonically
treated with a TRPA1 agonist and WT mice showed a significant increase in visceromotor response
in the former, suggesting a role in VHS>'7°21, A nociceptive role also emerged in the rat DRG study
by Yang and colleagues (2008), who, by intrathecal administration of antisense TRPA1l
oligodeoxynucleotide to reduce TRPA1l expression, demonstrated a reduction in colitis-induced
hyperalgesia to CRD and intracolonic mustard oil administration®'®. Finally, a recent study of
biopsies from patients with IBD reported upregulation of TRPA1 mRNA expression, again suggesting

that TRPA1 should be considered among potential targets for the treatment of VHS>?2,
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Table 4 Principal characteristics of the analyzed ion channels. Modified from Alaimo at al. 2019
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4. Gastrointestinal fluid and electrolyte transport

4.1 lon Transport

In order to create a favorable environment for effective enzymatic digestion, ideal for nutrient
absorption and fecal propulsion, ion transport is critical. In the Gl tract, approximately 8 liters of
fluid are secreted each day>23. Most of this volume is reabsorbed, and only small traces remain in
the expelled feces. So, we can infer how finely this process is regulated to preserve water and
electrolyte balance®?*. Consequently, when this delicate absorption-secretion equilibrium is altered,
several Gl disorders are triggered. In particular, this is a common cause of symptoms associated with
IBD and IBS, but also of serious consequences ranging from life-threatening diarrhea, for example

in cholera, to constipation, as in cystic fibrosis®2>>%’,

4.1.1 Absorption mechanisms

In the absorption process, as reported in Figure 9, the solutes mainly involved are Na*and CI-.

As for Na*, its uptake occurs by electroneutral ion exchangers. Three Na*/H* (NHE) exchangers are
expressed along the Gl tract>?®, The first, NHE1 is located at the basolateral level and regulates
intracellular pH and cell volume. The other two, NHE2 and NHE3, are expressed on the apical side>?°.
Severe and chronic diarrhea was found in NHN3-deficient transgenic mice, thus suggesting its key
role in intestinal absorption. Electrogenic Na* absorption occurs mainly in the colon at the apical
level by amiloride-sensitive epithelial Na* channels (ENaC). ENaC, the main active ion channel for
Na* reabsorption, has been shown to compensate for the loss of electrolytes associated with
diarrhea in NHE3 KO mice®0.

Regarding Cl ions, their uptake is mediated mainly by two anion exchangers, DRA (down regulated
in adenoma) and PAT-1 (putative anion transporter-1). Both, located apically, are ClI/HCOs
exchangers>31>32, DRA is more highly expressed in the colon than in the small intestine, while PAT-
1 shows an opposite expression pattern>33. As evidence of the clinical importance of DRA, suffice it
to say that its absence is associated with a rare form of Cl- secretory congenital diarrhea>34.

lon absorption can also occur through nutrient-coupled transporters, such as sodium-glucose
transporter 1 (SGLT1) and SCFAs transporter, SCFA/HCO3>%. In the colon, SCFAs also affect Na*
absorption and CI secretion by promoting the expression of NHE3 and ENaC, as well as inhibiting

cAMP- and cyclic guanosine monophosphate (cGMP)-mediated secretion®3¢->38,
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Figure 9 Absorption mechanisms in the Gl tract. Na*/H* cation exchangers 2 and 3 (NHE2, blue; NHE3, pink),
along with down-regulated in adenoma (DRA, ochre) and putative anion transporter-1(PAT-1, sage) anion
exchangers import Na* and CI" crossways the apical membrane into intestinal epithelial cells while exporting
a H* and HCOj. Basolaterally, Na*/K* ATPase and NHE1 (light green) provide a gradient for the basolateral
exit of ions and subsequent transport of water across the intestinal epithelium. Created by BioRender.

4.1.2 Secretion mechanisms

The secretion is also predominantly active. It involves intracellular CI- gradients and is regulated by
apical ion channels and the activity of several basolateral transporters, as represented in Figure
10°23, Indeed, CI secretion is associated with paracellular Na* movement, that work to provide the
osmotic source for water movement>3°,

Three components are implicated in secretion: crypt epithelial cells (effectors); enterochromaffin
cells or afferent neurons (sensors); and neural secretory reflex neurons. In summary, CI
accumulated within the cell via the basolateral sodium-potassium symporter (NKCC1) exits apically.
The basal Na*/K* ATPase pump recycles Na* and causes intracellular cytosolic Na* concentrations to
remain low, thereby creating a net electronegative environment within the cell. This negativity is
the driving force for apical extrusion of Cl->23°40541 The best known channel for CI- secretion is the
cystic fibrosis membrane-regulatory ClI- channel (CFTR), activated by cAMP or cGMP. However, in
addition to CFTR channels, there are also alternative pathways for CI- extrusion. These include Ca?*-

activated ClI channels and cAMP-mediated CIC-2 channels, both of which are located on the apical
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side of crypto-secreting cells. Experimental evidence has shown that cAMP-mediated Cl secretion
has slow kinetics, whereas Ca?*-mediated Cl- secretion has a rapid start and is transient. Finally, on
the basolateral side, there are also K* channels that promote CI expulsion by providing a favorable

electrochemical gradient via K* output (Fig. 10)>49->42,

cr
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K*
Figure 10 Secretion mechanisms in the gastrointestinal tract. Cl ions are pumped into the cell via the Na*/
K*/Cl (NKCC1, light blue) symporter, the gradient for which is provided by the Na*/K* ATPase which also
recycles Na* out of the cell. Basolateral K* channels recycle K* out producing a negative intracellular charge
and a push toward apical exit through cAMP activated cystic fibrosis transmembrane conductance regulator
(CFTR, green) or calcium activated chloride channels (CACC). Created by BioRender.

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

according to their basolateral or apical localization.

Basolateral membrane
- Na'/K* ATPase. Structurally this is a heterodimer of a and B subunits. The ion transporter
characteristics are embedded in the a subunit, whilst the B subunit seems to be involved in
the placement of the pump at the membrane level>*3>**, Functionally, this is responsible for
providing the energy for active Cl" secretion. Its function is based on the outward transport

of three Na* ions in exchange of 2 K*, after the hydrolysis of an ATP molecule®*>>%, Thus, its
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activity maintains a low intracellular Na* concentration and a high K*, making the interior of
the cell electronegative. Such negativity is critical in providing the driving force for Cl- egress.
NKCC1. This is a Na*/K*/2Cl" cotransporter involved in CI- uptake. The protein is expressed in
several cell types; however, it plays its specialized role in epithelia. In fact, its expression
levels are 10- to 30-fold higher in secretory epithelial cells®*’. NKCC1 is often referred to as
a secondary active transporter because it takes advantage of the ion gradients provided by
the Na*/K* ATPase. Because two Cl" ions are transported in combination with two cations,
the transport is electroneutral. However, the low intracellular Na* concentration causes an
accumulation of CI" lower than the expected concentration by electrochemical equilibrium.
To date, although the specifics are unknown, it is established that NKCC1 activity is
stimulated by intracellular kinase cascades and phosphorylation®4>4°, Specifically, a kinase
sensitive to CI" movement and cell volume may stimulate cotransporter phosphorylation
caused by a decrease in intracellular CI>°°, So, with this mechanism of communication
between the basal and serosal sides, the apical loss of ClI- would be compensated by an
increase in incoming Cl-, maximizing the rate of transport>°?.

K* channels. In Cl" secretion there are at least two K* channels involved. One, dependent on
intracellular Ca?* levels, relatively insensitive to channel blocker; the other is instead
presumed to be activated by increases in cAMP and is quite sensitive to barium>>2=>4, Then
there would be a third, described by Devor and coworkers (1998) in T84 cells that is activated

by arachidonic acid>>>.

Apical membrane

CFTR. Cloning of this protein occurred in 1989, since which time numerous information
about its structure and function has emerged®°6->>8, |t undoubtedly constitutes the main
pathway of CI excretion at the apical level. Structurally, CFTR is a large protein with several
functional domains>°. In addition to 12 membrane-crossing regions forming the channel
pore, the protein also contains 2 nucleotide bonds and a large regulatory domain that
contains consensus sequences for phosphorylation by several protein kinases*°.

Functionally, CFTR opening requires two steps: covalent modification of the R domain by
cAMP-dependent PKA and binding followed by hydrolysis of the nucleotide in the nucleotide-
binding domains>>°=°62, |n addition to this primary regulation, there are additional levels of
regulation. One of these is provided by the delivery of preformed CFTR from subapical

membrane vesicles at the expense of cAMP. This increases membrane channel density,
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although this has not been observed in all Cl- secreting cell types®®3~>%. In addition,
regulation of CFTR by other protein kinases has also been proposed. For example, it has been
hypothesized that PKC activity may allow or enhance channel activation by PKA>%°%7_Finally,
in Gl tracts, CFTR also opens following increases in cGMP>%8, This could imply either a cross-
activation of PKA by the high levels of cGMP induced by some agonists, or a direct effect of
another cGMP-dependent protein kinase on CFTR>68->70,

CaCC. Debate persists whether other Cl- apical channels are involved in secretion 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 any, Ca%*-activated CI
conductance®’173, Furthermore, intestinal tissues from cystic fibrosis patients or mice with
a targeted deletion of the CFTR gene do not exhibit cAMP- or Ca?*-mediated ClI secretory
responses, whereas the transport defect is limited to cAMP-mediated transport in the
airways®’1°74, Based on these data, it has been suggested that the CI secretory responses
evoked in normal intestinal tissues by agonists that mobilize intracellular Ca?* are actually
driven primarily by the opening of a basolateral K* channel, with CI being able to exit the cell
via the small fraction of CFTR CI" channels open at any given time.

However, it is also suggested that Ca**-activated CI* channels may be significant for CI
excretion®’>°76, Treatment of intestinal epithelial cells with antisense oligonucleotides to the
CFTR channel, sufficient to abolish cAMP-stimulated secretion, does not affect CaZ*-
mediated responses, so Ca%*-activated Cl- secretion may be CFTR-independent. In addition,
a subgroup of CFTR KO mice showed increased survival and reduced Gl symptoms probably
due to this alternative secretory pathway>’”>"8, Several groups have shown the involvement
of CaCCs in the process of viral and Vibrio parahaemolyticus-related diarrhea®’®=>8, Finally,
specific CaCC inhibitors shown to effectively decrease Cl" secretion in vitro, but then in vivo

experiments must be carried out>®2,

4.2 Pharmacological secretagogues 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' structure>®®. The classic approach to

investigating intestinal ion transport processes involves the use of these specific pharmacological
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ligands with the ability to target and modulate ion channels, exchangers or effecter molecules of

interest. In Figure 11 the secretagogues used in this project are represented.
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Figure 11 Secretagogues used for this research and their targets. The scheme shows the main components
investigated at the apical and basolateral levels. Ca?* activated chloride channel (CACC); Cystic Fibrosis
Transmembrane Conductance Regulator (CFTR); Na*/K*/Cl" cotransporter (NKCC1) with its recyclers Na*/K*
ATPase and K* channels (KCNN4 and KCNQ1) are drawn with the secretagogues addressed to them. The
activators/stimulants Carbachol (CCh), Forskolin (FSK), Capsaicin (Caps), and Veratridine (VER) are
represented (blue arrows) where they act. As well, the blockers Pyrimido-pyrrolo-quinoxalinedione (PPQ),
Furosemide (FUR) and Tetrodotoxin (TTX) (red ticks). Figure realized by BioRender.

4.2.1 Furosemide

Furosemide, an anthranilic acid derivative, is a highly efficacious loop diuretic drug which is common
used for treatment of edema due to heart failure, hypertension, cirrhosis, and kidney disease>84°8,
It has been explained its inhibitory effect both on Na*/K*/2Cl cotransporter isoform 2 (NKCC2)
located on the apical membrane, and on NKCC1 ubiquitously distributed in epithelial and non-
epithelial cells, and present at Gl level in the basolateral membrane>®°8’, Therefore, in addition to
the role of furosemide in enhancing urine output, some surveys have described its non-diuretic
effects, such as its effects on airways, vascular smooth muscle, brain, and not least Gl tract>®8. Some

studies have displayed the side effects of furosemide on the Gl tract including nausea, diarrhea, and

constipation®®. Moreover, given its blocking effect on NKCC1 channel, this secretagogue has been
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widely used, and is still being used, to investigate the ClI" secretion mechanisms at Gl level , for
example by Ussing Chamber>°°, This has also been employed in Organ Bath studies to evaluate the

effect on contractility>%™.

4.2.2 Pyrimido-pyrrolo-quinoxalinedione

Pyrimido-pyrrolo-quinoxalinedione (PPQ) [Patent Office EP2464354A4] is a potent inhibitor of CFTR,
a cCAMP-regulated CI" channel 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 diarrhea,
and slow the development of renal cysts in polycystic kidney disease, where fluid accumulation in
renal cysts is CFTR-dependent®®27>%>, PPQ owes its recent discovery as a CFTR inhibitor to Lukmanee
Tradtrantip and Alan S. Verkman (2009)°°¢. The authors, after identifying the potential of the PPQ
class of compounds, performed a structure-activity analysis to identify the most potent CFTR
inhibitors. Then, following further characterization and biological testing, they identified PPQ-102.
To study the compound's potency, reversibility and specificity, they performed short-circuit current
analysis of the CI" conductance of CFTR. Channel inhibition by PPQ-102 was about 100% at higher
concentrations, with 1Cso ~90 nM. At low concentrations, inhibition occurred for several minutes,
suggesting an intracellular site of action. In addition, reversibility of inhibition emerged, as
demonstrated by the complete restoration of CI"CFTR-dependent current after 30 min incubation
with 2 uM PPQ-102 followed by 10 min washout. The advantage of PPQ is its voltage-independence,
as confirmed by patch-clamp analysis, as it allows the potency of inhibition to be maintained even
in negative cells>®®. Since its discovery, PPQ has not only been used for the treatment of polycystic

kidney but also to investigate the role of CFTR in different epithelia.

4.2.3 Tetrodotoxin

Tetrodotoxin (TTX) is a well-known and potent neurotoxin synthesized by specific bacteria, which
can be found in several animals, including pufferfish (in the ovary and liver)>®”>%, 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 responses>®®. More generally in
experiments aimed at understanding those mechanisms where voltage gated sodium channels
(VGSCs) are potentially involved. In fact, TTX blocks VGSCs in 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 filter, thus preventing the influx of Na* and the

57



propagation of action potentials. It does not impairs the channel gating mechanism>%’. Therefore,
when this is administered, the result is blockade of associated neural or muscle function®9%61 Some
TTX-resistant Na* channels have been discovered in the nervous system and received much
attention because of their role in pain sensation>%%t02 Specifically to Gl function, it has been widely
used in studies on intestinal tissues processed in Ussing chamber or organ baths to investigate

neural components involved in motility and ion transport®03.604,

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
ACh and is not destroyed by cholinesterase®9>:6%,

This compound, along with bethanechol (it differs by a single B-methyl group), has been widely used
to study cholinergic-induced intestinal epithelial ion transport in several species, including
roditors®%7-%19, Muscarinic receptors are Gq protein-coupled receptors that stimulate phospholipase
C leading to the degradation of phosphatidylinositol 4-5 biphosphate (PIP2) to diacylglycerol (DAG)
and inositol 1,4,5 triphosphate (IP3) that stimulate the release of intracellular Ca?* stores from the
endoplasmic. This Ca?* release facilitates ion transport in the Gl epithelium as CI- secretion. Like
cAMP-induced CI- secretion, Ca?* triggers basolateral K* channels that provide the driving force for

apical CI- efflux through CaCCs®'?,

4.2.5 Forskolin

Forskolin (FSK) is a labdane diterpenoid isolated from the roots of Plectranthus barbatus, an Indian
plant better known as Coleus forskohlii. This, along with its derivatives, has also been widely used
at the Gl level as a pharmacological tool to investigate the role of cAMP®612613 |ndeed, it is recalled
that cAMP plays a key role in ion and fluid secretion, particularly by increasing CFTR channel-
mediated ClI- secretion®23. Forskolin is considered a valuable tool (albeit not too selective) because
it is able to increase the activity of adenylyl cyclase at the intracellular level, through the activation
of 8 of the 9 present isoforms of the enzyme®!3. This enzyme is responsible for the conversion of
ATP to cAMP and pyrophosphate, so the administration of FSK increases the levels of these
products, with the resulting consequences®!#. Regarding intestinal ion transport, protein kinase A
(PKA) is probably the best known and most relevant effector molecule downstream of cAMP. It

should be noted that PKA phosphorylates NKCC1 basolaterally and CFTR on the mucosal side,
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causing excretion of Cl', and consequently water, into the lumen. In addition, cAMP can stimulate
the recruitment of CFTR and NKCC1 to increase their density in the membrane®23. Finally, through

PKA-induced phosphorylation of NHE2/3 regulatory proteins, cAMP also inhibits uptake®%.

4.2.6 Veratridine

Veratridine (VER) is a natural plant alkaloid derived from Veratrum. It is a neurotoxin with a pan-
neuronal function that acts by reversibly binding to Na* channels, causing continuous activation of
action potentials in the nerve cell, thereby increasing its excitability®!®.

As a result, it has been used for several studies of enteric regulation of ionic transport at the Gl level,
providing valuable functional insights into these processes®’.

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 pro-secretory response causing an apical outflow of NaCl®%67 However, in whole Gl

tissues with extrinsic neural innervation, VER stimulation results in ion absorption®’.

4.2.7 Capsaicin

Capsaicin has already been mentioned as a TRPV1 channel agonist (see paragraph 3.3.1) . As noted
above, it has long been used for the treatment of pain, but pharmacological studies on
cardiovascular, respiratory, and Gl tissues also described physiological effects®'86%°, |In the Gl tract,
TRPV1 is mainly localized 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 peppers)*®3. In studies conducted in the
Ussing chamber on intestinal tissue, the effect of capsaicin on fluid transport was noticed.
Specifically, exposure to the compound would activate sensory afferents, which in turn would
activate secretomotor neurons to release pro-secretory neuropeptides (e.g., substance P) that can

increase luminal efflux of CI- and thus water®2°.

4.3 Ussing Chamber for measuring the Gl ion transport

The Ussing Chamber was developed over 50 years ago by the Danish biologist Hans Henriksen Ussing
as a method to investigate the active NaCl transport®21623, The inventor and co-workers used frog
skin as a model system since it can move NaCl from the skin surface into the interstitium against

concentration difference. However, distinguishing between the movement of ions actively
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transported and the passive movement of ions represented a challenge. The problem was resolved
by developing an experimental system whereby the tissue was placed between two halves of a
chamber, each of which refilled with the same volume of identical electrolyte solutions (Fig. 12 A-
B). Generally, bubbled Krebs solution is used as physiological buffer and the gas employed is a
mixture of 95% O, and 5% CO; (carbogen). This oxygenates the solutions to a reasonably level of
PO, , necessary to overcome the lack of hemoglobin distribution by arterial blood, and provides a
PCO, approximately equivalent to venous blood, which maintains the HCO3 buffer at pH 75%3. This
type of tissue assembly in the Ussing chamber allows the elimination of ionic movements powered
by passive forces (transepithelial concentration, osmotic and hydrostatic gradients) by blocking the
potential to zero via administering an external current passed through the epithelium (Fig. 12 C)%%3,
This current, called short-circuit current (/sc), corresponds to the summation of electrogenic ionic
currents by active transport: Isc= Ina++lk++lc-+lHcos--Ik. Hence, the Isc in the Ussing chamber results
from active transport®2324, Yet, Isc alone is does not completely reflect the complexity of the system.
Indeed, in many cases it’s necessary a more precise interpretation. For example, /s alone does not
give conclusive information on the direction of ion flux®?>. In order to have a comprehensive
knowledge of the ionic nature of a response, further experimentation with pharmacological tools,
as the secretagogues above mentioned, are often required. Moreover, we should consider the
method of tissue preparation. For example, the stripped tissue (mucosal-submucosal preparation),
lacking the MP and muscle layers, may provide an under estimated /sc to certain stimulants,
especially those involving a myenteric reflex, such as GABA-stimulated ion transport®?6, The Ussing
chamber can also measure transepithelial resistance (TEER). TEER has been widely used to assess
intestinal barrier integrity. However, it is a general measurement and represents para- and trans-
cellular resistance in parallel. Consequently, while TEER is useful when used with /s, as a 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 water do not always result in a change in TEER and barrier
integrity, although they may affect transport®?’.

Still to date, the Ussing chamber remains one of the most useful tools that provides a fairly precise
method of measuring electrical and transport parameters in polarized tissue®?623, It has been
utilized with every epithelium: reproductive tract, airway, eye, exocrine/endocrine ducts, choroid
plexus, and of course intestine; as well as to cultured epithelial cells where tight junction integrity

keeps apical and basolateral membrane polarity®28-632,
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Figure 12 Representative photos and schematic illustration of Ussing Chamber operation. (A) Pictures of an
open Ussing Chamber consisting of two halves. In the zoom (blue box) a piece of pinned mucosal-submucosal
preparation in correspondence of the hole. (B) A picture of the functioning system entirely mounted and
connected to carbogen-inflating tubes, that supply the necessary oxygen and maintains pH as well as
providing gas lift to allow steady circulation of buffer and perfusion of the tissue. The chamber is kept at a
constant temperature of 37°C. In the zoom (blue box) a graphic depiction of an equally filled chamber with
Krebs buffer to eliminate osmotic and hydrostatic gradients. (C) Tissue is voltage clamped to OV by sending a
set current directly across the tissue via voltage electrodes (red). The amount of current required to maintain
the tissue at OV (Short circuit current) is measured by the current electrodes (green) and recorded
electronically. Drugs can be added to either side of the chamber (red arrows). Created by personal photos,
BioRender and Lomasney and Hyland 2014.

61



62



AIMS OF THE STUDY

FD is a rare X-linked genetic disorder caused by mutations in the GLA gene. This gene codes for the
enzyme a-Gal 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 cell types®>’°. The
two main molecules accumulated are Gb3 and its derivative lyso-Gb3. The resulting clinical picture
is progressive and heterogeneous, involving several organs®. The first characteristic signs are pain
and Gl symptoms. Both are severely disabling and hurt patients' quality of life828487 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 abdominal pain, diarrhea, bloating, constipation, nausea, and vomiting. Because they can
be indicative of many other disorders, they are often overlooked or misinterpreted, contributing to
the delay in proper diagnosis. Moreover, although enzyme replacement therapy improves Gl
manifestations in most cases, about 50% of patients complain of disorders even during treatment
or develop new ones'9194137 Thys, there is an urgent need to improve knowledge of GI symptoms
and their triggers in FD, and this is the main purpose of this work.

The laboratory where | conducted the experiments has been working for a long time on the a-Gal A
-/0 (KO) mouse, many aspects of which have been characterized, making it a reliable model for the
study of FD, particularly neuropathic pain®°>33, In 2019, Masotti and colleagues performed the
first morphologic characterization of the colonic tract of this mouse model and described several
alterations, resembling the manifestations present in Fabry patients. These alterations include the
confirmed presence of Gb3 deposits, as well as the thickening of muscle layers, reduction and
rearrangement of nerve fibers innervating the mucosa, and enlargement of myenteric ganglia3?.
Building on these data, this thesis first objective (AIM 1) is to evaluate whether the a-Gal A -/0
mouse model also captures the functional Gl problems experienced by Fabry patients and can be
considered a valuable model for their investigation. Once the validity of the model is established,
we attempt to identify potential mechanisms involved in the development and maintenance of Gl
symptoms in FD.

