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Abstract

Recurrent bacterial cystitis by the uropathogen E. coli is a contributing factor to the progression of
Interstitial Cystitis/Painful Bladder Syndrome (IC/PBS) — a chronic inflammatory disorder of the
bladder without clear etiology or treatment. The symptomatology of these conditions is similar to
one another, ranging from severe pelvic pain, increased urinary frequency, urgency, and nocturia,
which suggests identical mechanisms might be engaged. At the molecular scale, the receptor TLR4
of E. coli lipopolysaccharide (LPS) display higher inflammatory responses in IC/PBS patients.
Also, diabetic and spinal-cord injured bladder were found to feature higher activity of the pro-
nerve growth factor (proNGF) receptor, p7SNTR. In the body, p7SNTR and TLR4 both participate
in inflammation processes leading to bladder dysfunction. However, the blockage of p75NTR by
a small-molecule specific antagonist, THX-B, has shown to restore normal bladder weight and
voiding function in type 1 diabetic mice. Most importantly, the anti-inflammatory potency of
p75NTR antagonism was demonstrated in the brain of mice with severe sepsis, supporting a
molecular interplay between the p7SNTR and TLR4 signaling axes in innerved tissues. Therefore,
we here hypothesized that the onset of IC/PBS is shaped by a similar interaction in the bladder and

be reduced by p75NTR antagonism. To validate that, this study was performed in two parts:

(1) In our first work, the contribution of p7SNTR in bladder cell response to TLR4 activity
was assessed in vitro. Following THX-B treatment, primary urothelial and detrusor smooth muscle
cells cultures were either exposed or not to LPS. Data suggests that p7SNTR and TLR4 signaling
axes form together cell-specific interplays in the bladder. In urothelial cells, TNF-o expression by

LPS was blocked with THX-B. The expression of ZO-1 and occludin remained steady with THX-



B, while activation of ERK signaling by LPS was considerably higher with THX-B. Conversely,
smooth muscle cells did not display any variation in ERK activation with THX-B but had

significantly lower TLR4/TRAF6/NF-»#B/INK signaling activity.

2) Secondly, the role of p7SNTR on bladder pathophysiology was assessed in vivo by testing
variations in voiding function, morphology and pelvic skin sensitivity after TLR4-induced cystitis.
Mice instilled with LPS were given either saline or intraperitoneal injection of THX-B. Our data
support previous findings that p7SNTR dysregulates bladder morphology and voiding dysfunction,
especially by interplaying with TLR4 signaling in infection. Here, p75NTR antagonism decreased
phosphorylation of JNK by LPS and prevented an increase in bladder thickness. There was no
change in detrusor muscle strips contractility observed to KCl, carbachol or EFS with THX-B, and

the EC50 and maximal contractile force values remained steady.



Résumé

La cystite interstitielle (CI), également appelée syndrome de la vessie douloureuse, est une
condition inflammatoire chronique de la vessie dont I’étiologie et le traitement demeurent
inconnus. Elle ressemble a la cystite bactérienne causée par 1’'uropathogene E. coli et inclut des
symptoms de douleur pelvienne, une fréquence de miction excessive, des envies urgentes d’uriner
et de la nycturie. Des données suggerent que 1’inflammation systémique causée par le récepteur
TLR4 de lipopolysaccharide (LPS) d’E. coli est plus sévere chez les patients atteints de CI. Il est
aussi démontré que le récepteur du pro-facteur de croissance nerveuse, p7SNTR, devient suractivé
chez les patients diabétiques ou présentant une Iésion de la moelle épiniére. Dans le corps, p7SNTR
est impliqué dans les processus d’inflammation et le développement de troubles urinaires.
Cependant, son blocage par un antagoniste spécifique, THX-B, semble pouvoir renverser les effets
du diabete de type I sur les fonctions urinaires et le poids de la vessie de souris. Une étude a
également révélé le role inhibiteur de THX-B sur la réponse inflammatoire de TLR4 dans
I’encéphale de souris avec une sepsis. Ceci suggere que p75SNTR et TLR4 peuvent interagir
ensemble par des mécanismes identiques. Enc e sens, nous suggérons que I’activation de p75NTR
par proNGF peut contribuer a la progression de symptomes de CI et que leur développement peut

étre ralenti par un antagoniste de p7SNTR. Pour verifier cela, I’étude a été réalisée en deux parties:

(D Nous avons d’abord étudié in vitro le role de p75SNTR dans 1’activation de la réponse
inflammatoire des cellules de la vessie. Les mécanismes moléculaires et cellulaires des voies de
signalisation de TLR4 et de p75NTR ont été étudiés apres traitement avec 1’antagoniste de

p75NTR. Nous avons stimulé in vitro des cellules urothéliales et musculaires lisses du muscle



détrusor avec du LPS en présence ou non de THX-B. Les résultats obtenus démontrent que les
voies de signalisation de TLR4 et p75NTR interagissent d’une maniere spécifique a chaque type
de cellules. L’antagoniste affecte la signalisation de I’antagoniste de p75NTR and neutralisant
I’axe inflammatoire TRAF6/NF-uB/JNK commun aux deux récepteurs dans les cellules
musculaires lisses. De plus, elle inhibe la production de la cytokine TNF-a par les cellules
urothéliales exposées au LPS. L expression des protéines des jonctions serrées (occludin et ZO-1)

est elle aussi partiellement restaurée.

2) Deuxiemement, nous avons testé in vivo la contribution de p75SNTR sur la sensibilité
pelvienne a la douleur, sur I’activité contractile de la vessie et les changements de sa morphologie.
THX-B a été injecté dans le péritoine abdominale d’un modele murin de cystite aigué induit avec
du LPS par cathéterisation transuréthrale. L’étude démontre que p75NTR et TLR4 interagissent
ensemble dans les fonctions de la vessie. L’activation de la signalisation de JNK par le LPS dans
les tissus est diminuée avec I’antagoniste de p7SNTR. D’autre part, les stimulations du muscle
détrusor avec du KCl ou du carbachol sont identiques entre les différents groupes. Cependant, la
contraction du muscle détrusor avec I’EFS est diminuée chez les souris saines injectées avec THX-
B seulement, mais est similaire avec 1’injection de LPS, avec ou sans THX-B. Enfin, I’injection

de I’antagoniste p75NTR prévient I’épaississement de la couche muqueuse par le LPS
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Chapter I. Introduction

1.1. Interstitial Cystitis/Painful Bladder Syndrome

The rate at which the world’s elderly population grows makes aging the next public health
challenge of the upcoming decades. In 2019, the World Health Organization (WHO) estimated
that 703 million people were aged 65 years and over, a proportion estimated to 1.5 billion by 2050
(United Nations 2019). In Canada, data predict approximately 23.4% of the population to be more
than 65 years in 2030 (Chagnon et al. 2019). Fast shift in the age distribution of people nationwide
pose severe implications on public health, especially since aging increases the occurrence of non-
communicable diseases (NCDs). The costs related to the management of NCDs are burdensome
for healthcare systems, and their impact on socioeconomic cannot be avoided. In clinical practice,
NCDs cover a range of chronic health disorders, including age-related diseases such as interstitial

cystitis/painful bladder syndrome (IC/PBS) (Chang et al. 2019).

1.1.1. Epidemiology

IC/PBS is a chronic bladder inflammatory condition of unknown etiology and without treatment.
It has a global prevalence of between 0.1% — 2% (Davis, Gnanappiragasam, and Thornhill 2015).
In a literature review published in 2017, women made up 4 times more IC/PBS patients than men
in the United States, accounting for a pool of 8 million American women. It was further highlighted
in that study that white American women median-aged forty living in low economic settings are

the most prevalent female case profiles of IC/PBS (Patnaik et al. 2017).
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Another study conducted by Lee and al. on a cohort of 2,122 patients with IC/PBS also found that
women represent the most afflicted group. Between 2002 to 2013, about 78.8% of IC/PBS patients
who claimed insurance health reimbursement in Taiwan were women. Furthermore, the prevalence
of IC/PBS in these women varied between 35.4 —=73.4% in a 2-years period. (Lee, Chang, and Tsai

2018)

Substantial variations exist in the prevalence of IC/PBS across studies as a result of historical bias,
ranging from little understanding of the disease to very strict clinical guidelines. This is particularly
problematic as it decreases the quality of IC/PBS diagnosis used in systemic reviews and meta-
analyses. Variation based on the type of studies (e.g. quantitative or qualitative) and methodology
such as auto-administered questionnaires or self-report also likely contribute to an underestimation
of IC/PBS prevalence worldwide (Patnaik et al. 2017). While advances were made to reduce errors
in the prevalence of IC/PBS, we still know that 90% of IC/PBS women are not diagnosed.
Moreover, those who received a diagnosis claimed waiting up to 7 years until it was correctly

provided, a delay that is highly problematic for patients and clinicians (Chancellor 2007).