Moreover, given the growing scientific literature on the potential causal role of lyso-Gb3 in FD
pathogenesis, the second aim (AIM 2) is the study of its effects on colonic electrolyte and fluid

transport, sensory nerve activation, and contractility of adult healthy male mice’*76,
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To achieve AIM 1, the research has been organized into the following tasks:

TASK 1: Assessment of functional disorders through colonic motility and visceral sensitivity. The first
is done by means of the analysis of fecal output, in terms of weight and water content. The second,
by colorectal distention, is measured as visceromotor response (VMR) in sedated animals and as

abdominal withdrawal reflex (AWR) in conscious mice.

TASK 2: Assessment of anxiety-like behavior by open-field and elevated plus maze tests.

TASK 3: Mapping the fecal microbiota. Bioinformatic analysis provides information on the indices of
microbial diversity (alpha- and beta-diversity) and taxonomic classifications compared to healthy
mice (phyla, families and genera levels). In addition, the profile of the predicted functional modules
are explored to identify the pathways potentially involved. In particular, the gut-metabolic (GMM)
and gut-brain (GBM) modules are used to draw attention to specific microbial functional changes

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

TASK 4: Quantification of short-chain fatty acids (SCFAs), individually and as a total amount. It is
carried out by gas chromatography technology coupled with mass spectrometry (GC-MS), and the
amount of butyric acid, acetic acid, propionic acid, valeric acid, iso-butyric acid and iso-valeric acid

are measured.

TASK 5: Qualitative and quantitative analysis of TRPV1, TRPV4 and TRPA1 ion channels. Transverse
colonic cryosections, sections of lumbosacral DRGs and primary neurons from lumbosacral DRGs
are stained by immunofluorescence with antibodies specific for the above mentioned channels
together with a neuronal marker (Pgp9.5 or NeuN) to confirm the proper localization. The
fluorescence signal is evaluated as both mere visual impact and corrected total cell fluorescence

(CTCF).

This first experimental section is performed in parallel on male a-Gal A -/0 and a-Gal A +/0 mice
(controls) at three different ages: 8-10 weeks, 16-20 weeks, and 12 months. Thus, a characterization
of the model that also takes into account the progression of the 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 pathophysiological 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 surely a cornerstone of this
research. In this view, if the recognition of potential therapeutic targets is a key element in making
progress in the management of Fabry-related Gl symptoms, the identification of supportive
integrative therapies, such as specific nutrition based on the patient's profile, may also be a

breakthrough in the treatment of Gl and probably anxiety-related disorders in FD.

As concerns AIM 2, the experiments were performed during my internship abroad, in Professor John
Cryan's laboratory at APC Microbiome Ireland and University College of Cork, under the supervision
of Professor Niall Hyland. Ussing Chamber and Organ Bath were employed to pursue the following

tasks:

TASK 1: To evaluate the effect on short-circuit current (/sc) and transepithelial electrical resistance
(TEER) of lyso-Gb3 administered at increasing concentrations (30 nM, 100 nM, 300 nM, 1 uM, 3 uM,

10 uM) on mucosa-submucosa preparations of the mouse colon.

TASK 2: To investigate by whom the effect of lyso-Gb3 might be mediated and/or influenced by
applying specific inhibitors. Namely, the following are used: tetrodotoxin (TTX), to block the TTX-
sensitive voltage-dependent Na* channels; pyrimido-pyrrolo-quinoxalinedione (PPQ), to inhibit the
chloride current of the cystic fibrosis transmembrane conductance regulator (CFTR); furosemide, to

inhibit Na*-K*-Cl" cotransporters (NKCC1).

TASK 3: To assess whether lyso-Gb3 can impact epithelium-mediated and/or neuro-mediated
secretion by making use of activators/stimulants such as carbachol, to stimulate Ca?*-mediated
signaling pathways; forskolin, to promote cAMP-mediated signaling pathways; veratridine, to excite
all intrinsic neurons expressing voltage-sensitive Na* channels; capsaicin, to activate a specific

subset of sensory afferent neurons.

TASK 4: To test the impact of lyso-Gb3 on colonic contractility through Organ Bath.

The second experimental section is crucial in the pursuit of the mechanisms through which lyso-Gb3
acts on healthy colon, specifically on intestinal permeability and contractility. Noteworthy, in light
of a unique in vitro study evaluating the effect of lyso-Gb3 at Gl level 7%, our project examines for
the first time the causal role of the substrate in the pathogenesis mechanisms of the GI FD-related

disorders by means of Ussing Chamber.
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MATERIALS AND METHODS

1. Animals

For the experiments described in the present thesis, 6 groups of animals were used, based on
genotype and age: 8-10 week-old (T1), 16-20 week-old (T2) and 12 month-old (T3) a-Gal A -/0
[knock-out (KO)] and a-Gal A +/0 [wild type (WT)] mice. Because of X-linked inheritance and greater
severity in male patients, exclusively a-Gal A -/0 male mice have been analysed®?%. Heterozygous
female a-Gal A +/- and wild type a-Gal A +/0 male mice (same JAX strain B6; 129Gla-tm1Kul/J)
purchased from Charles River Laboratories Italia s.r.l. (stock number 003535; Jackson Laboratory;
Bar Harbor, ME, USA) were crossed to give the F1 generation, thus obtaining females a-Gal A +/-,
females a-Gal A +/+, male a-Gal A +/0 and KO males a-Gal A -/0°%1%%, These mice were used from
the F1 to the F4 generation as heterozygous females (+/-, B6; 129-Glatm1Kul/J) crossed with WT
males +/0, B6; 129-Glatm1Kul/J) of the same genetic background (B6; 129-Glatm1Kul/J). From the
F4 generation, we obtained homozygous females a-Gal A -/- and hemizygous males a-Gal A -/0
mice that were compared to a-Gal +/+ and +/0 as controls'3!, KO and WT groups were separated
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 generations'’>'’7. Therefore, well-established
homozygous a-Gal A -/- and hemizygous a-Gal A -/0 mice compared to a-Gal A +/+ and +/0 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 p.m., 22
2°C temperature and 65% humidity. Once reached sexual maturity (21-28 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 design. All 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 carried 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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1.1 Genotyping

Genotyping is the process through which the genotype of the animals is defined. The protocol can
be divided into three steps: I) DNA isolation from mice tails; 11) Amplification of the gene of interest
through polymerase chain reaction (PCR); ) Electrophoresis of amplified DNA fragments and their

detection.

1.1.1 DNA extraction

DNA is extracted from an approximately 2-3 mm terminal portion of tail. Each sampling is performed
using sterile scissors to avoid cross-contamination, and each animal in multiple cages is specifically
ear-tagged to ensure its recognition post genotyping. Every mouse is monitored to guarantee the
blood flow stop. The biopsies are put into an appropriately marked Eppendorf tube with Lysis Buffer
(50 uL; 25 Mm NaOH, 0,2 Mm Na2 - EDTA; pH 12), a tissue digestion buffer with Proteinase K (pH =
12), and placed into the thermocycler at 95 °C for 45 min. Then an equal volume of Neutralization
Buffer (50uL; 40 Mm TRIS-HCI; pH 5.4) is added. Finally, samples are centrifugated (3 min, 4000 rpm,
RT) and the supernatant, containing the extracted DNA, is transferred to a new Eppendorf tube. The

extracted DNA is added to PCR mix.

1.1.2 PCR

The PCR master mix composition is shown in Table 5.

Final concentration Volume per sample (pL)

10X Buffer 1X 2
25 mM MgCl; Solution 2mM 1,6
10 mM dNTP mix 0.2 mM 0,4
20 pM WT1 forward 1uM 1
20 uM WT2 reverse 1uMm 1
20 uM Fabry mut. 1uM 1

5 U/uL Taqg Polymerase 0.02U/uL 0,08
H,0 Ultrapure 10,92
DNA template /H20 2

Table 5 Master mix composition per sample. 10X PCR Buffer without MgCl, (Sigma, Burlington,
Massachusetts, USA); 25 mM MgCl, Solution (Sigma); 10 mM dNTP, deoxynucleotide Mix (Sigma); 5 Units/ul
Tag Polymerase from Thermus aquaticus; WT1 forward, MW: 6176.0 pg/umole (Invitrogen, Carlsbad,
California, USA); WT2 reverse, MW: 6045.0 ug/umole (Invitrogen); mutant Fabry reverse, MW: 6159.0
ug/umole (Invitrogen).

The PCR amplification program is shown in Table 6. The WT forward and reverse primers are

0IMRsgs7  (5’-AGGTCCACAGCAAAGGATTG-3’) and olMRsasg (5'-GCAAGTTGCCCTCTGACTTC-3'),
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respectively. They give two 296 bp-long bands in a-Gal A homozygous female mice (+/+) and one
band in a-Gal A hemizygous males (+/0); whereas the mutant reverse primer olMR7a15 (5'-
GCCAGAGGCCACTTGTGTAG-3’) gives two 202 bp-long bands in a-Gal A homozygous female mice (-

/-) and one band in a-Gal A hemizygous male mice (-/0). The heterozygous female show both bands.

Program Cycles Time Temperature
Starting Denaturation 1 3’ 94°C
Denaturation 30” 94°C
Annealing 35 1 64°C
Elongation 1 72°C
Final elongation 1 2’ 72°C

Table 6 PCR Amplification Program

1.1.3 Electrophoresis

Electrophoretic running is performed on agarose gel (1.8%) at 100V for about 30 minutes. The
agarose powder is dissolved in TAE 1X buffer (40 mM Tris-acetate, 1 mM EDTA) and ethidium
bromide (EtBr, 0.5 ug/ml) is added to allow UV light revelation (A254 nm). The 10X loading dye buffer
(0.9% SDS, 50% glycerol, 0.05% bromophenol blue, Takara) is added to DNA samples to follow the
running. Samples are loaded joined by DNA size marker (MassRuler DNA Ladder Mix ready-to-use,
Thermo Fisher Scientific, Waltham, Massachusetts, USA). The gel is exposed to UV trans illuminator

for DNA bands visualization.

2. Evaluation of Gl motility

2.1 Fecal output and water content

Fecal excretion was assessed for three consecutive days; the pellets were 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 frequency was measured by monitoring constantly throughout the 60 minutes
collection period®*, Fecal pellets were collected immediately after expulsion and placed in sealed
tubes to avoid evaporation. Fecal pellets were weighed (wet weight; mg), counted, dehydrated (60
°C, overnight), and weighed again (dry weight; mg). Fecal water content was calculated according
to the equation: water content (%) = 100 (wet weight - dry weight)/wet weight. Similarly, total fecal
output was assessed every 24 hours (n. of pellets, total weight). Fecal samples were then collected

and frozen at -80 °C for SCFAs and microbiota analysis.
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2.2 Statistical analysis

All experiments were carried out on 10 animals (n = 10) per genotype (WT - 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 + SEM. Two-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for multiple comparisons were applied. p < 0.05 (*), p <

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

3. Assessment of colon sensitivity by Colorectal Distention (CRD) Technique
3.1 Visceromotor Response (VMR) to CRD and intraluminal pressure measurement

The Visceromotor Response (VMR) to CRD has been used as an objective evaluation of visceral
sensitivity®3>. According to the previously described method by Lucarini and coworkers in 2020, two
EMG electrodes wires (Teflon-coated stainless steel wire, diameter: 0.6 mm, length: 12-15 cm;
Cooner wire, Chatsworth, California, USA) were sutured into the external oblique abdominal muscle
under deep anesthesia and exteriorized at scruff level (Fig. 13 a-e)%3¢. A week was allowed to elapse
before measurement to ensure a full recovery from the surgery. During the experiment, the
electrodes were relayed to a data acquisition system and the corresponding EMG signal was
recorded, amplified, and filtered (Animal Bio Amp, ADInstruments, Colorado Springs, CO, USA) and
digitized (PowerlLab 4/35, ADInstruments, Colorado Springs, CO, USA). VMR assessment was carried
out under light anesthesia (Isoflurane 2%; Ecuphar, Milan, Italy) and the whole protocol was
performed keeping the mouse on a heating pad (about 37°C). A lubricated latex balloon was
inserted trans-anally into the descending colon of mice. The balloon was assembled with an
embolectomy catheter and connected to a syringe and a pressure sensor (Disposable Blood Pressure
(BP) Transducer, ADInstruments, Dunedin, New Zealand). The distention was applied by filling the
balloon through the syringe with increasing volumes of water (50, 100, 150/200, 300 uL). EMG signal
was evaluated during the 30 seconds before and during the balloon distension, whereas the
intraluminal colonic pressure only at the moment of distension (Fig. 13 f-h). 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 subtracted from the AUC during the balloon
distension (30 s), and responses were expressed as a percentage increase from the baseline. Data

were analyzed, and quantified using LabChart 8 (ADInstruments, Colorado Springs, CO, USA).
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Figure 13 Method for implanting intramuscular electrode array and EMG recordings. Anesthetized mice
were shaved in the abdominal area and at the back of the neck. By a sterile scalpel, a 1 cm incision was made
in the skin in the lower right abdomen, and the skin around the incision was separated from the musculature.
The two sterile electrodes were knotted in the terminal part and the Teflon coating was removed from the
0.3-0.5 cm. (a) 25-G needle was inserted into the oblique abdominal musculature and (b) the two electrodes
were subsequently threaded through it so that the uncoated segments were completely inserted in parallel
location. (c) To externalize the electrodes at the neck level, a 1 ml serological pipet was passed
subcutaneously until the back of the neck, where a 1 cm incision was made in the skin and the two wires
were then inserted into the pipet. The 3-0 Prolene and silk (Ethicon, Somerville, New Jersey, USA) were used
to stitch the abdomen (d) and the back of the neck (e). Wounds were kept wet with sterile 0.9% NaCl during
surgery and disinfected with Betadine at the end. The entire protocol was performed keeping the mouse on
a heating pad (~37°C). (f) The balloon used to induce CRD connected to the embolectomy catheter connected
to the pressure sensor (Disposable Blood Pressure (BP) Transducer, ADInstruments) needed for intraluminal
colonic pressure recordings. (g) The balloon insertion and EMG electrodes connection (Cooner wire). The
terminal part (0.3-0.5 cm) of the two electrodes was stripped from Teflon coating and connected to the
system for EMG recordings via two connection wires (in black and red). The ground wire (in green) was leaned
on the mouse side. The balloon was then inserted transanally into the descending colon of mice (total
insertion distance, 25 mm). (h) Example of an EMG signal recording expressed as mV (blue line), and
intraluminal colonic pressure, expressed as mmHg (red line), for VMR evaluation by CRD. The starting and
ending points of distension (example with 100 puL) are shown by the first and second black lines. EMG signal
was assessed during the 30 seconds before (to the left of first black line) and during (in between the two black
lines) the distension, whereas the intraluminal colonic pressure only at the moment of distension (pick), by
LabChart 8 software (ADInstruments).

3.2 Abdominal Withdrawal Reflex (AWR) to CRD

The Abdominal Withdrawal Reflex (AWR) is a behavioral response to CRD recorded in conscious
animals, previously described on rats by Chen et al. (2014)%3’. This consists of visual observation of

animal responses to CRD (in this context to: 50, 100, 150/200, 300 pL) by blinded viewers who
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assigned a stabilized scores: (0) No behavioral response to colorectal distention; (1) Immobilization
during colorectal distention with sporadic head movements; (2) Mild contraction of the abdominal
muscles, but absence of abdomen lifting; (3) Strong contraction of the abdomen and lifting of it from
the floor; (4) Arching of the body and lifting of the pelvic structures and scrotum. Briefly, mice were
anesthetized, and the balloon was trans-anally inserted like previously described. The tubing was
taped to the tail to hold the balloon in place. Then mice were allowed to recover from the anesthesia

for about 30 min before the visual evaluation.

3.3 Statistical analysis

Behavioral measurements were performed on 10 animals (n = 10) for each genotype (WT —KO), per
group (T1; T2; T3). Results were expressed as mean + SEM. The analysis of variance (ANOVA) of data
was performed by one-way ANOVA with Bonferroni’s test for post hoc comparisons. p values <0.05
were considered significant. Data were analyzed using the “Origin 9” software (OriginLab,

Northampton, MA).
4. Assessment of anxiety-like behavior and locomotor activity

The elevated plus maze (EPM), and the open field test (OF) were performed to assess anxiety-like
behavior and locomotor activity. These tests were chosen to cover the expected range of intra-
individual outcome variation. Animals (n =8-11), from all three analyzed groups (T1, T2, T3) of both

genotypes (WT-KO), were allowed to habituate to the testing room 1 hr before starting the tests.

4.1 Elevated Plus Maze (EPM) Test

The apparatus, raised off the ground (50 cm), consisted of two open arms and two closed arms (66,5
cm x 10 cm) separated by a junction area (10 cm x 10 cm). A video tracking system was fixed above
the experimental platform. Then mice were placed individually in the middle of the apparatus,
facing an open arm, and allowed to explore for 5 minutes. The maze was cleaned between each
mouse with 30% ethanol to avoid leaving an abnormal odor. Data acquisition and analysis were
performed by the software system Ethovision XT 15 Noldus (Wageningen, The Netherlands). The

number of entries and the total time spent in open and close arms were determined.

4.2 Open Field (OF) Test

OF apparatus consists of a square arena (45cm x 45 cm), quietly lit up, and a ceiling-mounted
camera to record the animals’ movements. The arena is divided into two areas, the center zone
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(11% of the total area) and the surrounding area. Behavior was analyzed using Ethovision XT 15
software system (Noldus, Wageningen, The Netherlands). Animals were gently introduced into the
center of the arena one at a time and allowed to explore for 10 minutes. They were then removed
and placed immediately back in their home cage. The arena was cleaned with 30% ethanol to avoid
leaving an abnormal odor before placing the next animal inside. Data are expressed as number of

entries and cumulative duration spent in border and total distance traveled (cm).

4.3 Statistical analysis

Behavioral measurements were performed on 8-11 animals (n=8-11) for each genotype (WT — KO),
per group (T1; T2; T3). Results were expressed as mean + SEM. Data were analyzed using Jamovi
and GraphPad Prism for Windows (version 8, GraphPad Software, Inc. La Jolla, CA, USA). Test of
homogeneity of variances (Levene) and normality (Shapiro-Wilk) were applied. Datasets with
normal distribution were analyzed for significance using mixed model analysis of variance (ANOVA)
with genotype and time as independent factors. Post hoc multiple comparisons were carried out
using Tukey’s post hoc test. A probability level of p < 0.05 was considered to be statistically

significant.

5. Samples harvesting and preparation

5.1 Murine colon extraction and tissue processing

Mice were sacrificed by cervical dislocation previous halothane anesthesia'3!. Ventral incision was
made using sterile scissors and forceps and the intestine was cut after the stomach and before the
tail (at the end of the rectum) and removed with a clamp. Only the portion below the cecum (colon)
was used in this thesis work. The colon content was gently flushed by inserting a round needle
syringe with cold phosphate-buffered saline (PBS 1X, pH 7.4). Pieces of colon about 1 cm long, from
proximal to distal were cut and fixed in 4% paraformaldehyde (PFA) in PBS, overnight at 4°C. The
samples were washed with PBS (3 x 5 min, room temperature (RT), gently agitation) and stored in
PBS with 0.1% sodium azide until use (short-term storage). The mesentery was eliminated by a
sterile blade under the stereomicroscope (Nikon SMZ645, Tokyo, Japan). Samples were further cut
into ~5 mm-long pieces and 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 Tek®
O.C.T.™ Compound (O.C.T.= Optimal Cutting Temperature, Killik, Bio Optica, Milan, Italy) and

sectioned by cryostat (Leica CM1850, Wetzlar, Germany) at -23 °C cutting temperature. Parafilm
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cylinders fixed on the stubs were filled with O.C.T. and the pre-acclimated samples were placed
inside, perpendicularly, in order to get transverse sections. 50 um-thick cross free-floating sections
were cut, collected and stored at 4°C in PBS/sodium azide (0.05%) to perform the

immunofluorescence analysis.

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

DRGs have been used in two ways: whole (as tissue), and as a source for primary cultures of neurons.
The extraction procedure is the same, but the pre- and post-extraction steps change. In the first
case, for whole DRGs, the animals (n = 3 per genotype, per group) were deeply anesthetized and
transcardially perfused with 4% PFA (Sigma) in PBS (1X, pH 7.4). The spinal cord was extracted and
the single DRGs removed (see description below) and subjected to post-fixation in 0.4% PFA at 4°C,
overnight. The fixative solution was replaced with cryoprotective solution of 30% sucrose. DRGs
cryo-sections (50 um) were obtained from lumbo-sacral spinal cord segment (starting from T13
vertebral spine) and collected on slides (Superfrost Plus, Thermo Scientific).

Primary cultures of DRG neurons were prepared according to a previously described protocol with
some modifications®>%33, Mice were anesthetized by halothane before decapitation. The prone
position mouse was sprinkled with ethanol, and by means of sterile forceps and scissors, the coat
and underlying layers, internal organs, and excess skin and musculature were removed to isolate
the spinal column (Fig. 14 a). Under the stereomicroscope, the lumbosacral portion of our interest
was then cut with the scalpel (Fig. 14 b). The spine was longitudinally cut in the middle, so for each
half one ganglion with its routs was obtained (Fig 14 c-e). The ganglia were transferred in ice cold
DPBS 1x (Gibco) and the roots were cut using a sterile blade (Fig. 14 f). After rinsing in DMEM (Gibco),
the ganglia were placed in DMEM containing 5000 U/mL type IV collagenase (Worthington) for 45—
75 min (it depends on the animals’ age) at 37 °C, 5% CO,, washed twice with FBS-containing medium,
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 (Gibco), and 1.5 pg/mL cytosine B-D-arabinofuranoside,
(AraC, Sigma). For immunocytochemistry, 15.000 cell/ml were plated onto 18 mm round glass
coverslips, pre-coated with poly-L-lysine and Laminin. Cell cultures were maintained in an incubator
at 37°C, with 5% CO.. Cells were maintained in DMEM, supplemented with 10% FBS in the presence
of 50 ng/mL NGF, and 1.5 pg/mL cytosine B-D-arabinofuranoside, (AraC, Sigma) to reduce glial cell

expression. Half volume of medium was changed every second day.
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Figure 14 Dorsal Root Ganglia extraction. (A) Schematic representation of DRG localization: clusters of
sensory neuron cell bodies located in the dorsal root of the spinal cord. (a) Mouse spinal cord exposure; (b)
the spinal cord, blocked with thick tweezers to assure the dorsal position, is longitudinally cut into two halves
along the midline; (c) peeling of the spinal cord in a rostro-caudal direction to expose the DRGs (black arrows);
(d) the meninges (withe arrows) are carefully removed to expose the DRGs; (e) ganglia are visible (black
arrow) with their roots (black triangle); (f) single ganglia (arrow) with their roots (triangles) are extracted.

6. Immunofluorescence (IF)

6.1 IF on colon and DRG cryosections

50um-thick transverse free-floating sections of colon were put into 48-multi well plates (2 sections
per well), whereas the DRGs were handled directly on slides by means of PAP Pen (Abcam). Samples
were washed with PBS (5 min, RT) in order to remove the O.C.T. Sections were blocked with 5% BSA
in PBS with 0.5% Triton X-100 (1 h, RT). Sections were incubated in humid chamber with primary
antibodies diluted in PBS, 1% BSA, 0.5% Triton X-100 (overnight, 4°C). After washing (PBS, 4 x 20
min, RT), they were incubated with secondary antibodies in humid chamber (2 h, RT). From now on,
all the steps were carried out in the dark. Sections were finally incubated with 4',6-
diaminobenzidine-2-phenylindole (DAPI, Sigma-Aldrich) for 10 minutes at RT, washed (4x10 min, RT)
and mounted with Fluoromount-G mounting medium (Sigma-Aldrich). The following antibodies
were used: rabbit anti-PGP9.5 (1:1000; Abcam), guinea pig anti-PGP9.5 (1.1000; Millipore), rabbit
anti-TRPV1 (1:200; Alomone, Jerusalem, lIsrael), rabbit anti-TRPV4 (1:300; Abcam), rabbit anti-
TRPA1 (1:400; Novus Biologicals, Centennial, Colorado, USA); Cy2 donkey anti-rabbit (1:400; Jackson
ImmunoResearch, Laboratories Inc., West Grove, Pennsylvania, USA), Alexa Fluour 488 Goat anti-
guinea (1:1000; Invitrogen), Cy3-conjungated Fab fragments donkey anti-rabbit secondary antibody

(1:100; Jackson ImmunoResearch), Cy3 donkey anti-rabbit (1:400; Jackson ImmunoResearch). The
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specificity of each immunofluorescent signal was assured by incubation with only secondary
antibody. The fluorescent signal of negative control samples was taken as threshold to detect the
specific signal. For colon sections double immunostaining antibodies from the same host species
(rabbit) were used. For this purpose, monovalent Fab Fragments of affinity-purified 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, samples were
incubated (overnight, RT) with the primary antibody rabbit anti- TRPV1, TRPV4, or TRPA1. After
washing, they were incubated (2 h, RT) with an excess of Cy3-conjungated Fab fragments donkey
anti-rabbit (1:100; Jackson ImmunoResearch). The samples were then washed again and re-
incubated (overnight, RT) with the second primary antibody, the rabbit anti-PGP9.5 (1:1000;
Abcam). Finally, sections were incubated (2 h, RT) with the Cy2-donkey anti rabbit secondary
antibody (1:400; Jackson ImmunoResearch) and stained with DAPI. Colon sections were transferred
on polylysine-coated slides (Superfrost UltraPlus®, Thermo Fisher Scientific), whereas the DRG

sections were covered.

6.2 IF on DRG neurons

Cells were fixed with 4% PFA (Sigma) in PBS (0.01 M, pH 7.4) for 20 min, RT and washed in 1X PBS (3
x 10 min, RT). Then they were incubated with blocking solution 5% BSA in PBS 1X plus 0.5% Triton
X-100 (45 min, RT). Samples were then incubated with primary antibodies (over night, 4°C). In detail:
mouse anti-NeuN (1:1000; Millipore), rabbit anti-TRPV1 (1:50; Santa Cruz), rabbit anti-TRPV4 (1:300;
Abcam), rabbit anti-TRPA1 (1:400; Novus). The following day, after 1X PBS washes (3 x 15min), the
incubation with the secondary antibodies was done (1h, RT, shaking). The secondary antibodies
were: donkey anti-rabbit Cy3 (1:400; Jackson ImmunoResearch) and goat anti-mouse Cy2 (1:400;
Jackson ImmunoResearch). After 1X PBS washes (3 x 15min), samples were mounted with
Fluoroshield™ with DAPI (Sigma-Aldrich) on polylysine-coated slides (Superfrost UltraPlus®, Thermo

Fisher Scientific).
7. Image acquisition and processing: confocal microscopy and Imagel

7.1 Tissue sections acquisition

Images of transverse colon and DRG sections were taken on Nikon D-Eclipse C1 inverted laser
scanning confocal microscope, at 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 nonspecific signals. Each experiment was performed in triplicate, and
4-6 sections per sample were acquired from each. Six or more images (depending on size) were
taken to have the entire section (n = 3; WT and KO; T1, T2, T3). EZ-C1 3.90 FreeViewer and Image J

software were used for image processing.

7.2 DRG neurons images and fluorescence quantification

Images of neurons from DRG were acquired by Nikon D-Eclipse C1 inverted laser scanning confocal
microscope, at 40X magnification (Immersion oil, Sigma). The threshold values were set based on
the negative control in order to eliminate nonspecific signals. Each experiment was performed in
triplicate and 15 images per sample were acquired (n = 3; WT and KO; T1, T2, T3). Image)J software
was used to quantify the fluorescence of each neuron. Each 8-bit (black/white) transformed image
was processed as follows: Analyze - Set Measurements - Area, Mean gray value, Integrated
density and Min and max gray value. Then, using Freehand selection, the perimeter of each cell was
manually outlined and Analyze - Measure provided the values of our interest. The same procedure
was performed to set the values of the background, if any (Fig. 15). For data analysis, the values
obtained were exported to Excel for calculation of Corrected Total Cell Fluorescence (CTCF) =
Integrated density - (area of selected cell x average of background fluorescence) like previously

described in McCloy et al. (2014)°38,
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Figure 15 Quantitative fluorescence analysis on cells. The image illustrates the three steps to obtain the
fluorescence quantity data. From the menu Analyze, Measure, and setting of the parameters (bottom left).
Using the cursor the shape of the cells (yellow line) were drawn and one by one the measurement were
taken. Finally, a region bordering the cell, which does not show fluorescence signals was measured to set the
background values. From Imgal.com

8. Microbiota assessment

8.1 Fecal DNA extraction

DNA was extracted from the mouse fecal samples according to the protocol described by Eeckhout
and Wullaert (2018)%%° with a few modifications as described below. It was performed using the
QIAmp® DNA Stool Mini Kit (QIAGEN) giving the manufacturer’s instructions with additional
mechanical lysis by bead-beating. Briefly, 200-300 mg of feces were weighed for each sample, and
0.5 g of zirconia beads (0.1-mm diameter), 4 glass beads (3 mm-diameter) and 1.4 ml of ALS lysis
buffer (QIAGEN) were added. Chemical lysis was supported by mechanical one performed with
FastPrep Instrument (MP Biomedicals, Irvine, CA) through 3 homogenization steps of 1 min at 5
movements/s, interspersed with 5 min of incubation on ice. Then, samples were incubated at 95°C
for 5 min to complete cell membrane lysis by heat 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 AL buffer (QIAGEN) at 70°C

for 10 min, to remove any residual protein. The DNA was then purified using the QIAGEN spin
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columns, as per the manufacturer’s instructions. Specifically, the DNA retained in the column was
washed with 500 ul of AW1 buffer and then with 500 ul of AW2 buffer, which take advantage of
different percentages of ethanol to allow the elimination of residual reagents, as well as to elute all
cellular material co-extracted with the DNA; at each wash, the samples were centrifuged (13000
rpm, 2 min, RT). To remove all residual ethanol the samples were vacuum centrifugated (3 min, RT).
To elute the DNA from the column, separating it from the resin, 50 ul of AE buffer was added and
followed by centrifugation (13000 rpm, 1 min, RT). The same elution steps were repeated twice with
50 ul of AE buffer, eventually yielding an aliquot equal to 170 pl of genomic DNA for each starting
fecal sample. The extracted DNA was quantified using the NanoDrop ND 100 spectrophotometer
(NanoDrop Technologies, Wilmington, DE). Samples were diluted in DNase/RNase-Free Distilled

Water (Roche, Basel, Switzerland) to a concentration of 5 ng/ul and stored at -20°C.

8.2 16S rRNA gene amplification and sequencing

The V3-V4 hyper-variable regions of the 16S rRNA gene were amplified using primers 341F and 785R
including overhang adapter sequences for [llumina sequencing, according to the “16S Metagenomic
Sequencing Library Preparation” protocol (lllumina, San Diego, CA, USA). Amplicons were purified
using a magnetic bead-based system (Agencourt AMPure XP, Beckman Coulter, Brea, CA, USA) and
indexed with Nextera technology by limited-cycle PCR. Briefly, each 25 ul PCR reaction contained 5
ng/ul microbial genomic DNA, 1 uM of forward primer (5'-TCGTCGGCAGCGTCAGATGTGTATAA
GAGACAGCCTACGGGNGGCWGCA-3') and 1 pM reverse primer (5-GTCTCGTGGGCTCGGAGAT
GTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3’) plus 12.5 ul 2X Kapa HiFi Hot-start ReadyMix
(Kapa Biosystems) were added. The PCR conditions were as follows: initial denaturation at 95 °C x
3 min (melting); 30 cycles of 98°C for 20 sec (melting), 55°C 30 sec (annealing), 72°C 30 sec
(elongation); and 72 °C x 5 min (final elongation). After further purification, the final libraries were
prepared by pooling the samples at 4 nM, denaturing the pool with 0.2 NaOH and diluting it to 5
pM. Sequencing was performed on an Illumina MiSeq platform using a 2 x 300 bp paired-end
protocol according to the manufacturer’s instructions. Raw sequencing reads were deposited in the

European Nucleotide Archive (ENA) under accession number PRJEB61216.

8.3 Bioinformatic and statistical analysis

Bioinformatic analysis of the sequences we obtained was performed in collaboration with the
Microbiome Science And Biotechnology Unit led by Prof. Marco Candela (University 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 processed using PANDAseq®°. PANDAseq aligned the forward (R1) and reverse (R2)
pairs of reads; this 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 Microbial Ecology) software
(https://qiime2.org), a bioinformatics platform that enables the analysis of complex microbial
communities through a pipeline that includes the DADA2 (Divisive Amplicon Denoising Algorithm)
plug-in®%%42 The cleaned sequences, obtained from PANDAseq, were imported into a single file in
.qza (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 (Amplicon Sequence Variants) based on their sequence homology. During the
DADA?2 denoising process, the ASVs are filtered by quality, generating High-Quality ASVs with the
undiscarded sequences. Using the VSEARCH program and the Greengenes database, taxonomic
assignment of High-Quality 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, genus®43644  Relative abundance was reported for each taxonomic unit. The ASV tables
obtained were analyzed to calculate the ecological indices of alpha-diversity and beta-diversity,
intra-sample and inter-sample diversity, respectively. The a-diversity allows quantifying the degree
of biodiversity of the individual 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, multiple rarefaction 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) phylogeny-based metrics and (2) non-phylogeny-based metrics: of the
former, the PD-Whole 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 (defines diversity by the number of observed ASVs per sample) were used. B-
diversity was computed using the UniFrac metric to construct phylogenetic distance matrices from
the ASVs tables®®. The ASVs tables were subjected to biostatistical analysis using the open source
software R (version 3.6.0, https://www.R-project.org/) and the program RStudio (version 1.2.1335,
https://www.rstudio.com). Applying a selection filter, all taxonomic groups that did not have 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, genus). To compare the microbial diversity
and taxonomic composition among the different sampling time-points, a Kruskal-Wallis significance
test was conducted for preliminary analysis, confirmation was then sought with the paired Wilcoxon
rank-sum test method for correction of Type | errors due to running multiple tests on the same data.
The results of these analyses were provided as box-plot, bar-plot, ring-plot or scatter-plot using R
packages such as ggplot2 and plotrix®4¢%47, Values of p < 0.05 were considered as significant.

In parallel, beta-diversity analysis highlights differences in gut microbiota composition among
different samples, making it possible to represent them in a multi-dimensional graph. To make the
distance matrices easy to read, the UniFrac weighted and unweighted files were graphed by
multivariate Principal Coordinates Analysis (PCoA), performed with the vegan package (version 2.5-
6; https://CRAN.Rproject.org/package=vegan) of R®€, The Adonis function, from the same package,
was used to assess the statistical significance of the results obtained 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 perform a second analysis from the
High-Quality ASVs with the undiscarded sequences.

This analysis was conducted at the APC Microbiome Ireland — UCC University College of Cork
(Laboratory of Prof. John Cryan) during my internship at the aforementioned host facility.
Specifically, in this case, 300 base-pair paired-end reads were pre-filtered based on a quality score
threshold of >30 and trimmed, filtered for quality and chimaeras using the DADA2 library in R
(version 4.1.2). Only samples with >10,000 reads after QC were used in the analysis. Taxonomy was
assigned with DADA2 against the SILVA SSURef database v138. Parameters recommended in the
DADA2 manual were adhered to unless otherwise specified. ASVs were aggregated at the genus
level. As ratios are invariant to sub-setting and this study employs compositional data analysis
techniques, features that were unknown on the genus level were not considered in downstream
analysis, as were genera that were only detected as non-zero in 10% or fewer total samples®4.
Genera that were never detected at a 2% relative abundance or higher were aggregated and defined
as rare taxa for the stacked bar plots. These ‘rare taxa’ were not removed from statistical analysis.
The iNEXT library was used to compute a-diversity for the first three hill numbers (Chaol, Shannon
entropy and Simpson Index)®°. Changes in a-diversity were assessed using linear models. Principal
component analysis was per-formed on centred log-ratio (clr)-transformed counts as a visual
companion to the beta diversity analysis. Zeroes were imputed using the “const” method®!. Beta-

diversity was computed as Aitchison distance (Euclidean distance of clr-transformed counts) and
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differences were measured using the PERMANOVA implementation from the vegan library with
1000 permutations®?, Differential abundance of taxa and functional modules was assessed by
fitting linear models on the clr-transformed count tables. To correct for multiple testing in tests
involving microbiome features, the Benjamini-Hochberg post hoc procedure was performed with a
false discovery rate (FDR) g-value of 0.1 as a cut-off®3. Plotting was handled using ggplot2. All R

scripts are available online at https://github.com/thomazbastiaanssen/Tjazi®*4. PICRUSt2 was used on

raw DADA?2 output for functional inference from 16S rRNA gene sequence of microbiome samples
in the form of KEGG orthologues®>. Gut-Brain Modules (GBMs) and Gut-Metabolic Modules
(GMMs) were calculated using the R version of the Gomixer tool®°®. Further data handling was done

in R (version 4.1.2) with the RStudio GUI (version 1.4.1717).

9. Assessment of SCFAs in fecal samples
9.1 SCFAs quantification: Gas Chromatography - Mass Spectrometry

Quantification of SCFAs was performed by using a headspace solid-phase microextraction gas
chromatography-mass spectrometry (HS-SPME GC-MS) method. For each fecal sample a 250-mg
aliguot was weighed. Briefly, 250-mg 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 standard (IS, D8-butyric 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 standardization). For acid identification and quantification, calibration
solutions were prepared through Sigma commercial kit containing the internal standard and all
standards of acetic, propionic, butyric and valeric acids. The obtained solutions underwent HS-SPME
and GC-MS analysis. HS-SPME operated under the following conditions: temperature of 70°C, 10
min equilibration and 30 min extraction, 75 um CarboxenTM/polydimethylsiloxane fiber (Supelco,
Sigma-Aldrich, Italy, Milan). Analytes were desorbed in the GC injector at 250°C for 10 min. GC-MS
analysis was performed with the 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 used for GC was a
Phenomenex ZB-WAX (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 electron impact (El) source was maintained

at 200°C, while the transfer line was maintained at 250°C. Injector base was at 250 °C in splitless
82


https://github.com/thomazbastiaanssen/Tjazi

mode. Mass spectra were analyzed in full-scan (34-200 m/z) and in extract ion mode (EIM) on the
El-generated ions: 45 and 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 (D8- butyric acid). The concentration of SCFAs was expressed in umol/g stool.

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

9.2 Statistical analysis

Samples were collected from 10 animals (n = 10) per genotype (WT-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 + SEM. Two-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test for multiple comparisons were applied. p < 0.05 (*), p < 0.01 (**)

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

10. Assessment of lyso-Gb3 effect on electrolyte and fluid transport and sensory

nerves activation by Ussing chamber and on contractility by organ bath
10.1 Animals

Adult C57BL/6 J male mice purchased from Harlan, UK, were group-housed and maintained on a
12 h — 12 h dark-light cycle with a room temperature of 22 + 1 °C; standard rodent chow and water
were available ad libitum. All experimental procedures were conducted in accordance with
European Community Council Directive (86/609/EEC) and approved by the local University College

Cork Animal Experimentation Ethics Committee.

10.2 Tissue preparation and Ussing Chamber

Mice were euthanized by decapitation, and the entire colon was removed and placed in cold Krebs
solution (0.012 mM NaH2PO4, 1.16 M NaCl, 0.048 M KCl, 0,012 M MgCl2, 0,250 M NaHCO3, 2.5 mM
CaCl2, and 10 mM D-glucose). Seromuscular stripping was carried out by dissection under a
stereomicroscope, and both the longitudinal and circular muscle layers were removed. The resulting
mucosal-submucosal preparations were mounted in Ussing chambers (Harvard Apparatus, Kent, UK,
exposed tissue area of 0.12 cm?) with 4 ml of Krebs solution at 37°C, and oxygenated with carbogen
gas (95% 02, 5% CO;) in both the basolateral and luminal reservoirs as described previously®>’. Up
to six preparations were obtained from each mouse and mounted in order from the proximal to

distal part.
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Tissues were voltage-clamped at 0 mV using an automatic voltage clamp (EVC 4000; World Precision
Instruments, Sarasota, FL, USA); the short-circuit current (/sc) required to maintain the potential at
0 mV was recorded as a reflection of the net active ion transport across the epithelium. Resistance
was calculated using Ohm's law. Experiments were carried out simultaneously in chambers
connected to a PC equipped with DataTrax Il software (World Precision Instruments). After
mounting, the tissue was allowed to equilibrate (~30 min) until a stable baseline was achieved.
Reagents were added to the basolateral or apical chamber as the following indicated. The change
in the short circuit current (Alsc) was calculated based on the value before and after the stimulation
and was normalized as the current per unit area of the epithelium (mA/cm?). Carbachol (CCh) and
forskolin (FSK) were added at the end of each experiment to assess tissue viability and epithelial

secretory function.

10.3 Treatment and Drugs

Serosal administration of lyso-Gb3 (synthetic - 860952P, Avanti Polar Lipids) was performed at
increasing concentrations (30 nM — 100 nM — 300 nM — 1 uM — 3 uM - 10 uM) to test its effect in
the acute setting and after 30 minutes of exposure on Alsc and TEER. The final concentration of 3
MM lyso-Gb3 was chosen for the subsequent experimental protocols.

All drugs were obtained from Sigma-Aldrich unless otherwise stated. The following compounds
were used, with the final concentration, side, and diluent in parenthesis: carbachol (CCh) (100 uM;
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 uM;
serosal; in dH20); Pyrimido-pyrrolo-quinoxalinedione (PPQ) (MCE, 50 uM; 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.

10.4 Organ 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
carbogen-bubbled Krebs solution under 1 g of tension and allowed to equilibrate (20—30 min)
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 evoked by the cholinergic agonist carbachol (100 uM) in
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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, GraphPad Software, Inc. La Jolla,
CA, USA). The data are represented as mean values + SD. Assuming a null hypothesis, Student’s
unpaired or paired t-tests were used when comparing two groups, and repeated-measures ANOVA
with Bonferroni’s multiple comparison post hoc test was used when comparing more than two

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

1. Genotyping of murine colony

The experiments were performed on male a-Gal A KO mice and relative WT controls, then also
named a-Gal A-/0 and a-Gal A +/0, respectively. Both of them were JAX strain B6;129-Glatm/1Kul/J.
The choice to work only with male mice was dictated by the fact that the symptomatology is more
severe and uniform in the latter than in the females. In particular, we considered three different
time points: 8-10-week-old (T1); 16-20-week-old (T2); 12-month-old (T3). Thus, to confirm the
genotype of animals used in experiments and carry out aimed breeding for murine colony
maintaining, genotyping was periodically performed on both male and female mice. The
electrophoresis gel of the DNA isolated from mice tails and amplified by PCR showed bands of 295
bp for a-Gal A +/0 and 202 bp for a-Gal A -/0 hemizygous male mice; both lines were shown in case

of heterozygous female (Fig. 16).