1.1.2. Diagnosis and Clinical Gaps

Diagnostic delays are common with IC/PBS mainly because it remains a diagnosis of exclusion.
This means it lacks testing and objective biomarkers that would otherwise serve in excluding
diseases with similar symptomatology. While efforts were made to address these gaps, advances
have been poor and continue to puzzle physicians who need to decide on the best course of

treatment at the best of their abilities. (Kim 2016; Cox et al. 2016; Patnaik et al. 2017).
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IC/PBS symptoms include severe pelvic pain, increased urinary frequency — between 17 — 25 time
a day —, voiding urgency, and nocturia (Patnaik et al. 2017). Clinical reports show that pelvic pain
occurs mostly with bladder filling, though evidence support the contribution of other risk factors
such as stress, sexual intercourse, diet or menses (McKernan et al. 2018; Cox et al. 2016). Saying
that IC/PBS patients are at greater risk of mental health condition is also noteworthy. As their
condition significantly reduce their quality of life, sign of depression, anxiety and suicidal ideation

that ultimately worsen IC/PBS patient’s condition are common (McKernan et al. 2020).

1.1.3. Pathophysiology

Studies shows that bladder inflammation, which is absent in as many as 43% patients who present
symptoms, is not exclusive to IC/PBS. In clinical settings, this means that biochemical markers or
even tissues injury have little to no value in providing an accurate diagnosis and screening the
disease early. Our little understanding of IC/PBS pathophysiology also add strain on these clinical

processes and the development of therapeutics (Kim 2016; Cox et al. 2016; Patnaik et al. 2017).

On the other hand, when cystitis is clear, clinicians also note that degree of inflammation in the
bladder are not correlated with symptoms severity in IC/PBS patients. However, categories of
bladder anomalies were found associated with apparition of specific symptoms (Cox et al. 2016).
For instance, it was shown that increased urothelium permeability is linked to an increase in
voiding frequency and pelvic pain (Grundy, Caldwell, and Brierley 2018; Birder and de Groat

2007). The mechanisms underlying increased urothelium permeability in IC/PBS remain unclear,
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nonetheless. Alterations to the glycosaminoglycan (GAG) layer that covers the urothelium is one
theory to explain it. As a group of polysaccharides found on urothelial cells (UTC) surface, change
in GAG expression have been found to cause pain and increase frequency. (Grundy, Caldwell, and
Brierley 2018; Hurst et al. 2015; Patnaik et al. 2017). One reason for that is that, in a healthy
bladder, GAG acts against the compressive forces of urine and stop soluble metabolic products
and potassium from accessing innermost tissues. It is also known to block pathogen adhesion on
UTC (Wyndaele et al. 2019). Increased potassium levels in tissues depolarizes afferents nerve
fibers and cause pain and bladder overactivity. The primary objective of therapies such as
intravesical instillation of hyaluronic acid or chondroitin sulfate is, therefore, to reverse urothelium
permeability, though the benefits of to this approach has shown to provide poor therapeutic relief

over time (Cox et al. 2016; Hurst et al. 2015; Wyndaele et al. 2019).

Another theory suggests a loss of expression of tight-junctions (TJs) in the urothelium, notably
occludin and ZO-1, as seen in bladder overactivity (Birder and de Groat 2007; Lee and Lee 2014;
Jhang and Kuo 2016). TJs are crucial cell-to-cell paracellular protein structures that regulate fluid
and soluble products movement between bladder cells. The reduction of TJ has been shown to
increase bladder permeability and afferent nerves activity (Birder and de Groat 2007; Hurst et al.
2015; Montalbetti et al. 2017). Increased afferents activation engage bladder inflammatory and
pain mechanisms through neuronal releases of inflammatory peptides such as substance P (SP),
and serotonin (5-HT). Furthermore, chemical insults were reported to promote purinergic control
of the bladder through an increased release of adenosine triphosphate (ATP), leading to bladder

overactivity (Montalbetti et al. 2017; Grover et al. 2011).
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Increased neuronal plasticity of sympathetic and nociceptive nerves is also a detrimental feature
in IC/PBS patients (Liu et al. 2010; Chen et al. 2016). In the central nervous system (CNS) and
peripheral nervous system (PNS), neural remodelling is tightly regulated by neurotrophic factors
such as the nerve growth factor (NGF) for which higher levels are found in IC/PBS patients (Liu
et al. 2010; Chen et al. 2016). NGF also help activates inflammatory mast cells that release
granules of pro-inflammatory, vasoactive and nociceptive mediators such as histamine involved
in pain and inflammation (Yoshimura et al. 2014; Patnaik et al. 2017; Sant et al. 2007). Mast cells
are found in high number in IC/BPS bladders, releasing histamine, leukotrienes, prostaglandins,
tumor necrosis factor-alpha (TNF-a) and NGF (Yoshimura et al. 2014; Patnaik et al. 2017; Sant
et al. 2007). Other inflammatory factors such as SP can also be secreted by mast cells, ultimately
forming along with neurons, a closed loop of reactions built around afferent activity and sustained

inflammatory cell response (Patnaik et al. 2017; Sant et al. 2007).

1.1.4. Research Models of IC/PBS

Understanding by which way bladder damages connect to IC/PBS symptoms has conveyed the
development of models of cystitis through chemical, mechanical and biological methods. So far,
models have helped pinpoint an overwhelming list of potential mechanisms underlying IC/PBS,
yielding over 180 potential targets of interventions (Mullins et al. 2015; Cox et al. 2016). Yet, one
issue is that the majority of these proved to have poor therapeuitcs effects in humans as most
models are based on potential aetiologies (Moutzouris and Falagas 2009; Cox et al. 2016). For that
reason, their relevance was called into question, and browsing the history of IC/PBS patients has

shown to provide more translational value (Mullins et al. 2015).
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1.2. Recurrent Bacterial Cystitis

Data suggest for a long time a potential association between the recurrences of bacterial cystitis
by extraintestinal uropathogenic strains of Escherichia coli (UPEC), the gram-negative bacteria,
and symptoms of IC/PBS (Warren et al. 2008; Peters, Killinger, and Ibrahim 2009). For instance,
the Canadian Urological Association (CUA) reported in 2016 that 50% patients with IC/PBS have
had previous history of UTI (Cox et al. 2016). Furthermore, the systemic inflammatory response
of IC/PBS patients to lipopolysaccharide (LPS) was found to be considerably higher than healthy
patients (Schrepf et al. 2015). To understand the potential implication of bacterial cystitis in onset

of IC/PBS symptoms, a better grasp of its clinical presentation is necessary.

1.2.1. Diagnosis

Known as lower urinary tract infection (UTI), acute bacterial cystitis is an infection that causes
inflammation of the bladder. It is the commonest form of bacterial infection worldwide and has
the highest prevalence among women lifelong. In fact, over 25% women claim having at least one
episode of UTI by the age of 24 years, 50% by age of 32 years, and the lifetime risk goes up 60%
in women of all ages (Geerlings 2016; Oztiirk and Murt 2020; Flores-Mireles et al. 2015; Chung
2016). The clinical presentations of UTI include acute-onset symptoms of dysuria with severe
pelvic pain, increased urgency, voiding frequency and nocturia. Laboratory-based evidence of
hematuria and bacteriuria measured as >10° colony forming units (CFU)/mL on urine culture are
diagnostic mainstays of patient with UTI. Common isolated agents of UTI are extraintestinal

pathogenic strains of UPEC, which are detected in 75-95% of cases. However, other bacterial or
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viral species can also be at the origin of the condition, though their occurrence is rare (Anger et al.

2019; Flores-Mireles et al. 2015; Oztiirk and Murt 2020).

1.2.2. Epidemiology of Recurrences

Physicians rely on short term regimen of antibiotic as first-line therapies to address symptoms of
UTI (Anger et al. 2019). However, with the rise of antimicrobial resistance patterns that makes
UTI harder to treat, non-antibiotic antimicrobial alternatives need to progressively replace our
current approach. Also, some studies have put into question the use of antibiotherapy in patients
with strains of UPEC that are well-known to cause recurrences. This area deserves research as
reinfections by the same strain of UPEC concern 80% of case of recurrence (Flores-Mireles et al.
2015). In fact, 20 — 30% of women have another infection within 6 months after treatment, 70%
within one year, and 5% experience a third episode even (Geerlings 2016; Chung 2016). Typical
risk factors of UTI span from frequent sexual intercourses, metabolic syndrome, poor personal

hygiene to lower urinary tract anomalies (Anger et al. 2019).

1.3. Bacterial Cystitis in the Onset of IC/PBS

The high prevalence of UTI in women and its similarity with IC/PBS makes both diseases likely
to share pathophysiological mechanisms similar to one another. This theory still awaits clear
demonstration, nonetheless. Molecular pathways that drive chronic bladder disorders have been
studied in different pathological contexts (spinal-cord injury, ischemia, diabetes mellitus and UTT).
This has helped understand by which course of action most bladder disorders and symptoms

develop at varying extents.
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One common finding across studies shows that NGF levels are high in bladder biopsies and urine
specimen of patients with diabetes mellitus and spinal-cord injury (Ochodnicky et al. 2011;
Nomiya et al. 2012; Giannantoni et al. 2006; Bjorling et al. 2001; Gonzalez et al. 2005; Chuang,
Liu, and Kuo 2016). Overexpression of NGF is common in other conditions beyond bladder
disorders as well, including sepsis and neurodegenerative diseases (Monteleone et al. 2018;
Schreiber, Nikolaus, and Hampe 1998; Skaper 2017; Fields et al. 2014). During embryonic
development and human aging, NGF regulates immune cell responses and neuronal cell plasticity
(Mufson et al. 2019; Cuello, Pentz, and Hall 2019). It is expressed as a proprotein form, pro-nerve
growth factor (proNGF), and is converted by matrix metalloproteinases (MMPs) into its mature

NGF.