WT WT KO WT WT HET WT WT HET WT WT

295 bp
202 bp

Figure 16 Representative image of DNA genotyping of a-Gal A +/0, a-Gal A -/0 and a-Gal A +/-. The DNA of
11 different animals was loaded along with the DNA ladder marker (lane 6) into an electrophoresis gel and
revealed by UV transillumination. The DNA of a-Gal A -/0 mice (KO), separated in the third two lane, gave
202 bp-long bands, whereas the DNA of a-Gal A +/0 mice (WT), separated in lanes 1-2, 4-5, 8-9, 11-12, gave
295 bp-long bands. Heterozygous females (lanes 7, 10) gave both the bands at 202 and 295 bp.
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2. Assessment of functional disorders at gastrointestinal level and dysbiosis in a
murine model of Fabry disease: from visceral hypersensitivity to the first
characterization of the fecal microbiota and its metabolites

2.1 Abnormal defecation parameters in a-Gal A -/0 mice: a diarrheal-like phenotype

Since the main Gl symptoms complained by Fabry patients include diarrhea, we investigated
whether our animal model reported any motility dysfunctions. Therefore, stool analysis was
performed by assessing defecation parameters like the number of pellets, stool dry-weight
(mg/24h), and water content (%). As shown in Figure 17, the a-Gal A -/0 mice compared to controls
shown a significantly higher fecal output both with regard to the number of pellets (T1, a-Gal A -/0
VS a-Gal A +/0 prukey < 0.001; T2, a-Gal A -/0 VS a-Gal A +/0 prukey < 0.001; T3, a-Gal A -/0 VS a-Gal
A +/0 prukey = 0.03) (Fig. 17 A), and total weight, except in this case at 8-10- week old point (T1, a-
Gal A -/0 VS a-Gal A +/0 prukey = 0.41; T2, a-Gal A -/0 VS a-Gal A +/0 prukey = 0.002; T3, a-Gal A -/0
VS a-Gal A +/0 prukey < 0.001) (Fig. 17 B). Moreover, post-hoc analysis revealed that these increases
in number of pellets and fecal output in KO mice were directly related to the age. In the first case,
the effect of age was [F (2, 42) = 130, p < 0.001] and the interaction genotype*age [F (2, 42) = 11.7,
p < 0.001]; and regarding the total weight, effect of age was [F (2, 42) = 4.23, p = 0.02] and the
interaction genotype*age [F (2, 42) = 3.77, p = 0.03]. Similarly, the fecal water content in a-Gal A -
/0 mice was significantly higher compared to controls in 8-10-week and 12-month old point (T1, a-
Gal A -/0 VS a-Gal A +/0 prukey < 0.001; T3, a-Gal A -/0 VS a-Gal A +/0 prukey < 0.001) (Fig. 17 C).
However, this alteration was not significant in 16-20- week old mice (T2, a-Gal A -/0 VS a-Gal A +/0
prukey = 0.1). Furthermore, although there was both a genotype-dependent and age-dependent
effect, the two did not appear to be statistically significantly correlated (effect of genotype [F (1, 42)
= 63.5, p < 0.001]; age [F (2, 42) = 26.2, p < 0.001]; interaction genotype*age [F (2, 42) =2.99, p =
0.06]). Overall, these findings confirm the presence of a diarrheal-like phenotype in the murine

model. The complete statistical analysis is shown in Table 7.
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Figure 17 Diarrhea-like phenotype in a-Gal A -/0 mice. Stool analysis was carried out on a-Gal A -/0 mice
(gray bars) and controls a-Gal A +/0 (white bars) at 8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12
months-old (T3). The fecal output was measured as (A) number of pellets and (B) mg produced in 24h. (C)
The water content was calculated according to the equation: water content (%) = 100 (wet weight - dry
weight)/wet weight. Data are expressed as mean + SEM of 10 animals per group (n = 10). GraphPad Prism 8
was used for the statistical analysis. Two-way ANOVA test with Bonferroni post-correction was used, *** p <
0.001, ** p<0.01 and * p <0.05 vs o-Gal A +/0 animals.
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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 (2, 42) = 130; p<0.001
genotype*age F(2,42)=11.7; p<0.001
o-Gal A-/0VS T1 p<0.001
o-Gal A +/0
T2 p<0.001
T3 P=0.04
a-GalA-/0 T1VST2 p<0.001
T1VST3 p<0.001
T2VS T3 p<0.001
o-Gal A +/0 T1VST2 p=0.02
T1VST3 p<0.001
T2VST3 p<0.001
Panel B Comparisons mg/24h
genotype F(1,42) =46.5; p<0.001
age F(2,42)=4.23; p=0.02
genotype*age F(2,42)=3.77; p=0.03
o-Gal A-/0 VS T1 ns
o-Gal A +/0
T2 p=0.003
T3 p<0.001
a-Gal A-/0 T1VST2 ns
T1VST3 p=0.010
T2VST3 ns
o-Gal A +/0 T1VST2 ns
T1VST3 ns
T2VST3 ns
Panel C Comparisons % water content
genotype F (1, 42) = 65.5; p<0.001
age F(2,42)=26.2; p<0.001
genotype*age F(2,42)=2.99; p=0.06
a-Gal A -/0 VS T1 p<0.001
o-Gal A +/0
T2 ns
T3 p<0.001
a-Gal A-/0 T1VST2 p=0.010
T1VST3 Ns
T2VST3 ns
o-Gal A +/0 T1VST2 p<0.001
T1VST3 ns
T2VST3 p<0.001

Table 7 Statistical analysis of fecal parameters in a-Gal A +/0 and a-Gal A -/0 mice at three
different ages. Age-genotype-dependent correlations. 8-10 weeks-old (T1), 16-20 weeks-old (T2), and
12 months-old (T3); ns = not significant.
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2.2 Visceral hypersensitivity in a-Gal A -/0 mice

To evaluate whether the diarrheal-like phenotype in a-Gal A -/0 mice was associated with
differences in visceral sensitivity, we measured the Visceral Motor Response (VMR) and the
Abdominal Withdrawal Reflex (AWR) to Colorectal Distension (CRD). Experiments were performed
on 10 animals (n = 10) per genotype (a-Gal A -/0 VS a-Gal A +/0 ) per group (T1, T2, T3). It was
performed through the insertion of a balloon inflated with increasing volumes in the range of 50-
300 pL. The maximum distending volumes (150 plL at T1, 200 pL at T2 and 300 plL at T3) were chosen
based on the animals age, to avoid injuring the colon.

Figure 18 shows that a-Gal A -/0 mice displayed higher abdominal responses to the colorectal stimuli
compared to controls at each age analyzed. The VMR of a-Gal A -/0 mice was significantly increased
in response to the balloon inflation with volumes > 100 pL at all three time points (a-Gal A-/0 VS a-
Gal A +/0; T1, 100 pL p = 0,004, 150 pL p =0,006; T2, 100 uL p < 0,001, 200 pL p < 0,001; T3, 100 pL
p = 0,002, 200 uL p < 0,001; 300 pL p = 0,009) (Fig. 18 A-B-C). Similarly, by scoring the behavioral
nocifensive response to CRD through the AWR assessment, a-Gal A -/0 mice showed a significantly
greater sensitivity to controls, even at the lowest distension volume (50 puL), with an higher score to
any applied stimulus (a-Gal A -/0 VS a-Gal A +/0; T1, 100 pL p < 0,001, 150 uL p < 0,001; T2, 100 pL
p < 0,001, 200 pL p < 0,001; T3, 100 pL p = 0,032, 200 pL p = 0,005; 300 pL < 0,001) (Fig. 18 D-E-F),

providing evidence of visceral hyperalgesia. The complete statistical analysis is reported in Table 8.
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Figure 18 Assessment of Visceral hypersensitivity in a-Gal A -/0 mice by CRD. Visceral sensitivity was
assessed in 8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12 months-old (T3) a-Gal A -/0 (white) and
controls a-Gal A +/0 (grey) mice, by measuring the electromyography (EMG) amplitude of abdominal
contraction (VMR) under light anesthesia (left panel, A-B-C) and by scoring the behavioral responses (AWR)
in conscious animals (right panel, D-E-F) to the CRD with increasing volumes (50-300 L balloon inflation).
Data are expressed as mean + SEM of 10 animals per group (n =
Northampton, MA) was used for the statistical analysis. One-way ANOVA followed by Bonferroni’s post hoc
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test was applied. *** p <0.001, ** p <0.01 and * p <0.05 vs a-Gal A +/0 animals.
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Figure 18 Two-way ANOVA
Panel A-B-C Two-way ANOVA statistics for VMR test
Comparisons Colorectal Distending Volumes
50 pL 100 pL 150 pL 200 plL 300 pL
genotype F(1,48)= | F(1,48)= | F(1,14)= | F(1,36)= | F(1,20)=
9.1; p=0.004 41.1; 85.2; 66.1; 51.4;
p<0.001 p<0.001 p<0.001 p<0.001
age F(2,48)= F(2,48)= n.d. F(1,36)= n.d.
4.1; p=0.023 0.3; 28.5;
p=0.754 p<0.001
genotype*age F(2,48) = F(2,48)= n.d. F(1,36)= n.d.
0.4; p=0.694 0.01; 0.2;
p=0.987 p=0.647
a-GalA-/OVS | T1 n.s p=0.004 p=0.006 n.d. n.d.
a-Gal A +/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 D-E-F Two-way ANOVA statistics for AWR test
50 uL 100 pL 150 pL 200 pL 300 pL
genotype F(1,52)= | F(1,52)= | F(1,18)= | F(1,36)= | F(1,20)=
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
a-GalA-/OVS | T1 n.s p<0.001 p<0.001 n.d. n.d.
o-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=0.005 p<0.001

Table 8 Statistical analysis of visceral sensitivity in a-Gal A +/0 and a-Gal A -/0 mice at three
different ages. Age-genotype-dependent correlations. 8-10 weeks-old (T1), 16-20 weeks-old (T2), and
12 months-old (T3); n.s. = not significant; n.d. = not detected.

2.3 Anxiety-like behavior traits and reduced locomotor activity in a-Gal A -/0 mice

Given the different results between a-Gal A -/0 and a-Gal A +/0 mice in motility and visceral
hypersensitivity, we decided to investigate the role of the gut-brain axis. To do that, the anxiety and
locomotor activity were investigated by the Elevated Plus Maze (EPM) Test and Open Field (OF) Test,
evaluators of fear and anxious-like behavior. In particular, the first was mainly used to test anxiety-
like behavior, the second to assess a more generalized anxious trait, locomotor activity and
explorative behavior. In fact, in this regard, it has been argued that emotionality is not one-

dimensional but rather has the ability to vary along different axes in multidimensional space. This
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means that different environments, such as open spaces, lighted or elevated areas, can provide
different behavioral responses®8,

With regards to the EPM, between a-Gal A -/0 and a-Gal A +/0 mice, for the same total entries
(effect of genotype [F (1, 48) = 0.199, p = 0.66]; age [F (2, 48) = 1.59, p = 0.21]; interaction
genotype*age [F (2, 48) =0.574, p = 0.57]) (Fig. 19 A) no significant differences were found in either
the frequency of entry into the closed arms (effect of genotype [F (1, 47) = 0.415, p = 0.52]; age [F
(2, 47)=2.25, p = 0.117]; interaction genotype*age [F (2, 47) = 0.824, p = 0.45]) (Fig. 19 B-C) or the
time spent in them; even if for the latter in a-Gal A -/0 mice there was a time-dependent decrease
(effect of genotype [F (1, 47) = 3.53, p = 0.07]; age [F (2, 47) = 15.0, p < 0.001]; interaction
genotype*age [F (2, 47) = 1.27, p = 0.29]). In particular, 12-month-old KO mice spent less time in
close arms compared to the same genotype younger mice, both at 8-10 week-old and 16-20 week-
old (T3 a-Gal A-/0 VS T1 a-Gal A -/0 prukey=0.001; T3 a-Gal A-/0 VS T2 a-Gal A -/0 prukey=0.002).
On the other hand, by OF test, we observed that a-Gal A -/0 mice showed a significant decrease in
frequency in the periphery at all the three ages (effect of genotype [F (1, 51) = 68.37, p < 0.001]; age
[F(2,51) =9.78, p < 0.001]; interaction genotype*age [F (2, 51) = 1.26, p = 0.293]; a-Gal A-/0 VS a-
Gal A +/0 T1, prukey < 0.001; T2, prukey = 0.002; T3, prukey - 0.005) (Fig. 20 A). However, the time spent
in border by a-Gal A -/0 was significantly increased (effect of genotype [F (1, 45) = 53.38, p < 0.001];
age [F (2, 45) = 5.97, p = 0.005]; interaction genotype*age [F (2, 45) = 0.075, p = 0.93]; a-Gal A -/0
VS a-Gal A +/0 T1, prukey= 0.008; T2, prukey < 0.001; T3, prukey=0.002) (Fig. 20 B), indicating an anxiety-
like behavior trait in Fabry mice. Furthermore, we observed that a-Gal A -/0 mice exhibited
decreased spontaneous activity in the OF arena compared to control littermates only at T3 (a-Gal A
-/0 VS a-Gal A +/0 prukey=0.002) (Fig.20 C). This alteration was not observed at 8-10- and 16-20-week
old (8-10-week old, a-Gal A -/0 VS a-Gal A +/0 prukey- 0.517; 16-20-week old, a-Gal A -/0 VS a-Gal A
+/0 prukey = 1.000). Post-hoc analysis revealed that this reduction in locomotor activity observed in
a-Gal A -/0 mice is directly related to the age (effect of age [F (2, 47) = 7.21, p = 0.002]; interaction

genotype*age [F (2, 47) = 9.39, p < 0.001]). The complete OF statistical analysis is shown in Table 9.
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Figure 19 Assessment of anxiety-like behavior in a-Gal A +/0 and a-Gal A -/0 mice by Elevated Plus Maze
Test. Experiments were carried out on 8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12 months-old (T3) a-
Gal A -/0 (grey) and controls a-Gal A +/0 (white) mice. Data are representative of at least three independent
experiments performed on 7-11 animals (n = 7-11) per group per genotype. Anxiety-like behavior was
measured as (A) Number of total entries (B) Time in close arms (C) Frequency in close arms. Values represent
means + SEM. 2-Way ANOVA followed by Tukey’s post hoc test. ## p < 0.01, ### p <0.001 vs same genotype.
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Figure 20 Assessment of anxiety-like behavior and locomotor activity in a-Gal A +/0 and a-Gal A -/0 mice
by Open Field Test. Experiments were carried out on 8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12
months-old (T3) a-Gal A -/0 (grey) and controls a-Gal A +/0 (white) mice. Data are representative of at least
three independent experiments performed on 7-11 animals (n = 7-11) per group per genotype. Anxiety-like
behavior was measured as (A) Frequency in border; (B) Time in border; (C) total distance moved. Values
represent means + SEM. 2-Way ANOVA followed by Tukey’s post hoc test was applied. * p < 0.05; ** p<0.01;
*** n<0.001 vs a-Gal A +/0; ## p < 0.01; ### p <0.001 vs same genotype.
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Figure 20 Two-Way ANOVA followed by Tukey’s post hoc

Panel A Comparisons Frequency in border
genotype F(1,51) = 68.37; p<0.001
age F (2, 51) = 9.78; p<0.001
genotype*age F(2,51)=1.26; p=0.293

a-GalA-/OVS | T1 p<0.001

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

o-Gal A-/0 T1VST2 n.s.
T1VST3 n.s.
T2VST3 n.s.

a-Gal A +/0 T1VST2 n.s.
T1VST3 P=0.02
T2VST3 n.s.

Panel B Comparisons Time in border (s)
genotype F (1, 45) = 53.38; p<0.001
age F (2, 45) =5.97; p=0.005
genotype*age F (2, 45) = 0.075; p=0.930

a-GalA-/OVS | T1 P=0.008
o-Gal A +/0
T2 p<0.001
T3 P=0.002
o-Gal A-/0 T1VST2 n.s.
T1VST3 n.s.
T2VST3 n.s.
o-Gal A +/0 T1VST2 n.s.
T1VST3 n.s.
T2VST3 n.s.

Panel C Comparisons Total distance moved (cm)
genotype F(1,47)=1.41; p<0.24
age F(2,47)=7.21; p=0.002
genotype*age F(2,47)=9.39; p<0.001

a-GalA-/OVS | T1 n.s.
o-Gal A +/0
T2 n.s.
T3 P=0.002
a-Gal A-/0 T1VST2 n.s.
T1VST3 p<0.001
T2VST3 P=0.01
o-Gal A +/0 T1VST2 n.s.
T1VST3 n.s.
T2VST3 n.s.

Table 9 Statistical analysis of Open Field Test in a-Gal A +/0 and a-Gal A -/0 mice at three different
ages. Age-genotype-dependent correlations. 8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12 months-
old (T3); n.s. = not significant.
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2.4 Compositional and functional dysbiosis of the gut microbiota in a-Gal A -/0 mice
2.4.1 Alpha and beta diversity

The 16S rRNA amplicon sequencing yielded a total of 570,308 reads (mean + SD, 9,505 + 1,624),
binned into 3,630 ASVs. Alpha diversity describes the complexity of a community in terms of the
number of species represented (richness) and the equality between species (evenness) and was
analyzed at the genus level. Alpha diversity increased with age in both a-Gal A -/0 and a-Gal A +/0
mice, but at 16-20 weeks it was significantly higher in the former (prukey = 0.007). In more detail, on
the Chaol index of microbial richness a-Gal A -/0 mice showed relevant differences compared to
controls, especially at the first two time point (effect of genotype [F (1, 54) = 16.31, p < 0.001]). a-
Gal A -/0 mice exhibited a consistent increase at T2 also in evenness as measured by Shannon
entropy, in a time-dependent way (effect of genotype [F (1, 54) = 0.53, p = 0.46]; age [F (2, 54)=
27.93, p < 0.001]; interaction genotype*age [F (2, 54) = 12.25, p < 0.001]). Even for Simpson index
the most relevant difference was detected at T2, as increment in a-Gal A -/0 mice (effect of
genotype [F (1, 54) = 6.495, p = 0.013]; age [F (2, 54)= 23.75, p < 0.001]; interaction genotype*age
[F (2, 54) = 7.65, p < 0.001]) (Fig. 21 A). As for beta diversity, which describes differences in the
overall composition of communities, Aitchison-based principal coordinates analysis (PCA) showed
significant separation over time for both a-Gal A -/0 and a-Gal A +/0 mice, especially within Gal A -
/0 mice the shift over time is marked (Gal A-/0 T2 VS Gal A-/0T1, p <0.001; GalA-/0 T3 VS Gal A -
/0T2, p<0.001; Gal A-/0 T3 VS Gal A-/0T1, p < 0.001). As well as between the two genotypes at
all ages the separation is significantly evident (PERMANOVA, p < 0.005) (effect of genotype [F (1,
54) =6.944, p < 0.001]; age [F (2, 54)= 4.773, p < 0.001]; interaction genotype*age [F (2, 54) = 3.16,
p <0.001]) (Fig. 21 B).
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Figure 21 Alpha and beta diversity of the gut microbiota in a-Gal A -/0 mice. (A) Boxplots showing the
distribution of alpha diversity, according to Chaol, Shannon entropy and Simpson inde, in the gut microbiota
of a-Gal A -/0 mice and a-Gal A +/0 controls at 8-10 weeks (T1), 16-20 weeks (T2), and 12 months (T3). Tukey
test, * p < 0.05; ** p < 0.01 ** p < 0.001. (B) Principal Coordinates Analysis of beta diversity, based on
Aitchison distance, of all fecal samples. A significant separation was found between groups of mice at each
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age and within each mouse group over time (PERMANQOVA, p < 0.005).
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2.4.2 Signs of gut microbiota dysbiosis in a-Gal A -/0 mice at phylum, family and genus level

From the taxonomic standpoint, a-Gal A -/0 mice and a-Gal A +/0 mice differed from each other
and over time, even at the phylum level. In particular, at 8-10 weeks, a-Gal A -/0 mice showed
increased proportions of Deferribacteres and Firmicutes, while reduced proportions of
Bacteroidetes compared to a-Gal A +/0 mice (Wilcoxon test, p < 0.05), but these changes
disappeared at 1 year of age (Fig. 22 A-B). The main families involved were those belonging to the
phylum Bacteroidetes, with particularly Porphyromonadaceae and Rikenellaceae being enriched
and Bacteroidales S24-7 group depleted in a-Gal A -/0 mice at 8-10 weeks compared to a-Gal A +/0
mice (p< 0.016) (Fig. 23 A-B). Again, the proportions of these taxa varied over time, no longer being
distinct from those of controls at 12 months. a-Gal A -/0 mice were also discriminated by a higher
relative abundance of Bacteroidaceae at 12 months, as well as a temporal increase in Prevotellaceae
(p < 0.03). It is also worth noting that a-Gal A -/0 mice showed an increase with age in
Erysipelotrichaceae and Streptococcaceae, while a decrease in Lachnospiraceae (which was
overrepresented at T1 compared to controls) and Helicobacteraceae (p < 0.03). The major
discriminating genera included Alistipes, Bacteroides, Ruminococcaceae UCG-014, Helicobacter, and
Lachnospiraceae UCG-001, of which the former two were overrepresented (at T1 and T3,
respectively) and the latter three underrepresented (at T1, T3 and T3, respectively) in a-Gal A -/0

mice compared with counterparts (p < 0.03) (Fig. 24-25-26).
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Figure 22 Bacterial distribution at phylum level and significant differences between a-Gal A -/0 mice and
a-Gal A +/0 mice at three ages. 8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12 months-old (T3) a-Gal A -
/0 (panel B, orange nuance) and controls a-Gal A +/0 (panel B, blue nuance) mice were considered. (A) Pie-
plots showing the differences in microbial compositions at the phylum level at the various time-points in a-
Gal A -/0 (right) and controls (left). (B) Boxplots showing the relative abundance distribution of differentially
represented phyla between a-Gal A -/0 mice and a-Gal A +/0 controls at each age and within each mouse
group over time (Wilcoxon test, * p< 0.05; ** p< 0.01).
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Figure 23 Bacterial distribution at family level and relevant differences between a-Gal A -/0 mice and a-
Gal A +/0 mice at three ages. 8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12 months-old (T3) a-Gal A -/0
(panel B, orange nuance) and controls a-Gal A +/0 (panel B, blue nuance) mice were considered. (A) Pie-plots
showing the differences in microbial compositions at the family level at the various time-points in a-Gal A -
/0 (right) and controls (left). (B) Boxplots showing the relative abundance distribution of differentially
represented families between a-Gal A -/0 and a-Gal A +/0 mice at each time-point and within each mouse

group over time (Wilcoxon test, * p< 0.05; ** p< 0.01).
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Figure 24 Bacterial distribution at genus level and relevant differences between a-Gal A -/0 mice and a-
Gal A +/0 mice at three ages. 8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12 months-old (T3) a-Gal A -/0
(panel B, orange nuance) and controls a-Gal A +/0 (panel B, blue nuance) mice were considered. (A) Pie-plots
showing the differences in microbial compositions at the genus level at the various time-points in a-Gal A -
/0 (right) and controls (/eft). (B) Boxplots showing the relative abundance distribution of differentially
represented genera between a-Gal A -/0 and a-Gal A +/0 mice at each time-point and within genotype over
time (Wilcoxon test, * p< 0.05; ** p< 0.01).
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Figure 25 Taxonomy analysis at genus level on a-Gal A -/0 and a-Gal A +/0 mice at three ages. 8-10 weeks-
old (T1), 16-20 weeks-old (T2), and 12 months-old (T3) a-Gal A -/0 and controls a-Gal A +/0 mice were
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considered. (A) bar-graph showing the taxonomy distribution at the various time-points in a-Gal A -/0 (below)

and controls (above). (B) Heatmap showing the relative abundance distribution of differentially represented
genera between genotypes at each time-point. Colors indicates effect size, with blue indicating higher in a-

Gal A +/0 and red indicating higher abundances in a-Gal A -/0. * p< 0.01; ** p< 0.01; *** p< 0.001.
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Figure 26 Comparison between a-Gal A -/0 and a-Gal A +/0 mice of selected genera with a specific trend
over time. Significant differences at the genus level in Gal A -/0 (orange nuance) mice and a-Gal A +/0 (blue
nuance) over time: 8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12 months-old (T3). Dotted lines highlight
the slope of increasing or decreasing trend over time.
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2.4.3 Alterations in predicted gut microbiota functions related to the gut-brain axis and gut-

metabolomic-axis

In order to obtain functional insights into gut microbiota dysbiosis of a-Gal A -/0 mice, 16S rRNA
gene sequencing data were used to predict microbiota functionalities in the form of KEGG
orthologues, using PICRUSt2°, In particular, compared to controls, a-Gal A -/0 mice at 8-10 weeks
showed an overrepresentation of functions involved in the dissimilatory sulfate reduction, and
degradation of urea and the amino acids aspartate, glutamine, histidine, lysine, proline, and
tryptophan (p < 0.05). The tryptophan and lysine degradation pathways were also overabundant at
16-20 weeks and 1 year of age, respectively (p < 0.05). On the other hand, compared to controls, a-
Gal A -/0 mice at 8-10 weeks were overall depleted in functions involved in the degradation of other
amino acids (i.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., those involved in glycolysis and the citrate cycle) (p< 0.05). At 16-20 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 rhamnose and fucose degradation,
which were enriched in a-Gal A -/0 mice, and arginine and threonine degradation, and
Bifidobacterium shunt, which were instead enriched in a-Gal A +/0 mice (p < 0.03) (Fig. 27). With
specific regard to modules related to the gut-brain axis (Fig. 28), it is worth noting that at 8-10
weeks, a-Gal A -/0 mice were discriminated by an overrepresentation of functions involved in GABA
degradation and synthesis, g-hydroxybutyric acid degradation, butyrate synthesis, and
menaquinone synthesis, and by underrepresentation of nitric oxide degradation (p < 0.03). The
changes in the latter module as well as in the synthesis of GABA, butyrate and menaquinone, were
maintained even at 16-20 weeks (p < 0.05). At 16-20 weeks, several other differences appeared
between a-Gal A -/0 mice and a-Gal A +/0 mice, including especially an overabundance of
biosynthetic functions for p-cresol, propionate, acetate, iso-valeric acid, glutamate, DOPAC, S-
adenosylmethionine, quinolinic acid, and inositol in the former (p < 0.05). At this age, a-Gal A -/0
mice also showed increased degradation of quinolinic acid, while reduced degradation of p-cresol
and kynurenine synthesis (p < 0.05). At 12 months, the overrepresentation of functions involved in
propionate synthesis persisted (p = 0.0008). These data suggest that phenotypic differences in the
Fabry gut microbiota may have effects on functional pathways that encode the metabolism of

neuroactive molecules essential for gut-brain communication.
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Figure 27 Differences between and within genotypes over time by gut-metabolic modules predictions in a-
Gal A -/0 and a-Gal A +/0 mice. Samples: 8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12 months-old (T3)
a-Gal A -/0 and a-Gal A +/0 mice. (A) Heatmap showing the relative abundance of main differences in gut-
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Figure 28 Differences between and within genotypes over time by gut-brain modules predictions in a-Gal
A -/0 and a-Gal A +/0 mice. Samples: 8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12 months-old (T3) a-
Gal A -/0 and a-Gal A +/0 mice. (A) Heatmap showing the differential abundance of significantly altered
neuroactive gut-brain modules. Colors indicates effect size, with blue indicating higher in a-Gal A +/0 and red
indicating higher abundances in a-Gal A -/0. Stars indicate Benjamini-Hochberg-adjusted p-values (* padj <
0.1, ** padj < 0.01, *** padj < 0.001). (B) Bar-plots representing the most significantly different biochemical
pathways over time between a-Gal A +/0 (blue nuance) and a-Gal A -/0 (orange nuance) . The dotted lines
highlight the slope of increasing or decreasing trend over the three time points.
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2.5 Imbalance of SCFAs: increased propionic and butyric acid in a-Gal A -/0 mice

To correlate the taxonomic changes in a-Gal A -/0 mice to their disease-promoting functionality, we
performed a GC—MS analysis of fecal SCFAs of a-Gal A +/0 and a-Gal A -/0 mice at 8-10 weeks old
(T1), 16-20 weeks-old (T2), and 12 months-old (T3). The results are shown in Figure 29. The total
amount of SCFAs (umol/g) was found to be gradually increasing in a-Gal A -/0 mice compared to a-
Gal A +/0. In fact, even though there were no significant differences at T1 and only a slight increase
at T2, in older mice the difference was found to be significant (a-Gal A-/0 VS a-Gal A +/0 at T3, prukey
<0.001). The enhancement of SCFAs total amount in old Fabry mice is such that it is statistically
significant also compared to the amount at T1 of the same genotype (a-Gal A -/0 at T3 VS a-Gal A -
/O VS at T1, prukey<0.001). Hence, it might be said that the SCFAs increase is both genotype and time-
related (effect of genotype [F (1, 54) = 11.1, p = 0.002]; age [F (2, 54)= 5.54, p = 0.006]; interaction
genotype*age [F (2, 54) = 4.95, p = 0.01]) (Fig. 29 A). Going more into detail, the analysis of single
fatty acids revealed that butyric acid in a-Gal A -/0 mice is consistently higher than in a-Gal A +/0
at all three time points, although only in younger mice the increase is significant (a-Gal A -/0 VS a-
Gal A +/0 at T1, prukey = 0.05; effect of genotype [F (1, 54) = 19.3, p < 0.001]) (Fig. 29 B). Its isomer,
iso-butyric acid, exhibited an entirely similar trend, with a constant increment in a-Gal A -/0 mice
compared to a-Gal A +/0, but significant exclusively at T1 (a-Gal A -/0 VS a-Gal A +/0 at T1, prukey =
0.03) (Fig. 29 E). Regarding the acetic acid no substantial differences were found between the two
genotypes, however while a-Gal A +/0 mice maintained constant levels over time, a-Gal A -/0 mice
showed a significant age-dependent increase (effect of time [F (2, 54) = 7.05, p = 0.002]; a-Gal A -/0
at T3 VS a-Gal A -/0 at T1, prukey = 0.04) (Fig. 29 C). The third most extensively produced fatty acid is
propionic acid, which exhibited among all a peculiar trend that should be considered in the context
of Fabry dysbiosis. Propionic acid was found to undergo both a genotype- and time-dependent
effect (effect of genotype [F (1, 54) = 71.0, p <0.001]; age [F (2, 54)= 11.9, p <0.001]; interaction
genotype*age [F (2, 54) = 6.40, p = 0.003]) (Fig. 29 D). In particular, in a-Gal A -/0 mice its amount is
progressively greater than in controls (a-Gal A -/0 VS a-Gal A +/0 at T1, prukey = 0.18; at T2, prukey
<0.001; at T3, prukey <0.001). The increase is markedly different even within the same genotype at
the different times analyzed (a-Gal A -/0 at T2 VS a-Gal A -/0 at T1, prukey = 0.1; a-Gal A -/0 at T3 VS
a-Gal A-/0 at T1, prukey< 0.001; a-Gal A-/0 at T3 VS a-Gal A -/0 at T2, prukey= 0.02), in contrast to a-

Gal A +/0 mice, in which propionic acid levels remain constant over time.
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Finally, valeric and isovaleric acid were assessed and no differences were uncovered between

healthy and affected animals. The complete statistical analysis is reported in Table 10.
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Figure 29 Alterations in fecal short-chain fatty acid (SCFA) levels in a-Gal A -/0 mice. Experiments were
carried out on 8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12 months-old (T3) a-Gal A -/0 (grey) and
controls a-Gal A +/0 (white) mice. SCFAs levels were measured in umol/g.(A) Total amount of SCFAa; (B)
Butyric Acid amount; (C) Acetic Acid amount; (D) Propionic Acid amount; (E) Iso-butyric Acid amount; (F)
Valeric Acid amount; (G) Isovaleric Acid amount. Data are shown as means + SEM. 2-Way ANOVA followed
by Tukey’s post hoc test was applied (n = 10, per genotype, per group). *p < 0.05; ** p < 0.01; *** p < 0.001
vs a-Gal A +/0; # p < 0.05 ## p < 0.01; ### p < 0.001 vs same genotype.
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Figure 29 Two-way ANOVA followed by Tukey’s post-hoc

Panel A Comparisons SCFAs total amount (umol/gr)
genotype F(1,54)=11.1; p=0.002
age F (2, 54) = 5.54; p=0.006
genotype*age F (2, 54) = 4.95; p=0.01

a-Gal A-/0VS a-Gal A +/0 T1 n.s.
T2 n.s
T3 p<0.001
a-Gal A -/0 T1VST2 n.s.
T1VST3 p<0.001
T2VST3 n.s.
o-Gal A +/0 T1VST2 n.s.
T1VST3 n.s.
T2VST3 n.s.

Panel B Comparisons Butyric acid (umol/gr)
genotype F (1, 54) = 19.3; p<0.001
age F (2, 54)=0.107; p=0.90
genotype*age F (2,54) =0.143; p=0.87

a-Gal A-/0VS a-Gal A +/0 T1 p=0.05
T2 n.s
T3 n.s
a-Gal A-/0 T1VST2 n.s.
T1VST3 n.s
T2VST3 n.s.
o-Gal A +/0 T1VST2 n.s.
T1VST3 n.s.
T2VST3 n.s.

Panel C Comparisons Acetic acid (umol/gr)
genotype F (1, 54) =0.0627; p=0.8
age F (2, 54) = 7.05; p=0.002
genotype*age F (2, 54) =7.57; p=0.001

a-Gal A-/0VS a-Gal A +/0 T1 n.s.

T2 n.s

T3 n.s

a-Gal A-/0 T1VST2 n.s.
T1VST3 P<0.001

T2VST3 n.s.

o-Gal A +/0 T1VST2 n.s.

T1VST3 n.s.

T2VST3 n.s.

Panel D Comparisons Propionic acid (umol/gr)
genotype F (1, 54) = 71.0; p<0.001
age F(2,54)=11.9; p<0.001
genotype*age F (2, 54) = 6.40; p=0.003

o-Gal A-/0VS a-Gal A +/0 T1 n.s
T2 p<0.001
T3 p<0.001
a-Gal A -/0 T1VST2 p<0.001
T1VST3 P<0.001
T2VST3 p<0.001
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o-Gal A +/0 T1VST2 n.s.
T1VST3 n.s.
T2VST3 n.s.

Panel E Comparisons Isobutyric acid (umol/gr)
genotype F (1, 54) =16.2; p<0.001
age F (2, 54) = 1.94; p=0.15
genotype*age F (2, 54) =0.597; p=0.55

a-Gal A-/0VS a-Gal A +/0 T1 p=0.03
T2 n.s.
T3 n.s.
a-Gal A-/0 T1VST2 n.s.
T1VST3 n.s.
T2VST3 n.s.
o-Gal A +/0 T1VST2 n.s.
T1VST3 n.s.
T2VST3 n.s.

Panel F Comparisons Valeric acid (umol/gr)
genotype F (1, 54) = 3.82; p=0.06
age F (2, 54) = 3.09; p=0.05
genotype*age F(2,54) = 2.14; p=0.13

a-Gal A-/0VS a-Gal A +/0 T1 n.s.
T2 n.s.
T3 n.s.

a-Gal A-/0 T1VST2 p=0.04
T1VST3 n.s.
T2VST3 n.s.
o-Gal A +/0 T1VST2 n.s.
T1VST3 n.s.
T2VST3 n.s.

Panel G Comparisons Isovaleric acid (umol/gr)
genotype F (1, 54) = 0.0889; p=0.77
age F(2,54)=1.51; p=0.23
genotype*age F (2, 54) = 3.76; p=0.03

o-Gal A-/0VS a-Gal A +/0 T1 n.s.
T2 n.s.

T3 n.s.

o-Gal A-/0 T1VST2 n.s.
T1VST3 n.s.

T2VST3 n.s.

o-Gal A +/0 T1VST2 n.s.
T1VST3 n.s.

T2VST3 n.s.

Table 10 Statistical analysis of fecal SCFAs levels in a-Gal A +/0 and a-Gal A -/0 mice at three
different ages. Age-genotype-dependent correlations. 8-10 weeks-old (T1), 16-20 weeks-old (T2),

and 12 months-old (T3); n.s. = not significant.
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3. Qualitative and quantitative 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 TRPV1 overexpression in colon, lumbosacral DRG and primary DRG neurons in Fabry mice

Given the extensive literature relating TRPV1 channel alteration to Gl disorders and visceral pain, to
assess whether there were alterations in its expression in our FD murine model, we performed a
qualitative and quantitative analysis by immunofluorescence. The staining were performed on
tissue sections (colon and DRG) (Fig 30-31-32) and cells (neurons from lumbosacral DRGs) (Fig 33)
of a-Gal A +/0 and a-Gal A -/0 mice at three different ages (8-10 weeks-old (T1), 16-20 weeks-old
(T2), and 12 months-old (T3)). Pan neuronal marker Pgp9.5 or nuclear specific neuronal marker
NeuN (in green), and antibodies against TRPV1 channel (red) were used. As shown in Fig 30, in
reconstructed images of colon transverse sections, the fluorescence signal of TRPV1 channel in a-
Gal A -/0 mice looked higher than in a-Gal A +/0, especially in myenteric plexus. By an higher
magnification analysis (objective 40X) performed in triplicate on three animals (n=3 per genotype,
per age; 4 sections per animals and 4 pictures per sections), TRPV1 intensification in a-Gal A -/0
mice seemed to be confirmed at all three time points analyzed (Fig. 31 A, B, C). In this context, given
the role of lumbosacral innervation, it was deemed appropriate to evaluate the expression of TRPV1
upstream, at the level of the DRGs. As shown in Figure 32, qualitative analysis revealed that a-Gal A
-/0 mice had an enhanced fluorescence signal of TRPV1.

TRPV1 expression was also evaluated in primary cultures of neurons from lumbosacral DRGs (Fig.
33). A preliminary qualitative analysis of TRPV1 fluorescence intensity confirmed the increase in a-
Gal A -/0 mice compared with a-Gal A +/0 mice, as reported at the tissue level. However, in this
case, due to the defined cell shape, it was possible to quantify this signal by corrected total cell
fluorescence (CTCF). The blinded analysis was performed on three mice (n = 3, for each genotype
and age), and 15 fields were acquired for each slide. The analysis indicated increased CTCF of TRPV1
in a-Gal A -/0 mice compared to Gal A +/0 mice, especially at T2 and T3 (a-Gal A -/0 VS a-Gal A +/0
in T1, prukey = 0.76; a-Gal A -/0 VS a-Gal A +/0 in T2, prukey = 0.007; a-Gal A -/0 VS a-Gal A +/0in T3,
prukey = 0.03) (Fig. 33). In addition, there was an age-dependent increase in TRPV1 fluorescence in

a-Gal A -/0 animals (a-Gal A-/0 T1 VS a-Gal A -/0 at T2, prukey = 0.02; a-Gal A -/ T1 VS a-Gal A -/0 at
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T3, prukey = 0.04), which did not occur in WT animals, where the levels appear to be fairly constant

over time.

500 pm

Figure 30 Representative reconstructed immunofluorescence staining images of PGP9.5 and TRPV1 on
transverse colon cryosections of a-Gal A +/0 and a-Gal A -/0 mice. PGP9.5 (green) and TRPV1 (red) were
detected by IF in 50um-thick transverse cryo-sections of 8- to 10-week-old, 16- to 20-week-old, and 12-
month-old (here represented) a-Gal A -/0 and a-Gal A +/0 male mice colon. Fluorescent images were captured
on a Nikon D-Eclipse C1 inverted laser scanning confocal microscope. Representative images were taken as
single confocal sections at 40X magnification and separately for each channel. Image J (NIH,
http://rsb.info.nih.gov/ij/) software was used for image analysis. Scale bar: 500 um.
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Figure 31 Representative images of PGP9.5 and TRPV1 immunofluorescence staining on colon sections of
a-Gal A +/0 and a-Gal A -/0 mice at three time point. . PGP9.5 (green; a, d) and TRPV1 (red; b, e) were
detected by IF in 50um-thick transverse cryo-sections of 8-10-week-old (A; T1), 16-20-week-old (B; T2), and
12-month-old (C; T3) a-Gal A -/0 and a-Gal A +/0 male mice colon. The enhanced TRPV1 fluorescence signal
(red) in a-Gal A (-/0) is showed (white arrows). Images were captured on a Nikon D-Eclipse C1 inverted laser
scanning confocal microscope. Images were taken as single confocal sections at 40X magnification and
separately for each channel. Image J (NIH, http://rsb.info.nih.gov/ij/) software was used for image analysis
and merge. Scale bar: 50 um.
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a-Gal A +/0

a-Gal A -/0

Figure 32 Representative images of NeuN and TRPV1 immunofluorescence staining on DRG (L6) sections
of a-Gal A +/0 and a-Gal A -/0 mice. NeuN (green) and TRPV1 (red) were detected by IF in 50um-thick
transverse cryo-sections of 8-10-week-old, 16- 20-week-old, and 12-month-old (here represented) a-Gal A
+/0 and a-Gal A -/0 male mice colon. TRPV1 positive staining (red) in a-Gal A (-/0) is indicated (white arrows).
Images were captured on a Nikon D-Eclipse C1 inverted laser scanning confocal microscope. Images were
taken as single confocal sections at 40X magnification and separately for each channel. Image J (NIH,
http://rsb.info.nih.gov/ij/) software was used for image analysis and merge. Scale bar: 50 um.
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Figure 33 Qualitative and quantitative analysis of TRPV1 fluorescence in neuronal cells from lumbosacral
DRGs of a-Gal A +/0 and a-Gal A -/0 mice at three time points. In A, representative images of NeuN and
TRPV1 staining by immunofluorescence on primary neurons from lumbosacral DRGs of a-Gal A +/0 and a-Gal
A-/0 mice at 8-10-week-old (T1), 16-20-week-old (T2), and 12-month-old (T3; here represented). Images were
acquired with Nikon D-Eclipse C1 microscope, 40X objective. Scale bar=50 um. ImageJ software was used for
image processing. In B, the graph showing the statistical analysis of TRPV1 fluorescence signal expressed as
CTCF in a-Gal A +/0 (white) and a-Gal A -/0 (grey) animals at T1, T2, T3. GraphPad Prism 8 software was
used to perform statistical analysis. Data are shown as means + SEM. 2-Way ANOVA followed by Tukey’s post
hoc test was applied (n = 3, per genotype, per group). * p <0.05; ** p < 0.01; *** p < 0.001 vs a-Gal A +/0; #
p <0.05 ## p <0.01; ### p <0.001 vs same genotype.
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3.2 Increased TRPV4 expression in old a-Gal A -/0 mice

To improve the understanding of mechanisms involved in visceral nociception and have an overview
of the TRP channels expression in FD colon, TRPV4 was also analyzed, with an approach quite similar
to that used for TRPV1. The immunofluorescence analysis were performed on colon and DRG
sections (Fig. 34) as well as on primary neurons from lumbosacral DRGs (Fig. 35) of a-Gal A +/0 and
a-Gal A -/0 mice at the three selected ages (8-10 weeks-old (T1), 16-20 weeks-old (T2), and 12
months-old (T3)). Pan neuronal marker Pgp9.5 or nuclear specific neuronal marker NeuN (in green),
and antibody against TRPV4 channel (red) were employed.

From the qualitative evaluation of the pictures captured by confocal microscope (objective 40X; (n
= 3 per genotype, per age; 4 sections per animals and 4 pictures per sections), looking at colon
sections, TRPV4 was not markedly different in terms of fluorescence intensity between the
genotypes at none of the three ages; however, by observing the DRG sections, especially at T3 (Fig.
34 B) a-Gal A-/0 DRGs appeared with ah higher number of cells intensively TRPV4 positive compared
to a-Gal A +/0. This observation, as shown in Figure 35, was also confirmed by the staining on
neurons, whose fluorescence intensity was definitively higher in Fabry than in WT. This increment
in the oldest mice was validated by the quantitative analysis by CTCF. The analysis reported a
significant increased CTCF in a-Gal A -/0 compared to Gal A +/0 mice exclusively at T3 (a-Gal A -/0
VS a-Gal A +/0 at T3, prukey = 0.03). Regarding the other two time points, no differences between
genotypes were recorded, however, it is noteworthy the huge intra-genotype increase at T3 in a-
Gal A -/0 mice compared with healthy animals, in which, on the other hand, the values remain
constant over time (a-Gal A -/0 T3 VS a-Gal A +/0 at T1, prukey = 0.04; a-Gal A -/0 T3 VS a-Gal A +/0
at T2, prukey= 0.03).
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Figure 34 Representative images of Pgp.5/NeuN and TRPV4 immunofluorescence staining on colon and
DRG (L6) sections of a-Gal A +/0 and a-Gal A -/0 mice. Pgp9.5 or NeuN (green) and TRPV1 (red) were
detected by IF in 50um-thick cryo-sections of 8-10-week-old, 16-20-week-old, and 12-month-old (here
represented) a-Gal A +/0 and a-Gal A -/0 male mice colon (A) and lumbosacral DRGs (B). The TRPV4 positive
staining (red) in a-Gal A (-/0) is indicated (white arrows). Fluorescent images were captured on a Nikon D-
Eclipse C1 inverted laser scanning confocal microscope. Images were taken as single confocal sections at 40X

maghnification and separately for each channel. Image J (NIH, http://rsb.info.nih.gov/ij/) software was used
for image analysis and merge. Scale bar: 50 um.
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Figure 35 Qualitative and quantitative analysis of TRPV4 fluorescence in neuronal cells from lumbosacral
DRGs of a-Gal A +/0 and a-Gal A -/0 mice. In A, representative images of NeuN (green) and TRPV4 (red)
staining by immunofluorescence on primary neurons from lumbosacral DRGs of a-Gal A +/0 and a-Gal A -/0.
Images were acquired with Nikon D-Eclipse C1 microscope, 40X objective. Scale bar = 50 um. Image) software
was used for image processing. In B, the graph showing the statistical analysis of TRPV4 fluorescence signal
expressed as CTCF in a-Gal A +/0 (white) and a-Gal A -/0 (grey) animals at 8-10-week-old (T1), 16-20-week-
old (T2), and 12-month-old (T3; here represented). GraphPad Prism 8 software was used to perform statistical
analysis. Data are shown as means + SEM. 2-Way ANOVA followed by Tukey’s post hoc test was applied (n =
3, per genotype, per group).* p < 0.05 vs a-Gal A +/0; # p < 0.05 vs same genotype.