The effects of proNGF relay distinct physiologic function from mature NGF, which regulates
synaptic plasticity, neurogenesis, and neuron survival (Mullins et al. 2015; Vilar and Mira 2016).
In the body, tissues damages interfere with proNGF maturation, which leads to cell death and
neurodegeneration (Vilar and Mira 2016; Ioannou and Fahnestock 2017; Fahnestock and Shekari
2019; Platén-Corchado et al. 2017). For instance, in diabetes and spinal-cord injury, loss of
urothelium integrity occurs following overexpression of proNGF by bladder UTC and detrusor
smooth muscle cells (SMC). In diabetic bladder cells, proNGF activates inflammatory and
degenerative responses that progress into voiding dysfunction (Mossa et al. 2021; Ryu et al. 2018;

Mossa, Galan, et al. 2020a). However, the role proNGF in IC/PBS is not elucidated.
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Chapter II. Literature Review

2.1.The proNGF/p75NTR Axis

2.1.1. The Neuroinflammatory Cascades

Most neuroinflammatory disorders such as Alzheimer’s disease and diabetic retinopathy feature a
disbalance in the ratio of proNGF/NGF levels (Tiveron et al. 2013; Cuello, Pentz, and Hall 2019;
Mohamed and El-Remessy 2015; Platon-Corchado et al. 2017). Oxidative stress mediated by
injury, ischemia, infection and metabolic syndrome interferes with proNGF maturating process,
leading to its accumulation in neurons and non-neuronal cells (Nomiya et al. 2012; Wang, Zuo,
and Chan 2012; Mossa, Cammisotto, et al. 2020; Ji et al. 2018). To relay signal, proNGF must
binds exclusively the ligand-binding domain (ECD) of his high-affinity p75 neurotrophin receptor
(p75NTR). A member of the tumor necrosis factor receptor (TNFR) superfamily, p75SNTR
interacts with the vacuolar protein sortin domain (Vps10) of the co-receptor, sortilin, to expose its
intracellular domain (ICD) that acts as a death domain (Houlton et al. 2019; Wislet, Vandervelden,

and Rogister 2018; Skeldal et al. 2012; Elshaer et al. 2019).

Downstream p75NTR signals are relayed by cytoplasmic effectors such as the GTPase Rho kinase
A (RhoA) and TNFR-associated factor 6 (TRAF6). As an E3 ubiquitin ligase assisting in the
assemblage of signaling complexes, TRAF6 binds p7SNTR ICD and relay signals associated with
inflammation and cell death (Kisiswa et al. 2018; Elshaer et al. 2019; Mossa et al. 2021; Sycheva

et al. 2019). Specifically, the recruitment of TRAF6 by p7SNTR ICD helps activate nuclear factor
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kappa-B (NF-»B) and AP-1/c-Jun N-terminal kinases (JNK) signaling (Khursigara, Orlinick, and
Chao 1999; Dhillon et al. 2019; Schellino, Boido, and Vercelli 2019). It is further worth noting
that TRAF6 can associate to variety of TNFR, as well as members of the Toll-like receptor (TLR)
family (Dou et al. 2018; Gentry et al. 2004; Dhillon et al. 2019). Therefore, the versatility of
TRAFG6 to switch one receptor to another ensures that similar detrimental pathways be activated

in response to more than one ligand (Shanab et al. 2015; Ioannou and Fahnestock 2017).

2.1.2. Bladder Dysfunction

Playing tumor suppressor functions, overactivity of p7SNTR brings a pool of detrimental change
on bladder function, nonetheless. This is notably the case in diabetes mellitus and spinal-cord
injury (Ryu et al. 2018; Zabbarova et al. 2018; Kashyap et al. 2016). Studies show that ligand
activation of p75SNTR signaling increases in either pathologies and is linked to higher loss of UTC
viability, and lower tight junction expression of occludin (Sycheva et al. 2019; Mossa et al. 2021).
Recently, it was further demonstrated that active RhoA in umbrella cells alters mitochondrial

function, thereby triggering cell death via intrinsic caspase-3 activation (Mossa et al. 2021).

Stimulation of p75NTR in UTC was further found to affect transcriptional activity of pro-
inflammatory such as TNF-a and nitric oxide (NO), the product of inducible nitric oxide synthase
(AINOS) (Ryu et al. 2018; Mossa et al. 2021). Otherwise, its effects on SMC are largely different,
driving shifts from contractile to migrative and proliferative phenotype through NF-#B and JNK

activity in cells (Mossa et al. 2021). In addition to that, a number of studies support that activation
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of JNK signaling mounts the deposition of type I collagen in SMC, ultimately causing bladder

hypertrophy (Mossa, Galan, et al. 2020b; Kushida et al. 2001; Dugan et al. 2014).

2.2.LPS/TLR4

In the body, TLR members such as TLR4 provide protection against microbial invasion. In that
matter, they can be widely found expressed in many tissues throughout the body, notably in the
bladder, and recognizes a range of pathogens over which damage-associated molecular patterns
(DAMPs) or pathogen-associated molecular patterns (PAMPs) such as LPS are found (Behzadi
and Behzadi 2016; Birder and Andersson 2013). Stimulation of TLR4 expose an intracellular
cytoplasmic Toll/interleukin 1 receptor domain (TIR) within TLR4 that recruits signaling factors
such as MyD88 and TIR adaptors (Kawasaki and Kawai 2014; Kuzmich et al. 2017). Interestingly,
TIR adaptors have a death domain within their structure, which is therefore capable of binding
protein effectors, including TRAF6. In fact, it was found that TRAF®6 is implicated in TLR4 signal
transduction as such to mediate NF-»#B and JNK signals in neuronal and non-neuronal cells (Dou

et al. 2018; Dhillon et al. 2019).

2.2.1. Bladder Dysfunction

LPS found on the outermost membrane of gram-negative bacteria such as UPEC not only triggers

inflammation in tissues but also sets off molecular mechanisms of nociception with TLR4 as well

(Rudick et al. 2010; Liu et al. 2015). In fact, stimulation of TLR4 was found to play a considerable

role in the pathophysiology of pain in bladder disorders (Cui et al. 2019; Ma et al. 2017). Studies
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show that LPS in the bladder increases pain-related behaviours in mice at low mechanical pressure
applied the pelvis (Kamei et al. 2018; Kamei et al. ; Kogan et al. 2018; Rudick et al. 2010). On the
opposite, deleting TLR4 in the bladder was found to provide the analgesic effect in mice with

cyclophosphamide-induced cystitis (Cui et al. 2019).

Furthermore, other reports show that the LPS-TLR4 has detrimental impact on detrusor function.
In studies where mice were instilled with LPS, the contractile capacity of SMC to acetylcholine
was increased after LPS exposure (Weng et al. 2009)(Tambaro et al. 2014). Another study also
demonstrated that, in type 1 diabetic bladder, blockage of TLR4 reduces hypertrophy and
hypercontractility of the detrusor muscle, supporting the role TLR4 in detrusor muscle dysfunction

(Szasz et al. 2016).

2.3. Small Molecule p75NTR Antagonist (THX-B)

In their study in 2010, Bai and al. demonstrated for the first time that the small molecule p75NTR
antagonist (THX-B) could provide neuroprotection against p7SNTR detrimental signals in retinal
ganglion cells (Bai et al. 2010). Then, other studies that follow also succeed showing similar
finding in neuronal cells of mice with diabetic retinopathy (Galan et al. 2017; Barcelona et al.
2016). Furthermore, in the bladder, Zabarova and al. showed that blocking p7SNTR improved
bladder compliance in mice affected with detrusor overactivity (Zabbarova et al. 2018). Similar
results were also reported in a study on spinal-cord injured patients in which levels of proNGF in

urine were significantly higher (Ryu et al. 2018)
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Interestingly, the two previous studies also revealed that urothelial cell death by proNGF
overexpression was effectively abolished with p75SNTR blockage or knockout even, an evidence
likely suggesting that p7SNTR antagonism might have therapeutic value against cystitis. Extensive
work done in our lab confirmed this hypothesis in type 1 diabetic mice with voiding dysfunction.
By treating mice with THX-B, Mossa and al. observed that mice displayed a significant reduction
in bladder weight as compared to untreated diabetic mice. Moreover, it was noted that cytokinesis

of TNF-a was considerably reduced (Mossa, Galan, et al. 2020b).

Note that, while the therapeutic effect of p7SNTR antagonism on innerved tissues is demonstrated
in diabetic and spinal-cord injured bladder (Mossa, Galan, et al. 2020b; Ryu et al. 2018) and
diabetic retinopathy (Galan et al. 2017), its properties still await to be studied in bacterial cystitis.
Based on the evidence that p75NTR antagonism blocks degenerative pathways attributed to TLR4
in the brain of septic mice (Ji et al. 2018), we have reason to believe its anti-inflammatory potency

might be translatable into infected bladders.
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Figure 1. Basis of signal transduction by p7SNTR and TLR4 in neurons.