3.3 Progressive increase of TRPA1 expression in a-Gal A -/0 mice

The staining were performed on colon, DRG sections (Fig. 36) and lumbosacral DRG neurons (Fig.
37) from a-Gal A +/0 and a-Gal A -/0 mice at the three different ages (n=3 per genotype, per age;

4 sections per animals and 4 pictures per sections). Pan neuronal marker Pgp9.5 or nuclear specific
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neuronal marker NeuN (in green), and antibodies against TRPA1 channel (red) were used. As shown
in Figure 36 A, the TRPA1 fluorescence signal in a-Gal A -/0 mice colon sections appeared stronger
than in a-Gal A +/0, especially in MP, where the ganglia were also enlarged. Accordingly, also the
qualitative analysis performed on sections of lumbosacral DRGs also seemed to indicate a trend of
increasing TRPA1 expression in a-Gal A -/0 animals (Fig. 36 B). Furthermore, TRPA1 fluorescence
signal was assessed in neurons primary cultures from lumbosacral DRGs. The qualitative analysis of
TRPA1 expression confirmed the increase in a-Gal A -/0 mice compared to controls, as reported at
tissue level. Noteworthy, in a-Gal A -/0 mice the channel was also expressed along the neuronal
branches, which was not the case for the other channels studied. However, for the quantification of
CTCF, as in previous analyses, only fluorescence at the level of the neuronal bodies was considered.
Blinded analysis was performed on three mice (n = 3, for each genotype and age), and 10-15 fields
were acquired for each slides. In spite of fluorescence images appearance, the statistical analysis
reported that the TRPA1 increment was not parallelized by a significant CTCF increase in a-Gal A -
/0 (effect of genotype [F (1,9) = 0.87, p = 0.37]; age [F (2, 9)= 0.566, p = 0.59]; interaction
genotype*age [F (2, 9) = 8.63, p = 0.008). However, it has to be noted the opposite trend over time
between Gal A -/0 and Gal A +/0. The former tended to grow with increasing age (a-Gal A-/0 T3 VS
a-Gal A-/0atT1, prukey= 0.1), while the latter to decrease (a-Gal A +/0 T3 VS a-Gal A +/0 at T1, prukey
=0.15).
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Figure 36 Representative images of Pgp.5/NeuN and TRPA1 immunofluorescence staining on colon and
DRG (L6) sections of a-Gal A +/0 and a-Gal A -/0 mice. Pgp9.5 or NeuN (green) and TRPV1 (red) were
detected by IF in 50um-thick cryo-sections of 8-10-week-old, 16-20-week-old, and 12-month-old (here
represented) a-Gal A +/0 and a-Gal A -/0 male mice colon (A) and lumbosacral DRGs (B). The TRPA1 positive
staining (red), especially in a-Gal A -/0 is indicated (white arrows). Fluorescent images were captured on a
Nikon D-Eclipse C1 inverted laser scanning confocal microscope. Images were taken as single confocal
sections at 40X magnification and separately for each channel. Image J (NIH, http://rsb.info.nih.gov/ij/)
software was used for image analysis and merge. Scale bar: 50 um.
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Figure 37 Qualitative and quantitative analysis of TRPA1 fluorescence in neuronal cells from lumbosacral
DRGs of a-Gal A +/0 and a-Gal A -/0 mice. In A, representative images of NeuN (green) and TRPA1 (red)
staining by immunofluorescence on primary neurons from lumbosacral DRGs of a-Gal A +/0 and a-Gal A -/0.
Images were acquired with Nikon D-Eclipse C1 microscope, 40X objective. Scale bar = 50 um. Image) software
was used for image processing. In B, the graph showing the statistical analysis of TRPA1 fluorescence signal
expressed as CTCF in a-Gal A +/0 (white) and a-Gal A -/0 (grey) animals at 8-10-week-old (T1), 16-20-week-
old (T2), and 12-month-old (T3; here represented). GraphPad Prism 8 software was used to perform statistical
analysis. Data are shown as means + SEM. 2-Way ANOVA followed by Tukey’s post hoc test was applied (n =
3, per genotype, per group).* p < 0.05 was chosen as significant.
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3.4 Neurons from lumbosacral DRGs of a-Gal A -/0 mice develop in larger size

Interestingly, genotype-specific phenotype of the neuronal bodies size from the lumbosacral DRGs
was noticed. The analysis of cell body area (um?) was performed on neurons from 8-10-week-old
(T1), 16- 20-week-old (T2), and 12-month-old (T3) a-Gal A +/0 and a-Gal A -/0 mice (n = 9; for each
genotype and age). As shown in Figures 38, in addition to the physiological reduction in size in older
mice that is visible in both genotypes (cultures of neurons from DRGs become progressively more
complicated to set up and slower in development the older the starting animal), it is interesting to
note that a-Gal A -/0 mice compared to a-Gal A +/0 mice, at the same age and days of culture
develop in larger dimensions (a-Gal A -/0 VS a-Gal A +/0 at T1, p=0.004; a-Gal A -/0 VS a-Gal A +/0
at T2, p=0.03; a-Gal A -/0 VS a-Gal A +/0 at T3, p= 0.01).
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Figure 38 Statistical analysis of neuronal size from lumbosacral DRGs of a-Gal A +/0 and a-Gal A -/0 animals
at three ages. Immunofluorescence images of primary neurons from lumbosacral DRGs of a-Gal A +/0 and
a-Gal A -/0 mice at 8-10-week-old (T1), 16-20-week-old (T2), and 12-month-old (T3) were used for the cell
body area evaluation. Imagel software was used for image processing. Nuclear-specific neuronal marker
NeuN was employed to draw the perimeter. GraphPad Prism 8 software was used to perform statistical
analysis. Data are shown as means + SEM. Paired Student t-test was applied (n =9, per genotype, per group).
* p<0.05; ** p<0.002 vs o-Gal A +/0.
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4. Evaluation of lyso-Gb3 effects on ion transport and sensory nerves activation by

Ussing chamber and on contractility by organ bath

In the image below, to make clear the experimental design, a graphical summary of the tests carried
out employing Ussing Chamber is provided. The experiments were performed on stripped adult
mouse colon. The purpose was to identify a possible effect of lyso-Gb3 on I, and the upstream
mechanisms and downstream effects of this lyso-Gb3-mediated impact. For this purpose, as shown
in the Figure 39, we employed secretagogues commonly used as blockers or activators in this kind

of approach.

lyso-Gb3

Sl

o Ot

Figure 39 Graphical abstract of tests conducted by Ussing Chamber to investigate the action mechanism
and effect of lyso-Gb3. The scheme shows the main components investigated at the apical and basolateral
levels. In particular, Ca% activated CI channel (CACC); Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR); Na*/K*/Cl" cotransporter (NKCC1) with its recyclers Na*/K* ATPase and K* channels (KCNN4 and
KCNQ1). The activators/stimulants Carbachol (CCh), Forskolin (FSK), Capsaicin (Caps), and Veratridine (VER)
are represented (blue arrows) where they act. As well, the blockers Pyrimido-pyrrolo-quinoxalinedione
(PPQ), Furosemide (FUR) and Tetrodotoxin (TTX) (red ticks). Figure realized by BioRender.

4.1 Lyso-Gb3 affects the baseline short circuit current (/sc)

To investigate whether lyso-Gb3 impacts basal /sc and TEER, it was administrated into basolateral
reservoir at increasing concentrations: 30 nM — 100 nM -300 nM =1 uM — 3 uM - 10 uM. All the
experiments were carried on mucosal-submucosal preparation of adult male mice colon. For each
test, the control tissue from the same animal was treated in an adjacent chamber, with the
respective amount of vehicle (DMSO). According to the schematic protocol reported in Figure 41 A,
the /sc was assessed right afterward the administration (acute effect; Alsc t = 0) and after 30 minutes

(long-lasting phase; Alsc t = 30) comparing to the mean value over a period of 6 min; also the TEER
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before and after the treatment was taken. As shown in Figure 40, the lower concentrations tested
(from 30 nM to 1 uM) did not exhibit statistically significant differences in the either acute or long
term, despite an increasing trend (Fig. 40 A-B). Surprisingly, not even the highest lyso-Gb3
concentration tested (10 uM) was found to alter the basal /sc, most likely due to the impact on

saturation of the system (Fig. 40 C-D).
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Figure 40 Effect on /5. of 30 nM, 100 nM, 300 nM, 1 pM and 10 pM lyso-Gb3 in acute and long-lasting. Lyso-
Gb3 (30 nM, 100 nM, 300 nM, 1 uM and 10 uM) and the vehicle (DMSO) were added to the basolateral
reservoir in adjacent chambers to adult male mice colon mucosal-submucosal preparations. The /. was
measured acutely, right after the administration of lyso-Gb3 (A-C), and after 30 minutes (B-D). GraphPad
Prism 8 software was used to perform statistical analysis. Data are shown as means * SD. Paired Student t -
test was applied (n = 5-8, one dot); no significance. Values of p < 0.05 were chosen as significant.
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However, the addition of 3 uM lyso-Gb3 significantly affected /s causing an increment both acutely
(n =9; means + SEM, Alsc (pmso) = -0.3 £ 0.2 uA.0,12cm2, Alsc (yso-b3) = 0.6 £ 0.2 pA.0,12cm2; Paired
t-test, p = 0.047) and after 30 min (n = 9; means + SEM, Alsc (pmso) = -0.7 0.6 pA.0,12cm2, Alsc (iyso-
Gb3) = 0.8 + 0.5 pA.0,12cm%; Paired t-test, p = 0.031) (Fig. 41). This increment was detected along
the entire length of the colon with no segmental differences from proximal to distal. TEER was not
impacted by any of the concentrations tested after 30 min of incubation (data not shown). This
proved that lyso-Gb3 does not affect tissue integrity. Given the results obtained, we established to
use the 3 pM concentration for all following experiments aimed at identifying the mediators
(upstream) of this increase given by lyso-Gb3, and the effects (downstream) on epithelium- and

neuro-mediated secretion.
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Figure 41 Protocol and effect on /. of lyso-Gb3 administration. (A) Experimental protocol: lyso-Gb3 (3 uM)
and the vehicle (DMSO) were added to the basolateral reservoir in adjacent chambers to adult male mice
colon mucosal-submucosal preparations. TEER was recorded before the administration and after 30 minutes.
(B-C) Lyso-Gb3 significantly affects the baseline /s causing an increase both acute (B) and long-lasting (C).
GraphPad Prism 8 software was used to perform statistical analysis. Data are shown as means * SD. Paired
Student t -test was applied (n =9). * p<0.05; ** p<0.01; *** p <0.001 vs control. (D) Representative trances
of DMSO- (green) and lyso-Gb3-treatment (black) responses measured by DataTrax Il software (World
Precision Instruments).

4.2 The lyso-Gb3-induced increase in Iscis mediated neither by TTX-sensitive enteric neurons

nor by CFTR, but NKCC1 blockade affects the responses.

To investigate the mechanism by which lyso-Gb3-induced increase in baseline /sc occurs, some

specific inhibitors were applied before the application of lyso-Gb3. In particular, tetrodotoxin (TTX)
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(300nM) that inhibits the Na* activation mechanism of nerve impulse, to examine if it was mediated
via a neuronal pathway, and Pyrimido-pyrrolo-quinoxalinedione (PPQ) (50 uM) and furosemide
(FUR) (100 uM) to inhibit CFTR and NKCC1 respectively to assess the transporters’ role at basolateral
and apical levels for the ion components involved. As reported in Fig. 42, the analysis showed that
the TTX-induced blockade did not prevent the lyso-Gb3 effect either acutely or after 30 minutes (n
= 12; acutely, means + SEM, Alsc (n20) = 0.39 + 0.08 pA.0,12cm?, Alsc (rrx) = 0.4 + 0.08 pA.0,12cm?;
Paired t-test, p = 0.5; long-lasting, means + SEM, Alsc (120) = 0.42 + 0.4 uA.0,12cm2, Alsc (rrx) = 1.04 +
0.32 pA.0,12cm2; Paired t-test, p = 0.14 ), suggesting that the lyso-Gb3 increase in basal /s was not

ENS mediated.
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Figure 42 Effect of TTX-sensitive enteric neurons blockage on lyso-Gh3-evoked increase in Isx. (A)
Experimental protocol: tetrodotoxin (TTX; 300nM) or vehicle (H.0) were added to the basolateral bathing
solution (15 min) before the treatment with lyso-Gb3 (3 uM) in adjacent chambers to mucosal-submucosal
preparations. Carbachol (CCh) and Forskolin (FSK) were added to confirm the tissue vitality after 30 min of
lyso-Gb3 treatment. (B-C) Graphs represent lyso-Gb3 /. after the pre-treatment both acutely (B) and after 30
min (C). GraphPad Prism 8 software was used to perform statistical analysis. Data are shown as mean % SD.
Values of p < 0.05 were chosen as significant. TTX pre-treatment does not significantly affect the lyso-Gb3 /.
(n =12, Paired t-test, no significance).

128



However, although the blockade of CFTR did not impact the activity of lyso-Gb3 either in the acute
or in the long-lasting response (n = 7; acutely, means + SEM, Alsc (pmso) = 0.6 £ 0.22 pA.0,12cm2, Alsc
ppq) = 0.39 £ 0.1 pA.0,12cm 2; Paired t-test, p = 0.2; long-lasting, means £ SEM, Alsc (pmso) = 1.32
0.36 pA.0,12cm?, Alsc ppq) = 1.17 + 0.64 pA.0,12cm?; Paired t-test, p = 0.14) (Fig. 43 A-B), the pre-
treatment with the NKCC1-blocker FUR elicited a progressive increase in Isc induced by lyso-Gb3.
Already acutely with a clear, albeit non-significant increase and even more clearly and significantly
in the long term (n = 6; acutely, means + SEM, Alsc (120) = 0.2 + 0.11 pA.0,12cm?, Alsc (rur) = 0.44 *
0.06 pA.0,12cm?; Paired t-test, p = 0.2; long-lasting, means + SEM, Alsc (20) = 0.26 + 0.19 pA.0,12cm’
2, Alsc (rury = 1.2 £0.26 pA.0,12cm2; Paired t-test, p = 0.002) (Fig. 43 C-D).
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Figure 43 Effect of CFTR-inhibitor (PPQ) and NKCC1 blockage via Furosemide (FUR) on lyso-Gb3 response
in .. (A-B) Pre-treatment with PPQ (15 min, apically) does not significantly affect the lyso-Gb3 increase in I
(n =7, Paired t-test, no significance) neither acutely (A) nor after 30 min. (B). Pre-treatment with FUR (15
min, basolateral) significantly enhances the lyso-Gb3 long-lasting increase in Isc (n =6, Paired t-test, p=0.002)
(D) but not the acute one (n =6, Paired t-test, no significance) (C). GraphPad Prism 8 software was used to
perform statistical analysis. Data are shown as mean + SD. * p < 0.05; ** p < 0.01; *** p <0.001 vs vehicle.
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4.3 Treatment with lyso-Gb3 does not affect the epithelial-mediated secretion

As an excessive activation of Cl" secretion triggers diarrheal disorders, the mechanisms implicated
are of interest for targeted pharmacotherapy. Thus, to investigate whether lyso-Gb3-dependent I
changings impacted the ClI" epithelial-mediated secretion, carbachol (Cch) (100 uM) and forskolin
(FSK) (10 uM) were sequentially serosal added to mucosal-submucosal preparations pre-treated
with lyso-Gb3 (3 uM). The former, a cholinergic agonist, was used to stimulate Ca?*-dependent CI-
secretion, the latter, administrated during the plateau phase of the Isc induced by CCh, to activate
cAMP-dependent Cl secretion. The CCh adding led to the usual rapid but transient increase in Iy,
which return to the basal level within 15 min (Fig.44). Since the responses’ size presents substantial
segmental differences in the expression of Ach, all the experiments were performed almost in the
middle of the colon®®. Similarly, the response to cAMP-dependent secretagogue FSK are
characterized by a rapid and high Isc peak which exceeds even the previous CCh one (Fig. 44 A). As
shown in Figure 44 (Fig. 44B-C) lyso-Gb3 appeared to influence neither Ca?*-dependent nor cAMP-
dependent CI secretion (n = 9; CCh: means £ SEM, Alsc (pmso) = 9.49 £ 1.62 pA.0,12cm-2, Alsc (1yso-Gb3)
= 9.07 + 1.16 pA.0,12cm%; unpaired t-test, p = 0.83; FSK: means + SEM, Al (pmso) = 40.8 + 3.15
HA.0,12cm2, Alge (iyso-Gb3) = 42.6 + 3.81 pA.0,12cm-2; unpaired t-test, p = 0.72). These experiments

demonstrate that lyso-Gb3 increase in Isc does not affect epithelial-mediated secretion.
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Figure 44 Effect of lyso-Gb3-dependent /. increase on the CI" epithelial-mediated secretion. Carbachol (CCh,
100 puM) and Forskolin (FSK, 10 uM) were consecutively serosal added to mucosal-submucosal preparations
pre-treated with lyso-Gb3 (3 uM) or vehicle (DMSO). (A) Representative trace of CCh- (red arrow) and FSK-
(blue arrow) responses recorded by DataTrax Il software (World Precision Instruments). (B-C) Graphs of the
statistical analysis of CCh (B) and FSK (C) responses after lyso-Gb3 (black column) or vehicle (DMSO; white
column). GraphPad Prism 8 software was used to perform statistical analysis. Data are shown as mean % SD.
Values of p < 0.05 were chosen as significant (n = 9, unpaired t-test, no significance).
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4.4 Treatment with lyso-Gb3 increases neuronal-mediated secretion

Since lyso-Gbs has been demonstrated to modulate neuronal excitability and the enteric neurons
are crucial regulators of epithelial ion transport, we wondered whether the exposure to lyso-Gbs
could interfere with neuron-induced epithelial secretion. We applied veratridine (VER) (30 uM) and
capsaicin (3 uM) in order to activate the majority of neurons. They were put on in the basolateral
side at the end of lyso-Gb3 treatment. To reduce the VER off-target effects, we applied a
concentration within the range known to activate voltage-gated Na* channels and in line with others
previous studies of VER-stimulated electrogenic ion transport in mouse colon®®. As illustrated in
Figure 45 (Fig. 45A-B), though the growing trend of the response to VER in lyso-Gb3 pre-treated
tissues compared to controls, there was no significant difference (n = 7; means + SEM, Alsc (pmso) =
8.51 £ 0.86 HA.0,12cm2, Alsc (iyso-Gb3) = 10.12 + 0.84 pA.0,12cm2; unpaired t-test, p = 0.2).

Regarding the subgroup of capsaicin-sensitive sensory nerves, they constitutes another important
neural network modulating Gl function. Exposure to capsaicin activates sensory afferent neurons
which in turn activate submucosal secretomotor neurons to release pro-secretory neuropeptides
which can then cause an increase in luminal Cl- efflux. Since the capsaicin modulates intestinal ion
transport markedly differently along colonic segments, statistical analyses were performed taking
into account the absolute value of the reported Al (Fig. 45 C-D). The outcomes proved that lyso-
Gb3 (3 uM) pre-treatment significantly increased capsaicin sensitivity (n = 5-8; means + SEM, Alsc
omso) = 1.31 + 0.18 pA.0,12cm?, Alsc (yso-Gb3) = 2.51 + 0.41 pA.0,12cm?; unpaired t-test, p = 0.01).
Therefore, these results demonstrate that lyso-Gb3 may modulate specific neuronal pathways
involved in the regulation of Gl physiology, especially it enhances neuron-mediated secretagogue

induced secretion, specifically capsaicin-mediated and only partially veratridine-mediated.
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Figure 45 Effect of lyso-Gb3 treatment on neuronal-mediated secretion (A) Experimental protocol: after 30
min of lyso-Gb3 (3 uM) treatment, veratridine (VER) (30 uM) was added to the serosal reservoir (15 min).
Then, CCh and FSK were added to assess the tissue vitality. (B) Veratridine responses to lyso-Gb3 pre-
treatment compared to controls; (C) Typical traces of capsaicin-response along the different colonic
segments, from proximal (black) to distal (red). The considered absolute value of Alsc in the different portions
is drawn with the lines. (D) Capsaicin responses to lyso-Gb3 pre-treatment compared to controls. GraphPad
Prism 8 software was used to perform statistical analysis. Data are shown as mean * SD. Unpaired t-test; * p
< 0.05; ** p<0.01; *** p < 0.001 vs vehicle (DMSO).

4.5 Lyso-Gb3 does not modulate colonic contractility

Given the effects of lyso-Gb3 on ion transport and sensitization to secretory stimuli, we wondered
whether lyso-Gb3 could act directly on muscle-mediated contractility, because alterations of Gl
motility represent another essential cause for diarrhea/constipation. Therefore, we examined
whether the compound affected colonic motility in a vertical organ bath chamber set-up. The
experiments were performed on male mouse no-stripped colon tissue, to preserve the muscle layers
involved in contractility process. As reported in Figure 46, the application of lyso-Gbs (3 uM) to the
bath did not significantly affect acute tension or spontaneous contractility (AUC), even if there might
be a decreasing trend in lyso-Gb3 treated mice (n = 6-7; means + SEM, AUC/s (pmso) = 0.026 + 0.005
HA.0.12cm2, Alsc (iyso-Gb3) = 0.014 +0.0025 pA.0.12cm%; unpaired t-test, p = 0.07) (Fig. 46). To check
the quality of the tissue, CCh (100 uM) was put into the bath and it induced contractions
reproducible to those of colon tissues. Then, we evaluated whether the magnitude of the CCh-

induced contraction was different between lyso-Gbs and DMSO-treated tissues. The traces did not
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reported any substantial changes between the samples. Overall, these findings suggest that FD-

associated Gl dysfunctions are not primarily generated via lyso-Gbs targeting muscle contractility

but rather through effects on ion transport and sensitivity to secretory stimuli.
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Figure 46 Lyso-Gb3 (3 uM) effect on colon contractility tested by Organ Bath. (A) Excerpt of representative
traces and order of administration of Carbachol before (CCh1) and after (CCh2) lyso-Gb3 treatment. Powerlab
and LabChart8 (AD Instruments Inc., Colorado Springs, CO, USA) were used for recording and analyzing. (B)
Acute tension; (C) Spontaneous contractility (Area Under the Curve; AUC); (D) fold change between CCh1 and
CCh2. GraphPad Prism 8 software was used to perform statistical analysis. Data are shown as mean % SD.
Values of p < 0.05 were chosen as significant (n = 5-7, unpaired t-test, no significance).
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DISCUSSION

The main purpose of this thesis was to expand knowledge regarding gastrointestinal symptoms in
FD, both in terms of functional characterization and identification of mechanisms potentially
involved in their onset. The need for increased awareness of gastrointestinal complaints in Fabry
patients stems from the fact that these are among the most prevalent and disabling early signs of
the disease in children (60.8%) and adults (49.8%); however, they are paradoxically the same ones
that contribute to the delay in the proper diagnosis because of their misinterpretation even today®*.
Once the diagnosis is confirmed, this is compounded by the lack of effectiveness in the management
of Gl problems by commonly used treatments. This is reflected in a relevant negative impact on the
patient’s quality of life as well as in a burden on the healthcare system. Hence, there is a pressing
need for greater understanding aimed at identifying new potential therapeutic targets!?3.

To date, two main hypotheses have been formulated regarding the pathophysiological mechanisms
underpinning the onset of Gl symptoms in FD. The first involves an alteration of the ANS (impacting
motility), and the second concerns vascular dysfunction and/or ischemia caused by damage to the
muscle wall or endothelial cells, reasonably associated with Gb3 deposits®®°. Gb3 accumulation in
enteric vessels and neurons and inflammation would trigger ANS dysregulation and damage the
functionality of the enteric neurons, responsible for regulating intestinal motility®®. In addition to
causing ischemia, Gb3 would modify cell signaling pathways, inducing hypertrophy, myopathy, and
extracellular matrix production by vascular smooth muscle cells ultimately leading to vascular
remodeling''®. In turn, impaired blood flow would act on inflammation®3’. Although these
assumptions are strongly supported by the literature, the complexity and multicausality that
characterize the symptomatology are not fully elucidated. As well as the struggle in distinguishing
between cause and effect. Hence, the idea of exploring traits not yet investigated in FD but common
to other Gl disorders, such as bacterial dysbiosis, or reported in FD but not at the Gl level, as ion
channel expression. In addition, given the increasing importance of the causal role played by lyso-
Gb3, which is no longer just a diagnostic marker, it was deemed appropriate to also evaluate its
effect at the Gl level, particularly on ion and water permeability.

The murine model of the disease (a-Gal A -/0 mouse) was used to achieve this goal. This model has
been validated to mirror the Gl morphological changes of Fabry patients!317® and has already
proven to be a valuable model for the study of neuropathic pain®*%>:662, Because of the X inactivation

process might have impaired the reproducibility, and because FD is more severe in male patients,
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in this study we decided to use exclusively male mice®3. All experiments presented here directly
involving the intestine were performed on the colon, although the other tracts (duodenum,
jejunum, and ileum) were also collected for future analysis. The choice to focus specifically on this
portion was dictated primarily by the availability of the relevant scientific literature; in fact, the only
characterization of the Gl tract in this mouse model reporting the presence of Gb3 deposits was
performed on the colon. In addition to the limitation dictated by some of the techniques used, such
as that to test the visceral sensitivity technique (CRD). This is compounded by the generally greater
availability of scientific literature focused on the murine colon rather than on other portions of the

intestine.

The first part of the work focused on a comprehensive characterization of functional and behavioral
disorders in the animals. Since diarrhea (57%) and abdominal pain (56%) are the two main Gl
symptoms reported by patients, we started by investigating these in the a-Gal A -/0 mouse model**>.
Quantifying fecal output and assessing the fecal water content showed that Fabry mice exhibit
impairment comparable to a diarrheal phenotype. Furthermore, from a time-dependent but
intragenotype point of view, it is interesting to note that although the fecal output in terms of
number of pellets is significantly and progressively decreasing, as is the case at the physiological
level, it does not occur with regard to weight expressed in mg. This trend would thus corroborate
the finding that the Fabry adult animals have a higher water content. This might suggest that in the
oldest affected, the diarrheal phenotype may be even more pronounced than in the juvenile,
suggesting the involvement of a progressive mechanism underlying the disturb.

Diarrhea is still a diagnostic and therapeutic challenge, probably because of its multiple origins, not
only for FD®83, Certainly, secretory function and motility represent two crucial aspects and both can
contribute to its onset®®. Regarding the former, the amount of fluid in stool is determined by its
solute content, which in diarrhea is insufficiently absorbed and actively secreted. The function of
the epithelial barrier in stool dehydration is also relevant. Although a reduction in its effectiveness
is not a sufficient condition to cause diarrhea, when it is associated with defective ion transport and
fluid accumulation in the lumen, the efficiency of absorption may be compromised®3. For example,
this mechanism has been proposed as a possible pathogenesis of IBD (with which Fabry shares some
characteristics) but it may also contribute to chronic watery diarrhea®>6%  Regarding the latter,
clinical studies have indicated that impaired motility is also a key component. Motility disorders

would cause diarrhea by accelerating or slowing Gl transit. Among the most common forms of
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diarrhea related to these alterations are autonomic neuropathies, such as diabetic neuropathy (with
which Fabry is often allied) or IBD, both of which are associated with accelerated transit or an
increased number of high-amplitude propagated contractions*20:667.668 Nevertheless, what seems
to emerge from our finding of increased water-rich fecal output (Fig. 17), taking into account also
the previous observations on the thickening of the muscle layer and alteration of the nerve fibers
innervating the mucosa, is that diarrhea in the Fabry mouse might be the result of a number of
factors that together contribute to the onset of the symptom operating simultaneously from
different parts.

Our next step was the first ever known assessment of visceral sensitivity and pain in a-Gal A -/0
mice. Indeed, while somatic pain is a hallmark of FD, widely described in the literature nothing is
known about visceral pain in Fabry mice®>%’,

The quantitative measure of visceral sensitivity was obtained from VMR to CRD since the magnitude
of the abdominal contraction is directly proportional to the animals' intrinsic sensitivity?7%63>, The
results at the same age reported an increase in the VMRs of a-Gal A -/0 mice compared with controls
(Fig. 18). Results that would confirm a visceral hypersensitivity (VHS) in Fabry animals, consistent
with the symptomatology reported by patients. Furthermore, in the interpretation of these data,
we should account for the similar results of VHS obtained from rodents treated with Gl disorders-
inducing compounds®°670; as well as at the opposite end, data reporting reduced VMR in animals
lacking TRPV1 or ASIC3%71, Indeed, this association leads to the hypothesis that in the onset of VHS
found in Fabry mice, similar mechanisms, such as alterations in ion channel expression, may be
involved. However, it should be added that despite its usefulness as a quantitative measure, the
VMR presents some limits. Indeed, it is performed on sedated animals, thus excluding the cognitive
and emotional components of pain. For this reason, the VMR was combined with the evaluation of
the AWR to CRD in conscious animals, as described by Chen et al. (2014)%%’. This allowed for a more
in-depth examination of this pain and confirmed visceral hyperalgesia in Fabry mice at all three ages
considered (Fig. 18). Moreover, even in this case, there appears to be not a waning of symptomes,
but rather a progression, probably also prompted by the fact that progressively the pathology leads
to the appearance of other conditions that contribute to the reduced tolerability of the pain
stimulus. These results possibly reflect the severe abdominal pain experienced by patients and
provide further evidence that the male a-Gal A -/0 mouse is a reliable model for studying pain in FD,
including visceral pain. Moreover, in light of previous results obtained on the same animals, from

which a reduction in the number of nerve fibers innervating the mucosa and a scattered pattern of
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these had emerged!3!, we might speculate that a neuropathic pain component could also be in the
context of visceral hypersensitivity. Nevertheless, multifactorial origin seems to be the most
trustworthy hypothesis, given the alteration of a set of co-presenting factors.

Furthermore, in studying the mechanisms underlying the perception of visceral pain, it is important
to consider that also the emotional component plays a relevant role®”2-%74, To date, this pain — GI
alteration - emotional influence interconnection is well-established. Numerous scientific pieces of
evidence have reported that people suffering from chronic diarrhea, nausea, vomiting, irritable
bowel or stomach pain often experience also related psychological issues, anxiety and
depression®”>7%78_ Alander and colleagues have reported that patients with Gl diseases manifest
higher levels of stress and psychological complications than healthy people®’®. Stress has also been
found to be a strong predictor of the level of severity in patients with diabetes®®. A critical role in
the pathophysiology of mood disorders is also played by inflammation®8%682, For this reason, it has
been hypothesized and then confirmed that inflammatory conditions are linked to an increased risk
of mood disorders, as with IBS and IBD, also characterized by functional disorders, such as chronic
abdominal pain or discomfort and altered bowel habits®®3. For instance, the prevalence of affective
illnesses in IBS patients is estimated to be as high as 94%°%%*. FD patients are also considered to be
at higher risk of developing neuropsychiatric symptoms, such as depression or neuropsychological
deficits®®7. However, the mechanisms underpinning these processes have not yet been fully
elucidated. In particular, it is not defined whether the onset of behavioral disorders is the
consequence or the cause. Indeed, a key question is whether affective and cognitive indicators are
part of the disease pathogenesis or a reactive event that comes as a response to a painful, chronic,
and life-threatening disorder!’4. These behavioral aspects may be caused by the comorbidity with
pain or discomfort. Then again, long-term stress enhances pain perception and sensitizes pain
pathways, causing a loop that stimulates chronic visceral pain®88. Besides, it supports the benefit
given by antidepressant treatment in affected people®®®. For their part, antidepressants and
antiepileptic drugs able to reestablish neuronal activity (i.e. Pregabalin) have been demonstrated to
be more efficient than anti-inflammatories. Similarly, it takes place in neuropathic pain
conditions®%6°1 However, the major limitation of current clinical studies dealing with the
correlation between pain and affective disorders in FD is the fact that neuropsychological changes
during treatment are mostly secondary end-points that may be influenced by the improvement in
organ function associated with treatment!’4. Therefore, the study of emotional attitudes we

performed on the mouse model could also represent an alternative. In fact, to date to the best of
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our knowledge, the literature offers only one study, by Hoffmann and colleagues (2017) in which a-
Gal A -/0 mice were characterized for anxiety and depression behaviors'’4,

Specifically, in the present thesis, the focus was on anxiety, which, according to the largest and most
recent survey of 106 Italian patients, is reported by 66.7%, without distinction between the elderly
and young. Using the EQ-5D questionnaire, it was found that 50.9% feel "moderately" anxious or
depressed and 6.6% "extremely." In this, a major role is played by the pain itself. A high number of
patients report being "fairly or very" concerned about potential impairment of vital organs (83.9%),
increased severity of symptoms (74.5%), possible onset of physical disability (68.9%), and physical
pain management (63.3%)'%. This would suggest a not so much genetic factor in the onset of
anxiety- and depression-related disorders in FD, but rather environmental and social. Indeed, the
results obtained might be in line with both this hypothesis and what Hoffmann and colleagues have
previously shown’*. What accordingly emerged from our investigation, although the ages
considered are different from those analyzed by the other group, is that a-Gal A -/0 mice exposed
to EPM do not show significant differences from healthy controls either genotype- or age-
dependent. The only feasible observation is related to a slight but not significant increase in the
time spent in the closed arm by a-Gal A -/0 mice, and a decrease in it intra-genotype at increasing
age (Fig. 19). However, no conclusions can be drawn from this observation, except that it is in line
with what occurs physiologically, but in a more pronounced way, which is probably to be attributed
to a reduced mobility of the animal and not to a strictly genetic factor.

Regarding OF, comparably to Hoffmann and coworkers (2017)74, we also found a different response
between healthy and KO animals, which could delineate an anxious-like behavior of the latter.
Surprisingly, a-Gal A -/0 mice show a significantly lower frequency in borders than controls, with a
physiological age-dependent reduction over time (Fig. 20A). However, such apparently abnormal
behavior is clarified when looking at the time spent in the periphery of the arena. Indeed, although
a-Gal A -/0 mice enter the borders less, when they do they spend significantly more time there than
controls, at all three ages analyzed and steadily over time (Fig. 20B). Regarding the mobility of the
animals, it can be said that no major genotype-dependent differences were found, except at time
point three, where a-Gal A -/0 mice move less than a-Gal A +/0 mice. What is confirmed, however,
is a progressive and significant reduction in mobility of Fabry mice, which does not occur in controls
(Fig. 20C). This is not surprising considering that 28.3% of FD patients report difficulty moving and
another 0.9% being bedridden!®.
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The different results between EPM and OF for anxiety behaviors can probably be attributed to the
different environmental settings of the two tests, demonstrating the need to apply both'’4. Most
researchers agree that none of the existing anxiety tests provide a definite rate of emotional
reactivity and that every single test assesses only a portion of the affecting profile®2%3, The OF, as
a behavioral test aims more at identifying a generalized anxious trait and assessing locomotor and
exploratory skills, as well as stereotypical behaviors®®*. Such behaviors include those that are
repetitive, invariant, and seemingly purposeless. For example, mice that prefer to stay close to walls
are described as exhibiting thigmotaxis, which, as in the case of Fabry mice, is pronounced in animals
showing signs of anxious-like behavior®®>%7, On the other hand, the EPM has a more complex
structure. In the EPM test the amount of time spent in the closed arms is compared to that spent in
the open ones as a degree of anxiety or fear. The test exploits the normal inclination of mice to
avoid open or elevated places compensated by their natural tendency to explore new areas. A less
anxious animal goes into the open arms more often, whereas an anxious mouse tends to spend
more time in the closed arms®%%%%° Data from correlational studies, despite being partially
contradictory, often indicate little correlation between anxious behaviors evaluated by different
tests. This lack of correlation is explained as a probable difference in the psychobiological meanings
of various tests’%%792 However, since it is impossible for one animal to perform multiple tests at the
same time as well as to detect whether these measures only temporary emotional states, it can not
be affirmed with certainty that the inconsistency between the tests is due to real structural
differences between tests or temporal changes in the emotional state of an animal exposed to
different tests at different times®8701.793 Thus, although the mouse model fails to mimic the anxiety
effect dependent on what we might call social/human aspects, it nevertheless seems to be able to
reflect the traits of anxiety probably due to the presence of chronic pain, which also limits physical
abilities. For instance, it is known that patients with fibromyalgia or neuropathic pain syndromes
(e.g., diabetic peripheral neuropathy) may have impaired cognitive and consequently also
emotional functions related to anxiety and depression’%47%5,

In light of the functional and behavioral Gl alterations found in our mouse model, the study
continued with the analysis of the fecal microbiota. This Gl tract-CNS connection also includes
endocrine, humoral, metabolic, and immune routes of communication®2. In support, a growing
body of evidence demonstrates the bidirectional communication between gut microbiota and the
brain. Gut bacterial communities are dynamic and can change in both composition and activity

during life and as a reaction to host factors, such as age and genetics, and environmental factors”°®.
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Indeed, the configuration of the gut microbiota on the one hand may be associated with host health
benefits, including maintenance of gut homeostasis, peristalsis, mucosal integrity, protection from
pathogens, and triggering of immune responses, on the other with many Gl disorders, such as IBS
IBD, or VHS3%8, Furthermore, modifications in microbiota diversity and composition have been linked
to extraintestinal diseases. Many articles, mostly still in the preclinical stage, show that a
rearrangement of bacterial communities could also lead to alterations in behavioral/cognitive
responses. Indeed, alteration of the microbial profile has also been proposed to be implicated in
several CNS pathologies, such as anxiety, depression, autism, Alzheimer's disease, stroke or brain
injury, and Parkinson's disease 329,334,354,397,428,429,706-709

Therefore, we started by assessing indices of microbial diversity, and then profiling the taxonomic
and metabolomic composition, of a-Gal A +/0 and a-Gal A -/0 mice to investigate whether, as
already found in the many disorders above mentioned, there might be microbiota involvement in
FD. In this regard, it is worth mentioning that since this is the first analysis of the microbiota about
FD, either on a mouse or human model, comparison with previous analyses is not possible and is
therefore to be done based on what are the Gl and behavioral alterations most akin to it. While this
might be a major limitation of the proposed research, it represents a pivotal innovative element in
the study of GI- and non-FD-related disorders and a starting point for new research approaches.
Indeed, albeit mechanistic studies of how this extensive community of microorganisms may
influence ENS and CNS function, motility, mood, cognition and learning are still in their infancy, it
offers itself as a potentially important site for future therapeutic interventions’°, Moreover, our
double bioinformatic analysis carried out with different databases and approaches, thanks to the
collaboration reported in the relative section of "Materials and Methods" with two laboratories
specialized in bioinformatic analysis, corroborates and reinforces the validity of our data.
Specifically, the measurement of microbial diversity between a-Gal A +/0 and a-Gal A -/0 mice was
initially assessed by a- and B-diversity respectively used to describe the diversity within the sample
and between samples. By a-diversity it meant the average of all relevant subunits; however, it must
be considered that this may vary depending on what is assumed as species diversity. Hence, the use
of multiple diversity indices, each based on distinct aspects. Chaol assesses community richness
and is based more on relative abundance, while Shannon and Simpson consider community diversity
and are based on measuring the concentration degree, still contemplating both species richness and
abundance. What emerged is a picture of a clear unbalance between healthy and Fabry mice which

seems to decrease with increasing age (Fig. 21A). Instead, looking at B-diversity an explicit gut
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ecosystem fluctuation profile both genotype- and age-dependent emerged. In a-Gal A -/0 animals
there is a clear progressive population shift, with a cluster increasingly distanced from that of the a-
Gal A +/0 mice, which not only remains much more constant over time (it is gradually more distant
from the a-Gal A -/0), but tends less toward dispersion. Indeed, what is important to note is the
growth in individual-specific diversity marked by the augmented dispersion of cluster constituent
points that occurs in Fabry mice over time (Fig. 21B). This might lead us to speculate that there is a
strongly individual-dependent pattern in FD, and thus to reason in terms of personalized therapies.
From cross-sectional studies in humans, although the factors are unclear, there is a growing
awareness that changes in the diversity and relative abundances of the microbiota and microbial
metabolites are linked to a wide range of disorders. The results of these studies, however, have
been inconsistent and lacking evidence establishing causality for the gut microbiome?1%711,

The microbiota modulates the homeostasis and behavior of its host acting through chemical
communication. This includes "direct" signaling (such as SCFAs that may impact the CNS by
regulating neuroplasticity, epigenetic and gene expression, and the immune system) and "indirect"
signaling, by modulation of the neuroendocrine system and neurotransmitter concentration3’>712-
715 For example, several microorganisms (such as Bacteroides and Bifidobacterium) are known to
produce GABA, others noradrenaline and dopamine, and still others would influence the production
and secretion of 5-HT3>3, As for our gut microbiota composition analysis on a-Gal A +/0 and a-Gal A
-/0 mice, 7 bacterial phyla were identified with Bacteroidetes, Firmicutes and Proteobacteria
dominant in both groups in the three time points considered (Fig. 22). Deferribacteres, though
represents a phylotype exclusive to mice and present at a considerably lower percentage, is also
relevant in terms of differences between the two genotypes. Although the dominant phyla are the
same between the two genotypes, the differences in quantitative terms are marked, especially
among younger mice, that show a clear imbalance between Bacteroidetes and Firmicutes. In fact, in
healthy mice, the former prevails over the latter considerably, whereas in Fabry mice Bacteroidetes
is significantly less present and the gap is filled by an increase in Firmicutes, which consequently is
more abundant than in a-Gal A +/0. Again in young mice, the difference in Deferribacteres is quite
striking, with a significantly greater presence in a-Gal A -/0 mice. With increasing age, the
differences at the phyla level seem to smooth out, and the ratio of Bacteroidetes to Firmicutes
balance, with a net increase in Bacteroidetes accompanied by a decrease in Firmicutes in a-Gal A -
/0 mice. At time point 3, a significant presence of Proteobacteria in healthy mice that is not

paralleled in a-Gal A -/0 mice is also remarkable. Consistent with our results, numerous studies have
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shown that Bacteroidetes and Firmicutes are the two numerically most prevalent bacteria in the
human and murine intestines’®. Bacteroidetes inhabit the mucosal surface where they regulate
even immune and intestinal functions maintaining a generally beneficial relationship with the host.
Several papers have reported a reduction in Bacteroidetes in association with IBD, similar to that
found in our young Fabry mice. However, other studies have found no significant alterations or even
reported an increase in abundance, which in the Fabry appears to occur in old age’’~7%°.

Such an evident difference even at the phylum level and mainly accounted for by dominant taxa of
the mouse core microbiota suggests a deeply destructured microbial assembly and trajectory’20-722,
In particular, as reported in Figure 23, young a-Gal A -/0 mice were featured by higher proportions
of the families Rikenellaceae (particularly Alistipes) and Porphyromonadaceae, while lower
proportions of  Bacteroidales S24-7 group (recently renamed Muribaculaceae)’?3.
Porphyromonadaceae and Rikenellaceae although found to be associated with positive modulation
of adiposity, were also shown to be increased in IBS 72472>, Moreover, recently Huang and colleagues
(2019) identified Porphyromonadaceae and Rikenellaceae as key IBD-related bacteria’?®. Among
them, Alistipes is a relatively new bacterial genus, whose role in disease is not yet well
understood’?’. However, some species are known to trigger gut barrier dysfunction and
inflammation and have been implicated in anxiety and depressive disorders, possibly through the
degradation of tryptophan to indole (and thus reduced tryptophan availability for serotonin
production) and increased production of GABA72%7739, Various species of intestinal bacteria
belonging to the genus Alistipes have been isolated from patients with appendicitis and abdominal
and rectal abscess. In addition, Alistipes has been found to be pathogenic in patients with colorectal
cancer or depression’3!, However, this may have protective effects against some diseases, such as
liver fibrosis, colitis, cancer immunotherapy, and cardiovascular disease’32. Other Bacteroidetes
families were involved as well, including Bacteroidaceae and Prevotellaceae, which increased with
age in a-Gal A -/0 mice (Fig. 25-26). It should be noted that all these families include the major gut
microbiota producers of propionate, an SCFA whose fecal levels were consistently found to be
increased in a-Gal A -/0 mice, especially with advancing age (Fig. 29)733. Although generally
considered a beneficial molecule, when in excess, propionate may be related to metabolic and
neurodegenerative disorders, possibly through impairment of the urea cycle, as well as the citrate
cycle and related enzymes3%>734, Not least, elevated endogenous levels of SCFAs, particularly
propionate, have been found in the IBS mouse model and IBS patients (particularly those with the

diarrhea-predominant subtype), and suggested to be involved in the pathogenesis through the
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alteration of the gut serotonergic system, with increased motility, and induction of visceral
hypersensitivity’3>~738, For example, Shaidullov and colleagues demonstrated in a mouse model of
IBS that had visceral hypersensitivity to CRD, diarrhea, and increased concentration of SCFAs, quite
similar to what we found in our Fabry model, that the increased transit rate was associated with a
disbalance of activating and inhibiting the action of SCFAs due to chronically elevated SCFAs”3®. In
addition, it was seen that SCFAs could also act at the epigenetic level. Specifically, intracellular
butyrate and propionate as well as acetate would inhibit the activity of HDACs, promoting
hyperacetylation of histones. HDACs are involved in brain development and several
neuropsychiatric diseases, including depression, schizophrenia, Alzheimer's disease, and addiction.
Preclinical studies in rodents suggest also that HDAC inhibitors act as cognitive enhancers in
processes related to fear, anxiety, and trauma’3°741, Finally, propionate can increase levels of
certain hormones linked to the hallmarks of metabolic syndrome, like insulin resistance,
hyperinsulinemia and hyperglycemia, typical of diabetes. Indeed, what has emerged is that chronic
exposure to the toxic ingredient not only induces insulin resistance in mice but also causes gradual
weight gain’42,

Young a-Gal A -/0 mice also had higher proportions of Deferribacteraceae, a family potentially linked
to intestinal inflammation, while older ones had higher proportions of other taxa with pathogenic
potential, such as Streptococcaceae and Erysipelotrichaceae, and smaller amounts of Helicobacter,
another genus recognized as part of the healthy core gut microbiota of mice (Fig. 24-25-26)%%,
Collectively, the compositional alterations found in the FD model were reflected in a sharply distinct
predicted metagenome, which among others exhibited increased dissimilatory sulfate reduction,
propionate synthesis and proteolytic capabilities (i.e., degradation of amino acids, especially
tryptophan), while reduced core metabolic activities and housekeeping functions, such as those
related to sugar degradation, glycolysis and the citrate cycle (Fig. 27). It should be remembered that
the dissimilatory sulfate reduction pathway leads to the production of hydrogen sulfide, a highly
toxic compound that induces inflammatory responses and DNA damage, and has already been
associated with Gl symptoms, also in the context of IBS and IBD743744, As regards tryptophan, its
increased degradation combined with the reduced kynurenine synthesis and the increased
synthesis/degradation of quinolinic acid seem to suggest an increased disposal of this amino acid
via the kynurenine pathway and therefore its reduced availability for enteric production of
serotonin’#. Finally, a-Gal A -/0 mice also showed increased degradation of gamma-hydroxybutyric

acid (a neurotransmitter that inhibits intestinal peristalsis) and increased synthesis (and reduced
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degradation) of p-cresol (Fig. 28), a microbial metabolite resulting from tyrosine, which has been
hypothesized to impair the central dopamine balance and social reward circuit, possibly inducing
autistic-like behaviours in mice’46747,

As we hypothesized, gut microbiota results in FD provided evidence of an early compositional and
functional dysbiosis of the gut microbiota in Fabry mice, which partly persisted with advancing age.
Interestingly, most of the dysbiotic features suggested a disruption of gut homeostasis and impaired
communication along the gut-brain axis.