Neurons express receptors p7SNTR and TLR4 on their surface. Injuries cause accumulation of proNGF binding the p7SNTR ligand
binding domain. This exposes a death domain located in the p7SNTR intracellular domain, which allows recruitment of effectors. One
of them, TRAF®6, assists NF-kB and JNK complexes assembly. Examples of NF-kB and JNK signals effects include gene transcription
of pro-inflammatory factors or cells entry into apoptosis, respectively. Note that LPS on UPEC also trigger these pathways, as TRAF6
binds with equal affinity the TIR domain of adaptors located on TLR4 in the cytosol. Adding THX-B prevents p75NTR activation.
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Chapter II1. Hypothesis and Objectives

3.1. Study Hypothesis

To goal of this project was to identify the contribution of the proNGF/p75NTR inflammatory axis
in the onset of IC/PBS. Based on previous data in our lab, we hypothesized that blocking
specifically p75NTR would dampen features of cystitis. To answer that, we tested the effects of

LPS and p75NTR antagonism on the bladder at the molecular, cellular and physiological levels.

3.2. Objectives

This project had two majors aims:

Aim 1. To identify an interplay between the p7SNTR and TLR4 signal transduction.

There are similarities in the mechanisms of inflammation between proNGF/p75NTR and TLR4
signal transduction in neuronal and non-neuronal cells. Evidence shows that the transcription of
inflammatory cytokines via NF-uB signaling activity, as well as JNK-induced apoptosis and loss
of tight junctions are common outcomes of the p7SNTR and TLR4 axes. Interestingly, blocking
proNGF/p75NTR via a specific p7SNTR antagonism has demonstrated to reduce inflammation in
neurons of infected mice, supporting a molecular interplay between these two receptors.(Ji et al.
2018) Given that, we hereby hypothesized that the proNGF/p75NTR and TLR4 axes are at
interplay in bladder cells, therefore having implications on the progression of chronic bladder

inflammation.

27



Experimental design

Primary urothelial and smooth muscle cells will be cultured out from bladders of female Sprague-
Dawley rats. These cells will be initially validated for cell-surface expression of the p75NTR
receptor, then subsequently tested for the effects of LPS on cellular activation of inflammatory
pathways, survival signals and apoptotic signaling cascades. The secretion of inflammatory
cytokines and mediators and loss of tight junctions will also be evaluated before repeating the
experiments with pharmacological treatment by a specific p7SNTR antagonist. This section of the
study will therefore allow us to draw potential conclusions on the molecular and cellular

contribution of proNGF/p75NTR in the bladder when exposed to LPS.

Aim 2. To establish the contribution of p75NTR in bladder dysfunction in a mouse model of LPS-

induced cystitis.

Accumulation of proNGF in bladder tissues is common across models of voiding dysfunction,
including acute bacterial cystitis. More specifically, mice intravesically instilled with LPS show
with higher levels of inflammation in bladder tissues, altered voiding function, and lower pelvic
pain threshold. However, silencing TLR4 in LPS-treated mice has been reported to relieve pelvic
pain without affecting bladder inflammation and function. On the other hand, the antagonist
alleviated pain in mice with metabolic syndrome. We therefore hypothesized that p75SNTR

contributes to the onset of inflammation in the bladder after LPS insults without affecting pain.
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Experimental design

Young C56BL/6 female mice were intravesically instilled with saline or LPS for 1 hour. Voiding
patterns and pelvic pain sensitivity were evaluated at baseline and after 24-hour recovery by
voiding spot assay and Von Frey test, respectively. In order to validate the onset of acute cystitis
by LPS, alteration in detrusor muscle contractility were assessed by organ bath and changes in
bladder morphology by histology. These experiments were repeated in mice injected
intraperitoneally with the specific p7SNTR antagonist during the infection. This will allow us to

compare the therapeutic effects of the p7SNTR antagonism treatment on bladder dysfunction.
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Chapter IV. Contribution of p7SNTR Signaling in Urothelial and Smooth Muscle Cells

Inflammatory Responses

4.1. Introduction

In this chapter, we focus on identifying the contribution of the receptor p75SNTR on mediating
inflammatory responses in urothelial and smooth muscle cells after stimulation of TLR4 with LPS.
We begin by establishing the presence of p7SNTR on urothelial and smooth muscle cells surface
in primary cell cultures. Then, guided by previous studies in neurons, we confirmed whether TLR4
interferes with p7SNTR expression in bladder cells. Confirming the absence of interaction at this
level had us next moved on looking at the effect of p75SNTR blockage on activation of TLR4

signaling outcomes associated with molecular cascades and cellular structures.
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4.2. Materials and Methods

42.1. Cell culture

Female Sprague-Dawley (SD) rats aged 3 months were housed and handled in accordance with
the Canadian Council for Animal Care (CCAC). All protocols were approved by the Animal Ethics
Committee of McGill University (Montreal, Canada). Animals were fed with standard Purina
chow and had free access to water. After euthanasia by exsanguination under anesthesia with
isoflurane (3%), bladders of mice were excised and placed in cold sterile phosphate-buffered saline
(PBS) (pH 7.4), then cut longitudinally. Cells were isolated from bladder using collagenase type
IV digestion as previously reported (Mossa et al. 2018; Mossa et al. 2021) The urothelium layer
was carefully scraped and left for 15-20 minutes in Dubelco’s modified Eagle medium (DMEM)
containing 100 U/ml of collagenase IV. Then, urothelial cells where washed twice in DMEM
containing 10% fetal bovine serum (FBS) and cultured at 37°C in a humidified incubator with 5%
CO2 atmosphere in Dulbecco’s DMEM low glucose/keratinocyte (50/50) medium containing FBS
(10%), GlutaMAX (X1), a mix of factors (insulin 5xg/ml, dihydrocortisone 0.5xg/ml, adenine
15ug/ml, ethanolamine 0.1 mM), Rho inhibitor 4-[(1R)-1-aminoethyl]-N-pyridin-4-
ylcyclohexane-1-carboxamide (Y27623) (10uM), and 1% penicillin/streptomycin (100U/ml,
100ug/ml). The medium was changed every 2 to 3 days until cell confluency, and cells were
starved 24 hours prior to use. In parallel, the detrusor muscle of the bladders was finely minced
and incubated for 45 minutes with intense shaking in DMEM medium containing 250 U/ml of
collagenase IV. Undigested tissues were removed with a strainer (40 ym mesh) and smooth muscle

cells were then washed twice in DMEM/FBS and cultured in similar conditions to urothelial cells
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on a Petri dish with DMEM medium supplemented with FBS (10%), GlutaMAX (X1), high
glucose (27 mM) and penicillin/streptomycin (100U/ml, 100xg/ml). Prior to use, cells were

starved for 72 hours in normoglycemic condition.

4.2.2. Immunoblotting

Cells were lysed in ice-cold RIPA buffer containing antiprotease mix (Roche Diagnostics,
Montreal, Canada) for 10 minutes. Then, lysates were collected, and protein concentrations were
measured with a MicroBCA assay kit (Boster Biological Technology). Equal amounts of proteins
(15-30ug) were loaded on 6-8% SDS-PAGE polyacrylamide gel. After electrophoresis, proteins
were transferred on PVDF membranes, then blocked in TBS-Tween (0.1%) with non-fat milk (5%)
for 1 hour. Overnight incubation with a primary antibody at 4°C was carried out using the
following dilutions: ERK (1:1000), pERK (1:1000), JNK (1:1000), pJNK (1:1000), NF-»B
(1:1000), TNF-a (1:2000), Lamin (1:2000), B-actin (1:5000), TRAF-6 (1:600), Occludin (1:8000),
E-cadherin (1:2000), ZO-1 (1:2000), Smoothelin (1:2000), p7SNTR (1:8000), iNOS (1/3000).
After thorough washings, membranes were incubated with a secondary HRP-bound antibody
(1:3000) (Millipore, CA, USA) for 1 hour. The signal was mediated with Luminata Crescendo

HRP substrate (Millipore, Billerica, MA) and quantified using ImageStudioLite.