Given the several evidences concerning the microbiota-CNS interactions, including, for example, in
the development of visceral and neuropathic pain it is reasonable to speculate that the gut
microbiota may also be linked to the pain modulation physiology via pain receptors, comprising
TRPs channels*®43¢  Albeit the exact mechanism is not fully understood, it is believed that
upregulation and/or sensitization of nociceptors, including opioid and cannabinoid receptors play a
crucial role in altering pain signaling?°3748743 |n the context of FD, the study of pain-associated ion
channel expression is a hot topic that has been widely addressed, but not at the Gl level. The same
laboratory in which the results of the present work were collected had demonstrated an over-
expression of TRPV1 in epidermal neuronal fibers of forepaws and DRG neurons correlated with
heat hyperalgesia in young a-Gal A -/0 mice®*®. Subsequently, an increase in neuronal TRPV1
immunoreactivity in DRG neurons associated with heat hypersensitivity in young a-Gal A -/0 mice,
which may turn into heat hyposensitivity with aging due to stress-induced degeneration of
peripheral afferents, was also demonstrated!’?7>%, However, alterations in the expression or
function of TRPs may not only be a cause of neuropathic pain, but also of Gl visceral pain. Indeed, it
is well known that TRP channels are expressed throughout the Gl tract and act as sensors and
molecular transducers, playing a role in regulating several Gl functions’#®7>1, Several studies have
shown that they are expressed by primary afferent sensory neurons arising from the ganglia and
enteric neurons*%752, Emerging evidence also demonstrated their presence in non-neuronal Gl
cells, including enterocytes and enterochromaffin cells’>3. The implication of TRP channels in the
pathophysiological mechanisms of the Gl tract and the changes in their expression and activity
related to VHS, IBS, IBD, intestinal fibrosis, and Gl cancers aroused interest in their therapeutic
exploitation?>37°%755 Indeed, growing data indicate TRP channels as potential targets for novel
effective analgesics in Gl pathologic conditions. Hence the recent interest of several companies in
research screening to identify TRP modulators. So far, TRPV1, TRPV4, TRPA1 and TRPM8 channels

have been largely studied for their implication in visceral pain*8.
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As we described, the FD mouse model exhibits diarrhea and VHS. The pathogenesis of VHS is
complex and multifactorial, involving neuronal, immune, and endocrine signaling pathways, but
may also result from altered signaling between the gut and CNS, and consequently even TRP
channels’®. Thus, to investigate the involvement of ion channels, we assessed TRPV1, TRPV4 and
TRPAL1 expression in colon and DRG sections and in lumbosacral DRG neurons. Although aware of
the limitation given by quantifying expression in terms of fluorescence, which does not necessarily
overlap with the activity, the expression of these channels reported an altered pattern, with
expressions generally increased in a-Gal A -/0 mice compared with controls. In particular, TRPV1
was found to be the most involved. Starting from the youngest mice up to T3, its fluorescence is
markedly increased in affected mice compared with controls at both tissue and neuronal levels (Fig.
30-33). TRPV1 is probably the most extensively studied subtype with regard to both somatic and
visceral pain processing. It has been found to play a role in gut inflammation, pain and hyperalgesia.
In addition, TRPV1 is upregulated and sensitized during episodes of inflammation, and its expression
at the mucosal level has been discovered to be pain severity-related in functional disorders,
including IBS, ulcerative colitis, and Crohn's disease’’. In addition, colorectal pain sensitivity
decreases with the use of TRPV1 antagonists and in TRPV1-KO mice®’%7>8, It has also been shown
that TRPV1 upregulation and sensitization causing hyperalgesia are also influenced by inflammatory
mediators and endocrine factors produced by the gut microbiota such as histamine, serotonin, and
nerve growth factor®”48>, Similarly, biopsies from patients with functional inflammatory disorders
also show channel upregulation in nociceptive afferent neurons. It has been reported that in the
mouse colon, TRPV1 allows upregulated release of CGRP and SP neuropeptides’’7>°, Therefore, it
is reasonable to assume that its involvement may also occur in the Fabry mice. Since there is
abundant evidence that TRPV1 activity is crucial in colorectal sensation and neurogenic
inflammation of pathologies similar to what occurs in the a-Gal A -/0 mouse colon, we might
hypothesize that it represents an attractive target for pharmacological treatment of Fabry-related
Gl symptoms. However, further investigation into the functionality of the channel would be
appropriate, as would also be of interest to assess mMRNA levels to understand whether this increase
is a pre- or post-transcriptional event. Furthermore, considering the proximity between TRPV1
positive sensory neurons and the gut microbiota’®® and given the compositional alteration found in
Fabry mice, it is plausible to assume that factors secreted by it may somehow play a relevant role.

As for TRPV4, expressed by primary afferent sensory neurons, epithelial cells, and inflammatory cells

infiltrating the intestine’61762, differences between a-Gal A -/0 and a-Gal A +/0 were not found at

146



T1 and T2, but at T3 the increase in Fabry animals is marked, suggesting a role for the channel only
at later ages (Fig. 34-35). Unlike TRPV1, which has been extensively studied in FD, TRPV4, to the best
of our knowledge, has never been studied in relation to FD even at the somatic level, making
parallels more complicated. However, increasing evidence supports that TRPV4 activation may
trigger VHS by playing a key role in hyperalgesia and exert a pro-inflammatory effect?*8°93, The
hypothesis, also potentially translatable to our murine model, is that TRPV4 potentiates the pro-
algetic effects of histamine and serotonin and co-localizes with protease-activated receptor-2,
causing mechanical hyperalgesia in the mouse colon?34%763 |n addition, TRPV4 overexpression
emerged in the colitis-inflamed tissue and its activation induced somatic and visceral pain>93764; in
fact, in recent studies the potential use of two TRPV4 antagonists in the treatment of VHS has been
suggested. Further, in vitro studies on TRPV4 expressed by epithelial cells have also shown that its
activation triggers IL-8 production in mucosal cells, also suggesting a role in inflammation through a
non-neuronal mechanism’®>, Again, as with TRPV1, further functional studies could help the
understanding of the exact pathophysiological mechanism in FD as well, and explain the late onset
of such increased expression.

Finally, looking at TRPA1 expression, even though the differences in statistical terms between a-Gal
A -/0 and a-Gal A +/0 mice are not so marked, it is interesting to note the trend over time (Fig. 36-
37). Indeed, Fabry mice show a progressive increase in channel expression, whereas healthy animals
a decrease with increasing age. In addition, it should be noted that this quantification of expression
was done by considering only fluorescence of the cellular body and not of the fibers, which in this
case were instead found to be TRPA1-positive in a-Gal A -/0, resulting in a likely underestimation of
the true expression. Despite not being at the Gl level, the study of TRPAl has already been
addressed in relation to FD. In fact, Miller and colleagues (2018) demonstrated that TRPA1 is
sensitized in Fabry rat sensory neurons and that its antagonists reversed the behavioral mechanical
sensitization. They concluded that TRPA1 might be a potentially novel target to treat the pain
experienced by patients with FD°'°. It is also of interest to mention that TRPV1 and TRPA1 channels
interact with each other in controlling the sensitization of DRG neurons’®®. Recent studies have
recognized that TRPA1 participates in inflammatory responses and the establishment of mechanical
and chemical hypersensitivity in the colon*®7%7, Stimulation of TRPA1 induces Ca’*-mediated
secretion of substance P, CGRP, and other transmitters from afferent nerve fibers, which ultimately
results in inflammation and VHS’®®., TRPA1 channels can be also activated by bacterial

lipopolysaccharide, by inducing acute intestinal inflammation and visceral pain, associating gut
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microbiota-epithelium interactions with the potential role of microorganisms and microbial
metabolites’®®. Moreover, higher levels of TRPA1 were identified in the intestines of colitis or
Crohn's disease murine models’’°. Similarly, mouse models of IBS exhibit increased TRPA1 function

in the sensory ganglia and colon’’!

. These observations, taken together with our observed
progressive age-dependent increase in TRPA1 expression in a-Gal A -/0 mice suggest a role for the
channel in the progression and subsistence of VHS in FD.

Overall, the collected data on the expression of these channels at the Gl level provide an initial semi-
guantitative characterization in Fabry mice, mirroring clear alterations. Therefore, the countless
shreds of evidence associated with other Gl disorders largely akin to FD suggest that an altered
pattern of their expression may underlie the Gl pathogenesis mechanisms. In this context, in support
of the hypothesized significant role of ion channels, it could be hypothesized that such general
overexpression of fluorescence in KO mice is probably due to a greater number of
channels/receptors present in them than in WT. This is because, although affected mice show
significantly larger neuronal bodies from a size point of view (Fig. 38), at the time of analysis on DRG
neurons, the value obtained has been normalized for their area; moreover, in previous
morphological analyses on cross-sections of the colon, an enlargement of the ganglia had been
found that was not accompanied by a numerical proportional increase in neuronal cells within them.
However, not only will it be necessary to proceed to more precise quantification of their expression,
pre- and post-transcriptionally (for example by PCR-quantitative and western blot), but also to
assess their functionality by calcium-imaging and electrophysiology. In addition, it will be interesting
to investigate the expression of other ion channels known to be drawn into pain perception and Gl
disorders, such as NaV 1.7, NaV 1.8 and NaV 1.9. Indeed, several members of this family are altered
in several functional Gl disorders and their expression and functionality were found to be changed

in different murine models of FD, even if not at Gl level?4772773,

To conclude by addressing what was our AIM 2, it is necessary to take a step back. Notwithstanding,
as previously mentioned there are no studies in which the characteristic microbial profile of the
disease has been evaluated, the idea of its involvement is not new. Indeed, in a study by Aguilera-
Correa and colleagues (2019), it had been hypothesized that the metabolic imbalance that occurs in
FD could act directly on the biology of gut bacteria’®. However, the aim of the study was not to
characterize the Fabry microbiota but to assess whether a clinically relevant concentration of lyso-
Gb3, a diagnostic marker of the disease, could influence its composition. In addition, the study was

not performed directly on human or animal samples, but through in vitro models far from mimicking
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the complexity of the pathology’®’74. For this reason, the comparison between the two studies is
ineffective. What emerged from their analysis was increased growth of Bacteroides fragilis in
individual and multispecies biofilm assays and in simulated suspensions of microbiota. Additionally,
lyso-Gb3 altered the amount of SCFAs, mainly butyrate. The authors postulated that the reduction
of butyrate releases from histone deacetylase inhibition allowed inflammation. Besides, it could
trigger the Gb3 synthase, thus increasing the formation of lyso-Gb3, and worsening kidney and heart
conditions’®77>, But the authors themselves point out that other Fabry-related glycosphingolipids,
such as Gb3 or lactosylceramide, which could theoretically be present in bile or within sloughing
enterocytes, could also modulate the microbiota’*’>77¢, Indeed, our results on microbiota and
SCFAs directly from the murine model show different findings.

However, this work is the first to reveal a possible direct relationship between lyso-Gb3 and Gl
conditions in FD. It has previously been reported that plasma lyso-Gb3, which can increase up to
several hundred-fold to normal control values, compared to the 2-fold increase observed in serum
Gb3, contributes to the pathogenesis of renal, vascular, and neuronal injury’”’. Lyso-Gb3 has been
shown to promote Notchl-mediated inflammatory and fibrogenic responses in podocytes’.
Furthermore, direct administration of lyso-Gb3 to sensory neurons in vitro has been observed to
greatly potentiate voltage-dependent Ca?* channels and lead to enhanced intracellular Ca*levels”®.
Also in the tissues, an important growth in lyso-Gb3 concentrations has been described in the liver
and intestine of FD mice, significantly exceeding plasma levels’’. However, to date, though the fact
that Gl symptoms stem from the deposits within intestinal tissues is now widely accepted, the
effects of lyso-Gb3 on Gl physiology had not been examined yet!3’. So this thesis work represents
the first in which its direct effects on intestinal epithelium and ENS are examined.

In the first set of experiments, as reported in Figure 41, we observed that 3 uM lyso-Gb3 gradually
increased basal 5. Instead, higher or lower concentrations, albeit trending in a similar direction, did
not have a significant effect (Fig. 40), suggesting that there is a specific concentration range at which
lyso-Gb3 itself induces intestinal dysfunction. Whilst this might appear surprising, it is likely that, at
higher concentrations, counteracting pathways are activated leading to an apparent saturation of
the system. This may include a lyso-Gb3-mediated inhibition of a-Gal A leading to the accumulation
of Gb3 in the cell and, although it hasn’t been shown for enterocytes, likely induces cell dysfunction
and cell-death®77>, Since Is;, or the net sum of all ionic currents across the epithelium, requires
intact epithelial cells and enteric neurons, Gb3-induced cell damage could reduce lyso-Gb3-induced

currents>*2. Nevertheless, the fluctuations in this parameter are considered an indicator that the
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net fluid transport across the epithelium has changed. Indeed, in Ussing chambers, an increase of
Isc indicates an increase in cation absorption and anion secretion and/or a decrease in cation
secretion and anion absorption. In the colon, changes in |sc are mostly due to changes in Cl-and Na*
currents, with an increase usually representing Cl- secretion and/or Na* absorption®?3. However,
that Isc alone is a relatively simple measure that cannot reflect the complexity of physiology is
known®?>, To further investigate the ionic nature of the changes, pharmacological tools such as
those applied in the present study may be useful. In addition, we should consider the limit given by
the use of stripped tissue, lacking the MP and associated muscle layers, which while affecting
viability, may lead to an underestimation of Isc responses to certain stimulants, particularly those
involving a myenteric reflex, such as GABA-stimulated ion transport®26:557, Moreover, the impacts of
tissue preparation and dissection could also activate stretch receptors and the subsequent release
of potentially confounding compounds. However, the administration of CCh and FSK, together with
the measurement of TEER (two operations that were always performed in the experiments
presented and reported no difference between treated and untreated tissues) provide a useful tool
to verify tissue viability and integrity. Briefly, TEER represents an overall measurement of the entire
exposed area and consists of para-cellular (between cells) and trans-cellular (regulated by
basal/apical transporters) resistance in parallel. Therefore, while it is usefully used as a direct
indicator of physical "tightness," it is not always so for permeability and barrier function. Indeed,
differences at the level of tight junctions involved in paracellular permeability do not always

translate into a change in TEER and barrier integrity, although they may affect transport function®®>,

Thus, once the direct effect of the metabolite on transepithelial ion transport was identified, we
wondered by whom the impact of lyso-Gb3 on basal Isc was mediated and whether this could in turn
have an effect on either epithelium-mediated or neuro-mediated secretion. In order to do this, we
applied blockers prior to lyso-Gb3 treatment to assess whether the lack of function of certain
components, such as CTCF, neurons and NKCC1, could alter the response to lyso-Gb3.

Firstly, we blocked the TTX-sensitive neurons (Fig. 42) and no effect was recorded on the lyso-Gb3-
induced current compared to controls; hence, the TTX-sensitive neuronal mediation was ruled out.
Then, we tested the involvement of CFTR-mediated Cl secretion using PPQ (Fig. 43 A-B). PPQ
however was unable to inhibit lyso-Gb3-induced Isc. The notion that lyso-Gb3-induced Isc is not
mediated by Cl secretion is also supported by our finding that the induced current was larger when
basolateral Cl~ absorption through NKCC1 (leading to less available secretory Cl") was inhibited using

furosemide (Fig. 43 C-D). Since furosemide and its paralogue bumetanide inhibit NKCC (and KCC),
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they do not only affect Cl'but also K* and Na* homeostasis, leading to a decrease of baseline current
under NKCC-inhibition and in NKCC1-deficient mice in the cecum and early distal colon as well as a
decrease of most secretory stimuli including FSK-, CCh and propionate-induced currents’’8-780,
However, FSK still induces a significant increase in Isc in bumetanide-treated and NKCC1-KO ceca
which suggests that colonic epithelial secretion is at least in part mediated by other anions. Indeed,
it has been found that propionate-induced bumetanide-insensitive current is dependent upon HCOs
and that FSK-induced currents in NKCC1-deficient animals are also driven by HCOs". Apical HCOs
secretion is mediated either through CFTR or ClI'/ HCOs exchanger pendrin. Since CFTR inhibition
with PPQ did not reduce lyso-Gb3-induced current, it would appear that lyso-Gb3 induces an HCO3"
- current which increased in the presence of furosemide because of the relatively higher
concentration of HCOs™ in the cells and the need for non-NKCC1-mediated CI. Although the
importance of pendrin-dependent CI'/HCOs- exchange is still somewhat unclear, future research
will investigate this by using pharmacological targeting of non-CFTR ClI° channels and ion
displacement approaches.

In support of this hypothesis, we need to remind that among the main anions in the faces there are
SCFAs and HCO3 781782 Several observations indicate that HCO3 secretion is also important in both
normal individuals and those with diarrhea’®3. Stool water in most diarrheal disorders frequently
has a high HCO3™ concentration, whereas the metabolic acidosis observed in some patients with
severe diarrhea is caused by sustained stool bicarbonate losses’84. Furthermore, in in vivo studies,
HCOs™ concentrations are high in experimentally induced fluid secretion’.

The colon has an important function in regulating fecal water content and stool consistency. To
reduce water content in the stool, sodium chloride is actively absorbed to create an osmotic
gradient for water. This occurs through DRA-mediated (down-regulated in adenoma) HCO3™ anion
exchange with ClI- which is coupled with the NHE-mediated Na*/H* exchange to allow electroneutral
absorption of sodium chloride and water’%%. Entry of HCO3™ for secretion across the apical membrane
is mediated by NaHCO3 cotransporters at the basolateral membrane, or is generated intracellularly
via spontaneous and catalyzed hydrolysis of CO2’%”. Diffusion of CO, and its hydration by cellular
anhydrases, intracellular metabolism, or entry from plasma via transport of HCO3 coupled anions
or cations from the basal membrane can contribute to the HCOs" intracellularly influx. In turn, HCOs
secretion may occur via channels or related to the inward movement of Cl"in the small intestine and

proximal colon through CI'/HCOs  exchange and through HCO3;/SCFA- exchange in the

c0|0n782,788,789
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Overall, our data suggest that FD-associated diarrhea may be directly caused by lyso-Gb3-induced
modulation of this process. We observed a CFTR-independent current that was bigger when NKCC1
was inhibited compared to control conditions suggesting that it might involve DRA anion exchanger.
In addition to understanding the acute effects of lyso-Gbs on baseline Is, one of the tasks was to
investigate how exposure to lyso-Gbs would modulate well-characterized secretion-inducing
pathways, to model lyso-Gbs accumulation in FD patients. Neuronal regulation of ion transport is an
essential homeostatic mechanism for maintaining fluid and electrolyte balance. The ENS exerts
control of secretory and absorptive processes via tonically active submucosal secretomotor
neurons. These neurons release cholinergic and noncholinergic neurotransmitters from nerve
endings surrounding the basement membrane of the enterocyte and stimulate a Cl"-dependent
secretory response. These neurons are modulated by neural inputs from other intrinsic neurons and
by inhibitory inputs from extrinsic sympathetic nerves. In addition, there is evidence that capsaicin-
sensitive sensory nerves may constitute an important neural network that modulates Gl function.
We found that lyso-Gbs increased veratridine- and capsaicin-induced secretion. Regarding the
former, as reported in Figure 45 B, the effect is not significant but the involvement is clearly
discernable. Instead, as the latter (Fig. 45 C-D) the impact is likely to be significant. Veratridine
evokes neuron-mediated secretory currents by depolarizing intrinsic neurons via increased
permeability through voltage-gated Na* channels. This secretory response is caused by a net
increase in Cl" secretion’®. It has been shown to stimulate the release of enteric neurotransmitters
such as substance P, VIP and Ach. Secretomotor neurons immunoreactive to VIP in the submucosal
plexus are involved in mediating bacterial toxin-induced hypersecretion leading to diarrhea. VIP
neurons become hyperexcitable after mucosal exposure to cholera toxin, suggesting that
manipulating the excitability of these neurons could be therapeutic’®. As for the capsaicin, the
results suggest a very specific effect on TRPV1-expressing neurons. Regarding the role of TRPV1 in
visceral pain and Gl disorders in general, including those related to diarrhea, it has already been
discussed extensively in the section on ion channels. Here, we might propose that lyso-Gb3 is able
to modulate capsaicin-mediated secretion, either directly or through the activation of enteric
secretomotor neurons. Moreover, whilst traditionally TRPV1 expression is linked to neurons, more
recently it has been demonstrated that epithelial cells also express this ion channel suggesting that
increased capsaicin-induced signals could also be mediated by lyso-Gbs-induced changes within the

epithelial cell. However, given that neither the response to FSK nor CCh were altered following pre-
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treatment with lyso-Gbs (Fig. 44), we hypothesized that it indeed acts through modulation of
neuronal secretion.

Taken together our findings indicate an effect of lyso-Gb3 on I, hypothetically mediated by HCOs,
(or at any rate not by CFTR or the TTX-sensitive neuronal component) which impacts capsaicin-
induced secretion, suggesting a key role of the compound in altered permeability and diarrheal
disorders. However, the comprehension of the mechanisms remains to be elucidated and needs
further investigation. Nevertheless, it is reasonable to think that the altered secretion or absorption
mechanisms are those that lead to the onset of lyso-Gb3-dependent diarrhea, rather than changes
in contractile capacity since the null effect observed on Organ Bath (Fig. 46). In addition, although
these results are indicative of a potential direct effect of lyso-Gb3 on Gl disturbances in FD, it would
be worthwhile to evaluate basal Isc on the colon of our mouse model, to assess whether other
products of the lipid metabolism involved in addition to lyso-Gb3 may play a role in the pathogenesis

of FD Gl disorders.
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CONCLUSIONS & FUTURE PERSPECTIVES

The a-Gal A -/0 murine model of FD is validated as a model for the study of Gl symptoms enabling

its use in research to investigate the pathogenetic mechanisms.

It is reasonable to speculate on a future key role of the microbiota for the development of individual-
specific diets to adjuvant the common therapies, although further investigations are needed
especially in patients. To this end, a collaborative project is already ongoing with “Bellaria Hospital”
in Bologna to analyze the fecal microbiota of Fabry patients.

In this context, some of our preliminary findings on the CNS and the memory and learning capacities
in Fabry mice, as well as neuroinflammation and neurogenesis, suggest and enhance the gut-brain

axis involvement in FD.

The different ion channels’” molecular expression in the gut wall and ENS neurons of Fabry mice,
makes the ion channels an attractive potential target for the development of pharmacological
treatments specifically designed for GI symptoms of Fabry patients.

Additionally, along with a quantification of their expression by molecular methods more sensitive
(such as qPCR or ddPCR), to consolidate the knowledge of their function in the Gl tract of the mouse
model, the future goal is to characterize them electro-physiologically. To this end, we have recently
developed a primary neuronal cultures protocol from ENS of adult mice, which will allow us to
analyze the functionality by patch-clamp and calcium imaging. Moreover, it will then be possible to
characterize neuronal and glial populations at the level of the myenteric and submucosal plexuses

to highlight any differences between a-Gal A -/0 and a-Gal A +/0 mice.

By staying in the context of possible molecular players which contribute to the altered
molecular/functional changes found, it is important to keep in mind that the ion channels
investigated here may in all likelihood not be the only ones involved, and the picture could be much
more complex. Therefore, a genome-wide trascriptional approach could be envisioned in the future

to extend the horizon of investigation.

Finally, lyso-Gb3 once again emerges not only as a simple marker of pathology. Its potentially causal
role in gastrointestinal pathogenesis, with a direct impact on the control of ion and electrolyte

secretion, and thus fluid secretion, occurs overwhelmingly. Given these initial findings, it will be
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interesting to evaluate in the Ussing chamber the responses of the Fabry mouse colonic epithelium

to also assess the effect of the co-presence of deposits of other substrates, such as Gb3.
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