423. RT-qPCR

The extraction of cell RNAs was performed using a classic phenol-chloroform protocol. Primers

were obtained from Integrated DNA Technologies (IDT, Coralville, IOWA, USA): p75NTR
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forward, p7SNTR reverse, GAPDH forward, GAPDH reverse. Sensifast Probe Low-ROX kit
containing SYBR-green was used to amplify the samples on an Applied Bioscience 7500 Fast
Real-Time PCR. The following conditions were used: 95 °C 10 min then 45 cycles of 95 °C
15 seconds and 57 °C 40 seconds, followed by melt curve analysis. All samples were done in
triplicates. Each primer was assessed for specificity and efficiency (90-110%). Controls were done
using purified RNA without reverse transcription. Data were analyzed using the 2-AACT

method.31

4.2.4. Extraction of nuclear NF-»B

Nuclear and cytoplasmic NF-#B were isolated by the method of Schreiber.32 After 30 minutes of
treatment with LPS, cells were lysed with ice-cold Buffer A (10 mM HEPES, 1.5 mM MgCl2, 10
mM KCI, 0.5 mM DTT, 0.05% NP40, pH 7.9) containing antiproteases (Roche Diagnostics,
Montreal, Canada) for 10 minutes. The lysate was subsequently homogenized and centrifuged
(3000 rpm) for 10 minutes at 4°C. The resulting supernatant (cytoplasmic fraction) was then
removed and kept at 4°C, and the pellet was resuspended in another lysing buffer (5 mM HEPES,
1.5 mM MgC12,0.2 mM EDTA, 0.5 mM DTT, 26% glycerol (v/v), pH 7.9) containing 300 mM
NaCl before being homogenized, incubated on ice for 30 minutes and centrifuged (24000 x g) 20
minutes at 4°C. The final supernatant corresponding to the nuclear extract fraction was saved and

its pellet discarded.
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4.2.5. Immunoprecipitation

Following treatment for 5 minutes, cells were lysed with ice-cold Cell Lysis Buffer for 10 minutes.
An equal amount of proteins (200-400 pg) was immunoprecipitated overnight with an ICD anti-
p75NTR rabbit antibody (1:600) at 4°C with gentle rocking. The next day, immunocomplexes
were incubated for 3 hours with 20u1 of protein G agarose beads (Thermofisher, Montreal, Canada)
at 4°C, then centrifuged. The resulting supernatant was discarded, and the pellet washed 5 times
with ice-cold 1X cell lysis buffer before being resuspended in 20 ul of loading buffer and

proceeded to electrophoresis on 8% SDS-PAGE gel.

4.2.6. Immunofluorescence

Cells were seeded on glass coverslips until confluency, then fixed 30 minutes in paraformaldehyde
4% in PBS pH 7.4. Coverslips were washed with PBS and cells permeabilized with Triton X100
(0.1% in PBS, pH 8.0). After washing in PBS, blocking was performed with BSA 1% in PBS for
1 hour. Cells were incubated with primary antibodies overnight at 4°C. Incubation with the
secondary antibody conjugated to dy-488 (Abcam, Toronto, Canada) for 1 hour was followed by
thorough washing with 1X Tris-buffered saline containing 0.1% Tween-20 (TBST). Slides were

finally mounted on DAPI for examination under fluorescence microscopy (Leica Microsystem).
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4.2.7. Nitric oxide assay

Levels of NO were diffused in cell culture media were detected using Griess’ colorimetric method

involving sulfaminalide/1-naphthylethylenediamine dihydrochloride (NEDD) (Sun et al. 2003).

4.2.8. Data analysis

Values are expressed as mean + S.E.M. Statistical significance was established as P < 0.05, 0.01
and 0.001. GraphPad Software was used to compare differences between control, LPS, THX-B
LPS+THX-B groups by performing unpaired Student’s t test and One-way ANOVA (Bonferroni

post-hoc test).
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4.3. Results

Expression of p7SNTR in urothelial and detrusor smooth muscle cells with LPS: Expression
of p75NTR on UTC and SMC has previously been reported throughout the bladder in vitro and in
vivo (Mossa et al. 2021; Mossa, Galan, et al. 2020a). Here, immunostaining reiterated this finding
and found that p75NTR is expressed on cell membrane, in the cytoplasm, and within vesicles of
UTC and SMC (Fig. 1A). Expression of p75NTR is reported to be higher in the detrusor muscle
than the bladder urothelium. Our RT-qPCR confirmed significantly higher levels of p75NTR
mRNA in SMC compared to UTC. (Fig. 1B). Levels of p75NTR are found to vary according to
the degree of cell injury in neurons. To validate that in bladder cells, we exposed UTC and SMC
to increasing concentrations of LPS (0.001 to 10 pg/ml). Protein levels of p75SNTR ICD (32 kDa)
and ECD (50 kDa) domains were not different of control in UTC and SMC at any concentrations

(results not shown).

Cytokinesis and diffusion of TNF-a and NO in response to LPS and THX-B: During sepsis,
endothelial cells stress by LPS secrete inflammatory cytokines and activate inducible nitric oxide
synthase (iNOS) activity. The iNOS product, NO, causes vasodilatation and severe drop in blood
pressure. In the bladder, UTC showed to significantly increased cytokinesis (membrane-bound
form) and secretion (free form) of TNF-a in contact with LPS (1 pg/ml) for 24h. When pre-treated
with THX-B (5 pg/ml) up to 30 minutes, levels of cytokinesis and secretion of TNF-a were much
lower in these cells (Fig. 2A). On the other hand, incubation with LPS (100 ug/mL) for 24 hours
increased iNOS expression and NO levels in UTC (Fig. 2B). However, there was no difference in

iINOS and NO levels after pre-treatment of THX-B (5 pg/mL) for 30 minutes (Fig. 2C).
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Modulation of intracellular pathways in the bladder: In neurons, p75NTR and TLR4 induces
similar degenerative and inflammatory outcomes. It is reported that both receptors rely on similar
signaling effectors such as TRAF6 to mediates their effects(Dou et al. 2018; Khursigara, Orlinick,
and Chao 1999). Because Muhuo and al. also showed in their study that p7SNTR antagonism
reduces neuroinflammation in mice with sepsis (Ji et al. 2018), it is likely that both receptors form

together molecular interplay in body cells, including in the bladder.

Here, after 2 minutes, we found that the ratio of pERK/ERK increased significantly in UTC with
LPS (100 pg/ml). Furthermore, levels of pERK were not any different with THX-B pre-treatment
(5 pg/ml) compared to LPS (Fig. 3A). Activation of ERK is associated with urothelial cells
proliferation and survival in the bladder, notably in bladder cancer. Accordingly, our data
confirmed our expectations, that is no difference in levels of JNK and NF-kB activity with LPS
after 10 and 30 minutes, respectively, compared to control (Fig 3B, 3C). The ratio of active

TRAF6/total TRAF6 was also not change after 5 minutes with LPS compared to control (Fig 3D).

On the other hand, our data revealed opposite reactivity patterns in SMC. LPS (100 pg/ml) did not
engage different levels of ERK signaling after 2 minutes compared to control (Fig.4A). However,
there was a significantly increased in activation of JNK and NF-kB signaling after 10 and 30
minutes, respectively. Therefore, we also found that pre-treatment of THX-B (5 pg/ml) reversed
the ratio of pJNK/JNK, and reduced levels of NF-kB activation (Fig. 4B, 4C). Most importantly,
the amount of active TRAF-6 bound to p75NTR was significantly increased with LPS and blocked

after 5 minutes with THX-B (Fig. 4D).
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Regulation of tight junction and cytoskeleton integrity: LPS was added individually or in
combination with THX-B (5 pg/mL) to culture media of UTC or SMC for 24 hours. After 24h, E-
cadherin, occludin and ZO-1 were detected in UTC by immunostaining. Location of all three tight
junctions was observed on the cytoplasmic membrane, in the cytoplasm (Fig. 5A, B and C). E-
cadherin expression was not affected by LPS (100 ug/mL) (Fig 5A), whereas levels of Occludin
(Fig. 5B) and ZO-1 (Fig. 5C) decreased significantly. THX-B showed to restore occludin
expression but had no effect on loss of ZO-1. In SMC, expression of E-cadherin, ZO-1 and

Smoothelin were all unaffected by LPS (Fig. 6A, B and C).
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4.4 .Discussion

Examining the degree of expression of p75SNTR in UTC and SMC when exposed to LPS revealed
higher levels of the receptor in SMCs. This is in line with a previous study that has demonstrated
higher detection of p75NTR in the detrusor muscle.(Zabbarova et al. 2018) Some studies suggest
that TLR4 modulates the expression of p75NTR in neural and non-neural cells.(Jiang et al. 2008;
Freria et al. 2016) For instance, by using a model of peripheral axotomy, one study showed that
expression of p75SNTR on nerve distal stumps of mice who had undergone sciatic nerve transection
was increased in TLR4 mutant mice compared to wild-type mice.(Freria et al. 2016) While this
suggests that TLR4 can control the expression of p7SNTR in some cells, our data support that it is
not the case in bladder cells. We found that expression of the ICD and ECD domains of p75NTR
was not changed in UTC and SMC exposed to LPS. Therefore, we have reason to believe that
sensitization to proNGF/p75NTR activity in bladder cells occurs independently of TLR4 signal

transduction.

The urothelium of the bladder is not only an important barrier, but also an essential sensor and
communicator to neural and immune cells.(Winder et al. 2014; Birder and Andersson 2013) By
recognizing pathogens in urine, it releases a cocktail of immunomodulator cytokines and
neurotransmitters that stimulates active response of immune cells and afferents from the
bladder.(Rudick et al. 2010; de Groat and Yoshimura 2009) For example, one study clearly showed
that afferent inputs and leukocyte infiltration increase after secretion of ATP by UTC exposed to
LPS.(Ueda et al. 2020) Here, we found that UTC released significantly more TNF-a and NO in
contact with LPS. In the bladder, their acute expression constitutes a defence mechanism against

bacterial invasion.(Lacerda Mariano and Ingersoll 2020; Yu et al. 2019) However, chronic
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overexpression of TNF-a in bladder tissues, as seen in IC/PBS patients, induces chronic pelvic
allodynia, increased urinary frequency, decreased voided volume, and urothelium damage.(Yang
et al. 2018) It was further propose to increase the propensity to reinfections.(Yu et al. 2019)
Therefore, we think that, in our study, UTC were in a defensive pro-inflammatory state with LPS.
As blocking p75NTR prevented the cytokinesis TNF-a without interfering with iNOS and NO
expression, we support that p7SNTR and TLR4 signaling form together an interplay in UTC by

relaying chronic release of TNF-a.

While TNF-a increased with LPS, we did not observe activation of the TLR4/Traf6/NF-#B axis
in UTC. Instead, we found higher ERK survival activity in absence of apoptosis, which opposes
several studies.(Weng et al. 2009; Rackley et al. 1999; Song and Abraham 2008) However, it must
be recalled that UTC have innate immune abilities to regulate the degree of inflammatory response
through non-canonical mechanisms. For example, LPS can enter the cytosol of cells, non-
canonical pathways of lower inflammatory potency are known to be initiated. For instance,
caspase-11 is known to bind directly LPS in the cytoplasm of urothelial cells, thereby promoting
the expression of pro-inflammatory cytokines without initiating apoptotic pathways.(Huang et al.
2019) Another example is that of the secretion of NO, which is known as an indicator of low
reactive oxygen species (ROS) levels and the non-canonical caspase-1/inflammasome pathways.
While these findings seem to indicate that LPS alone is insufficient to activate TLR4/TRAF6/NF-

uB, it yet remains clear that it still holds potency to sensitize cells to pro-inflammatory responses.

Loss of ZO-1 and occludin expression has been previously reported in chronic inflammatory

conditions such as ulcerative colitis and interstitial cystitis. In the past few years, the role of these
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TJ has also been extended to that of molecular effector in apoptotic signalling. ZO-1 deletion was
found to induce JNK-activated caspase-3-dependent apoptosis.(Herrero et al. 2019; Kuo et al.
2019) Here, our findings supported by the existing literature suggests that activation of TLR4
downregulates ZO-1 and occludin. However, we found that antagonism of p75NTR partially
reintroduced occludin expression without changing caspases activity caused by ZO-1
downregulation. Taken together, we suggest that p7SNTR antagonism does not affect urothelial

cells pro-survival signals in response to a sudden loss of ZO-1 by TLR4 activity.

Detrusor muscle hypertrophy and fibrosis are common features of spinal-cord injury, diabetes
mellitus.(Hu, Granger, and Jeffery 2016; Mossa, Galan, et al. 2020b) Reports have demonstrated
the expression of proNGF increases in detrusor smooth muscle cells after bladder damage in
contexts of spinal-cord injury or metabolic syndrome. Moreover, the proNGF/p75NTR axis was
found to initiate NF-#B activity, subsequently promoting the transition from contractile smooth
muscle cells to a non-contractile proliferative phenotype.(Mossa et al. 2021) Proliferation can be
caused by NF-uB while smooth muscle enlargement and collagen expression are conversely
attributed to JNK activity.(Roux 2002) Here, we identified the activation of TLR4 led to an
increase in the association of TRAF6 to the p7SNTR intracellular domain. This was further joined
by overactivation of NF-u#B and JNK, the activation of which, along with TRAF6, were prevented
by p75NTR antagonism. In cells, TRAF6 plays a pivotal function between many receptors,
eliciting NF-uB and JNK signaling.(Dou et al. 2018; Dhillon et al. 2019) Our observations
therefore support that TRAF6 acts an intermediate between TLR4 and p75NTR inflammatory
signals in detrusor smooth muscle cells, causing significant loss of contractile function through a

potential TLR4/TRAF6/NF-1B myogenic dedifferentiation axe.
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Figure 2. Detection of p7SNTR in UTC and SMC.

(A) Immunochemistryneuron detected p75SNTR in the cytoplasm of UTC and SMC exposed to LPS. Bars =25 pm. (N=4) (B) RT-qPCR
measured p7SNTR mRNA relative amount between UTC and SMC with GAPDH as a reference. Immunoblotting detected the cleaved
extracellular (32 kDa) and intrallular (50 kDa) domains of p75NTR in UTCs (upper Western blot) and SMCs (lower Western blot)

(N=6). One-way ANOVA, *P <0.05, **P <0.01.
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Figure 3. Variations in TNF-a and NO levels in presence of LPS and THX-B.

Bladder cells were incubated with LPS (100 xg/mL) alone or combined with THX-B (5 pg/mL)
for 24 hours. (A) UTC: membrane-bound (Mb) and soluble forms of TNF-a detected by
immunoblotting with B-Actin as reference, then semi-quantified in graphs (N=4). (B) SMC:
membrane-bound (Mb) and soluble forms of TNF-a detected by immunoblotting with B-Actin as
reference, then semi-quantified in graphs (N=4). (C) NO measured in both UTC and SMC and

iNOS was measured in UTC only (N=7). One-way ANOVA, *P <0.05, **P <0.01.
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Figure 4 Effects of LPS and THX-B on UTC signaling responses.

Cells were exposed to LPS (100 pg/mL) with or without THX-B (5 yg/mL) preincubation (A) for
2 min for assessment of ERK activation (N=6), (B) 10 min for JNK phosphorylation (N=6), (C)
5 min for NF-uB translocation into the nucleus (N=9) and (D) association of Traf6 to p7SNTR

(N=5). One-way ANOVA, **P <0.01, *P <0.05.
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Figure 5. Effects of LPS and THX-B on SMC signaling responses.

Exposure of cells to LPS (100 pg/mL) with or without pre-incubation with THX-B (5 pg/mL) was
performed for (A) 2 min to detect activation ERK (N=6), (B) 10 min for JNK phosphorylation
(N=6), and (C) 5 min for NF-u#B translocation into the nucleus (N=9) and (D) association of Traf6

to p75NTR (N=5). One-way ANOVA, **P <0.01, *P <0.05.
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Figure 6. Expression of tight junctions in urothelial cells in response to LPS and THX-B.
Immunofluorescence detected (A) E-Cadherin, (B) Occludin and (C) ZO-1 expression on UTC membrane and in the cytoplasm.
Immunoblotting of these proteins was performed after 24 hours exposure to LPS [100pg/ml] with or without THX-B [Sug/ml]. E-

Cadherin (N=12), Occludin (N=15) and ZO-1 (N=12). One-way ANOVA, *P <0.05, **P <0.01. Bars = 50 ym.
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Figure 7 Effect of LPS and THX-B on tight junction proteins expression in SMC.

Immunofluorescence revealed (A) Smoothelin, (B) E-Cadherin and (C) ZO-1 on the membrane
and the cytoplasm of SMC. Immunoblotting showed unchanged expression after 24 hours

incubation with LPS or THX-B for all proteins (N=6). Bars = 25 ym.

53



Chapter V. Role of proNGF/p75NTR on LPS-Induced Cystitis

5.1. Introduction

In the previous chapter, we clarified the role of p7SNTR in cells of the bladder following short
exposure to LPS. We saw that p75SNTR triggered cell-specific inflammatory responses that
interplay with TLR4 signal transduction. Not only this finding helps clarify the contribution of
bacterial cystitis in chronic bladder inflammation, but also help us select an appropriate model

mimicking the mechanisms involved in the pathogenesis of IC/PBS.

For that reason, in this chapter, we next move on to study the physiological effects of p7SNTR on
bladder function, tissues morphology and pain, using a mouse model of LPS-induced acute cystitis.
Many authors have made use of that model in the past as such to study pelvic hypersensitivity,
bladder inflammation and overactivity in mice. These features closely reflect the symptomatology
of bacterial cystitis and IC/PBS symptoms which, in addition to being simple to reproduce with

instillation of LPS, makes this animal model worth working with.

In this chapter, our goal is to demonstrate the physiological contribution of p75NTR in bladder

inflammation in tissues, contractile function and pelvic pain after LPS-induced cystitis.
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5.2. Materials and Methods

5.2.1. Ethics Statement

All animal experiments were approved by the McGill University Animal Ethics Committee

(Montreal, Qc, Canada) and followed standards of the Canadian Council for Animal Care (CACC).

5.2.2. Preoperative Procedure

25 young adults female C57BL/6 mice aged 6-10-week-old (Charles River Laboratories, QC,
Canada) were used. Mice were housed in groups of 3-5, had access to water and food (standard
Purina chow, Teklad Global, WI, USA) ad libitum, and kept on a 12 h light/dark cycle. At least 1
week elapsed from their reception at the Lady Davis Institute (Montreal, QC, Canada) to the start
of the preoperative procedure. Hair was removed from the pelvic area at the vicinity of the bladder
with hair removal lotion (Nair, Church&Dwight, ON, Canada) under 2-2.5% isoflurane anesthesia.
Sterile gauze pads were used to remove hair and lotion, and the skin was water-moistened with

lubricant. Mice were at least 4 days to ensure the absence of skin irritation during testing.

5.2.3. Preparation of Catheters

Before surgery, a 30 cm long microtube (0.011” 1.D x 0.025” O.D, Scientific Commodities Inc.

AZ,USA) was bathed in a Cidex OPA bactericidal solution (Johnson&Johnson, ON, Canada) for

30 minutes. Soluble LPS was reconstituted by adding 1 mL PBS in 1 mg LPS powder (O55:B5
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E. coli, Sigma-Aldrich, MO, USA). In a laminar flood hood, insulin syringes of 0.5 mL (Becton
Dickinson and Company, NJ, USA), forceps, scissors, 50 mL sterile tubes, and a bag of 0.9% NaCl
were sterilized with 70% ethanol and one ultraviolet (U.V.) cycle, typically 25-30 min. Syringes
were filled with 150 uL sterile saline and the microtube was inserted on the syringe needle with
forceps. The microtube loose end was cut 10 mm away from the tip of the needle and the absence
of leakage was validated by evacuating 50 uL saline. The catheter was put in a tube and sterilized

once again with one U.V. cycle prior to use.

5.2.4. Induction of Cystitis

Mice were assigned in 4 treatment groups for each experiment: (1) i.p. saline (control, n=6), (2) i.p.
saline, intravesical LPS (LPS mice, n=6), (3)i.p. THX-B (THX-B, n=7), (4)i.p. THX-B,
intravesical LPS (LPS+THX-B, n=6). Animals were anesthetised with 2-2.5% isoflurane and i.p.
injected with 100 uL saline or THX-B at a dose of 50 xg/mouse in 100 xL PBS. The bladder was
emptied using the method previously described by Chew J. and Chua K. Care was taken to confirm
bladder emptying by applying medium abdominal pressure. The urethral meatus was cleaned with
sterile gauze and chlorhexidine gluconate (Baxedin, Omega Laboratories, Montreal, Canada) and
the catheter was 1

ubricated with a water-based lubricant (Vaseline, Unilever Canada, Toronto, Canada).
Transurethral catheterization was performed using the method of Zychlinsky Scharff A. and al, the
method of which allowed to reach bladder lumen within 10 mm insertion. Bladders were slowly
instilled with 100 L saline or LPS at a dose of 100 xg/mouse. Catheters were secured with

adhesive and maintained for 1 h. Mice were kept 24 h post-surgery prior to further testing.
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5.2.5. Behavioral Testing

Von Frey test (VFT) was performed in mice in the light cycle (09:00 am) by a male experimenter
at baseline and 24h post-surgery. The up-and-down method adapted from Rudick and al. was used
to evaluate tactile allodynia and hyperalgesia at the pelvis using 6 von Frey filaments of ascending
forces (0.04—4 g) (Exacta™, CA, USA) (Rudick et al. 2008). Mice were placed in individual
metabolic cages and accustomed for at least 30 min prior to testing. Each filament was applied
perpendicularly to different areas of the pelvis a total of 10 times for 1-2 s with an interstimulus
interval of 5 s. Positive nociception behavior were defined as 1) sharp retraction of the abdomen,
2) immediate licking or scratching of the stimulated area, and 3) jumping. All responses were

recorded.

5.2.6. Voiding-Spot Assay

Mice were placed in individual cages with free access to food without water for 4 h. Cages were
fitted with chromatography paper, grade 3 mm CHR (Whatman, GE Healthcare, UK). Voiding-
Spot Assay (VSA) was performed at baseline and 24 h post-surgery. The urine spot pattern was
assessed by imaging the chromatographic paper with U.V. light using the SynGene Bioimaging
system (USA) connected the GeneSnap software. Images were analyzed with the ImageJ software

using a calibration curve.
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5.2.7. Tissue and Protein Extraction

Following 2-2.5% isoflurane anaesthesia and cardiac exsanguination, the urinary bladder was
removed and sliced into two equal halves. For protein extraction, one half was immediately
snapped frozen on dry ice and kept at -80°C until homogenization in RIPA buffer containing an
antiprotease cocktail (Complete Mini, EDTA-free, Roche Diagnostics, Indianapolis, IN, USA).
The second half was fixed in 4% formaldehyde and successively immersed in 10, 20 and 30%
sucrose in PBS for 24 h. Fixed tissues were covered with OCT (Leica Biosystems, IL, USA) and
left for acclimatization a few minutes before being frozen on dry ice. Tissue sections were prepared

at 7 ym thickness using a Leica CM3050S cryostat.

5.2.8. Contractile Assay: Organ Bath

The urinary bladder was removed following euthanasia, emptied of urine and weighted. Under a
microscope, the bladder dome and base were removed, and two longitudinal strips of 2 x 5 mm
were cut from the bladder body surface without removing the urothelium. The remaining tissues
were kept for protein extraction. Strips were mounted in a 4-channel Tissue Bath System — 720
MO (DMT Inc., Ann Arbor, MI) with 6 mL of Krebs-Ringer solution (95% O,, 5% CO,, 37°C).
Stabilization was ensured at a passive tension of 0.5 g, changing the Krebs-Ringer solution every
15 min for a total of 1 h. Strips were then stimulated with 60 mM KCl twice, carbachol (3 nM-
100 uM), and electrical field stimulation (EFS; 1-32 Hz) using a Grass Technologies S88

Stimulator (West Warwick, RI, USA), adequately washing strips between stimulations. Tension
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values were normalized to the respective weight of strips and analysed with the LabChart 7

software (ADInstrument, CO, USA).

5.2.9. Histology

Tissues sections were staining following a standard protocol for Hematoxylin and Eosin. Bladder

wall thickness was measured using a LSM800 — Airyscan microscope.

5.2.10. Immunoblotting

Protein concentration in bladder homogenates was measured by Micro BCA assay kit (Boster
Biological Technology, CA, USA). A total amount of 20 ug protein was loaded on a 8%
polyacrylamide gel, then transferred on PVDF membranes. Blockage was performed for 1 h at
room temperature with 5% non-fat skimmed milk in TBST. Membranes were incubated overnight
at 4°C with primary antibodies against pJNK (1:1000) and JNK (1:2000). Incubation with
secondary anti-rabbit and anti-mouse antibodies (1:2000) was done for 1 h at room temperature.
Bands were revealed with the Immobilon Crescendo Western horseradish peroxidase (HRP)

substrate (Millipore Corporation, MA, USA), then quantified by ImagelJ.
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5.2.11. ELISA assay for TNF-a

An amount of 50 pg total protein was taken from bladder homogenates to measure the content of
TNF-a in bladder tissues. The protocol and data analysis were both performed as outlined by the

manufacturer (TNF-a, Catalog# EK0527, Boster Bio, CA, USA).

5.2.12. Statistical Analysis

Values are indicated as the mean + SEM. Statistical analyzes were performed using the GraphPad
Prism 9 software. Multiple comparisons between the treatment groups were done by One-way
ANOVA with post-hoc Bonferroni. For behavioral testing, two-way ANOVA followed by post-
hoc Bonferroni was used to account for both treatment effects and time points (Baseline vs Day 1).
Maximal tensions and ECs, values were determined with the dose-response curve to carbachol and
comparisons were carried out with the Extra sum-of-square F Test. Significance was defined as

*P<0.05,**P <001, ***P <0.001.
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5.3. Results

Pelvic sensitivity after treatments of THX and LPS: Bladder urothelial and detrusor smooth
muscle cells express receptors p7SNTR and TLR4 on their surface. TLR4 has been demonstrated
by several studies to have nociceptive function in animals and humans with IC/PBS. Of most
interest, it has been noted to induce pelvic pain in different mouse models of cystitis. To verify if
p75NTR antagonism could help reduce pain, we first tested pelvic sensitivity in mice before and
after treatment. At baseline, a significant effect of forces was observed on the frequency of pelvic
response (F=170.2, P=0.001), which increased with increasing filament forces. Furthermore, there
was no significant effect of the preoperative procedure on the number of pelvic responses (F=1.20,
P=0.344). We observed no significant difference in pelvic response to increasing forces across
mice at baseline at each filament force (Fig. 7A). Thus, this indicates that all mice equally

displayed force-dependent pelvic responses before surgery.

At 24 h post-surgery, there was a significant force x treatment interaction on the frequency of
pelvic responses across the treatment groups (F=2.22, P=0.008). A significant force x treatment
interaction was observed on the frequency of pelvic responses in THX-B mice (F=2.22, P=0.008).
THX-B injection significantly increased the frequency of pelvic responses to low filament forces
(0.04-0.16 g) compared to baseline. On the other hand, we found no force x treatment interaction
in LPS mice (F=1.73, P=0.150). There was a significant effect of force in LPS mice (F=27.60,
P=0.001), as seen at baseline. LPS also increased the pelvic response frequency to low filament
forces (0.04-0.16 g) compared to baseline, as a result of a treatment effect (F=2.22, P=0.008).

Administration of THX-B in LPS-mice generated a significant force x treatment interaction
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(F=4.97,P=0.001). LPS+THX-B mice showed significantly more frequent pelvic responses at low
filament forces (0.04-0.4 g) compared to baseline (Fig. 7B). Furthermore, the frequency of pelvic
responses in LPS+THX-B mice at low filament forces (0.04-0.16 g) was not decreased compared
to LPS. In fact, both treatment groups showed no significant difference in their frequency at these

forces. (Fig. 7B)

Effects of THX-B and LPS on bladder strips contractile response to carbachol, KCI and EFS:
Intravesical instillation of LPS has been shown to decrease post-residual volumes in mice,
suggesting that mice had bladder overactivity(Takezawa et al. 2014). To determine if blockage of
p75NTR could help improve contractions, we examined the response of bladder strips with intact
urothelium to specific stimulation of purinergic receptors with carbachol. Our data showed no
difference in contractions between THX-B and control with increasing carbachol concentrations.
(Fig. 8A) On the other hand, LPS strips presented significantly higher contractile potency
compared to control at high carbachol concentrations (10100 zM). (Fig. 8A) Their half maximal
effective concentration (ECs) was also significantly increased compared to control. (Fig. 8B)
Similar contractile response patterns to LPS were found in LPS+THX-B strips with carbachol.
(Fig. 8A) To confirm these changes were only purinergic and muscarinergic receptor-mediated,
bladder strips were voltage-gate depolarized with KCI. There was no difference observed in
contractile response between all treatment groups. (Fig. 8D) Acute instillation of LPS in the
bladder has also shown to enhance mouse detrusor contractions during nerve stimulation by EFS
(Weng et al. 2009). We found that stimulation of LPS and LPS+THX-B strips with increasing

electrical field frequencies induced no difference in contractions compared to control. (Fig. 8C)
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On the other hand, contractile potency was reduced in THX-B strips at 32 Hz compared control.

(Fig. 8C)

Voiding patterns of mice with or without cystitis and THX treatment: To understand how
change in contractility affects bladder compliance in mice after treatment of p75SNTR antagonism
with or without cystitis, mice were tested before and 24h after treatment for voiding pattern during
4h. Our results show that there was no difference in the number of urine spot (Fig. 9A) and total
volume of urine (Fig. 9C) across the treatment groups at baseline or 24h post-treatment.
Nonetheless, LPS+THX mice showed a significantly higher mean urine volumes per spot at
baseline compared to control. (Fig. 9B) After 24h post-treatment, these same mice showed a
significant decrease in their mean urine volumes per spot compared to baseline. However, this

change was not significantly different from that of control at 24h post-treatment. (Fig. 9B)

Bladder inflammatory characteristics in mice with or without cystitis and THX-B treatment:
At 24h after treatment in mice, we next assessed molecular and histologic characteristics attributed
to features of inflammation in the bladder. These included accumulation of TNF-a in bladder
tissues, activation of the JNK signaling pathways, as well as change in bladder thickness. We found
that mice instilled with LPS had significantly increased activation of JNK signaling compared to
control. (Fig. 10A) By injecting of THX-B in LPS mice, the ratio of pJNK/INK was significantly
returned to control levels. (Fig. 10A) On the other hand, there was no difference in the expression
of TNF-a levels in bladder tissues across the groups (Fig. 10B). We next observed that the ratio
of mucosal/detrusor layer length of LPS mice was significantly higher compared to control.

Concomitant addition of THX-B in these mice then partially decreased this ratio.
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Discussion

In this chapter, we were successful in showing that p75NTR plays a physiological function in
inflammation of the bladder. Furthermore, our findings indicate that this receptor also directly
interplay at the molecular level with TLR4 signal transduction to have deleterious impact on

bladder morphology.

We have found that blockage of p75NTR effectively prevents the activation of JNK signaling in
bladder tissues after acute exposition to LPS. Activation of JNK in response to damaging
stimulation is in line with previous reports that have shown similar finding using different models
of cystitis (Klinger and Vizzard 2008; Zhao et al. 2016). Our experiment further reveals that the
onset of this molecular cascade emerges from an interaction between the receptor of proNGF and
LPS. Assuming that this reflects our previous finding in vitro, where SMC have increased JNK
activity in response to LPS, the activation of p75NTR may be involved in differentiation of SMC
from a contractile phenotype to a migratory and proliferative phenotype. Some studies have
indicated that the JNK effector also enhances collagen production and proliferation of SMC after
tissues injuries, the outcomes of which is associated with hypertrophy and hyperplasia of the
bladder (Xiao et al. 2012; Mossa, Galan, et al. 2020b). Until now, it is difficult to validate this
concept, but more work investigating the effect of p75-induced JNK signaling on detrusor muscle

function could address this avenue.

We also detected that detrusor muscle strips having intact mucosal layer had partially decreased

contraction efficacy to EFS stimulation after blockage of p7SNTR without cystitis. EFS is used to
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depolarizes cholinergic and purinergic neurons secreting acetylcholine (ACh) and ATP(White et
al. 2015). Given there was no change in contractions with KCl and carbachol, a pharmacological
analog of ACh, we believe that desensitization of the detrusor muscle to purinergic stimulation is
a function that p7SNTR modulates in the bladder. A potential mechanism could involve the
inhibition of P2X3, a purinergic receptor expressed on sensory nerves and urothelial cell in mice
and rats.(Ferguson et al. 2015) One study has shown that antagonism of P2X3 reduces purinergic
response of SMC to EFS stimulation, while not changing contraction to Ach (Ferguson et al. 2015).
Future work should focus on examining change in purinergic regulation of p75SNTR to clarify its

underlying mechanisms in contractile function.
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Figure 8. Pelvic pain response of mice to von Frey filaments of increasing forces.
Frequency of pain response observed in mice at baseline (A) and after 24h (B) post-instillation of 100uL. LPS (Img/mL) with or

without i.p. injection of 100 pL THX (0.5mg/mL). Mice were stimulated 10 times per filament forces between 0.04—4g. Mean = SEM,

N=5/group, two-way ANOVA with post-hoc Bonferonni (*P < 0.05, **P <0.01, ***P < 0.001).
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Figure 9 Contractile response of mouse bladder strips to carbachol, KCI and EFS stimulation.

Contraction of bladder strips from mice after 24h instillation of 100 pL LPS (1mg/mL) for 1h, with or without i.p. injection of 100 pL
THX-B (0.5 mg/mL). (A) Kill curve of the dose-response to carbachol 3 nM—100 uM. (B) Graph bars of the ECso values to carbachol.
(C) Graph bars of the contractile response to electrical field stimulation 1-32 Hz. (D) Graph bars of the contractile response to 60 mM
KCI. Force is represented as the ratio of the tension in gram to the bladder strip weight in gram. Mean + SEM, N=7/group, ECso values
of each experiment was determined with the F-test for non-linear regression. one-way ANOVA and two-way ANOVA with post-hoc

Bonferonni (*P < 0.05, **P <0.01, ***P< 0.001; #P < 0.05, ##P < 0.01, #P < 0.001 vs CTL)
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Figure 10. Voiding patterns in mice with or without cystitis and THX-B treatment.
(A) Number of urine spots, (B) mean volume per spot and (C) total voided urine volume in mice
performing voiding-spot assay for 4h before and 24h after surgery. Mean + SEM, N=4/group. One-

way ANOVA with post-hoc Bonferonni (*P < 0.05, **P <0.01, ***P<0.001)
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Figure 11. Bladder characteristics with or without cystitis and THX-B treatment.

(A) Quantification of the bands density observed by Western blotting for JNK and pJNK in bladder tissues at 24h post-treatment (N=6-
8 mice/group). (B) Quantification of the concentration of TNF-a detected by ELISA kit assay in bladder tissues at 24h post-treatment.
(N=6-8 mice/group) (C) Quantification of the length of the mucosal and detrusor muscle layers and total bladder section at 24h post-

treatment (N=1-2 bladders/group). One-way ANOVA with post-hoc Bonferonni (*P < 0.05, **P < 0.01)

73



Chapter VI. Conclusion

In conclusion, adopting an aetiological-based research perspective opens the path to new potential
mechanisms by which previous conditions such as acute bacterial cystitis activate onset of IC/PBS
symptoms that would otherwise be screened and treated more efficiently early. Potential
aetiologies found in the epidemiological literature deserve more attention for the molecular effects
they have on bladder physiology over time and on therapy responses. Here, an association between
bacterial cystitis and IC/PBS is strongly suggested through an interplay between the receptor
p75NTR found in many bladder disorders and early activation of receptors TLR4. This connection
is worth further investigations as an indicator of sustained inflammatory response potentially

leading to IC/PBS symptoms.

The detrimental role of p7SNTR on bladder dysfunction has been previously demonstrated in
diabetes mellitus and spinal-cord injury. It engages TNF-a production in urothelial cells and
proliferation of smooth muscle cells through NF-kB after several weeks in mice with diabetes
mellitus. The increased of TNF-a levels expected here as well with insult of LPS was found in
vitro but not in vivo, a difference that might be attributable to a mechanism that develop over a
longer period of time and for which our acute model of cystitis was unsuited for. Indeed, mice
used here were sacrificed within a week and induced with acute cystitis only. Therefore, an

interplay between p75SNTR and TLR4 on TNF-a expression over time should be investigated.

We found a TLR4/TRAF6/JNK/NF-kB signaling interplay in vitro that was formed in smooth

muscle cells and translated in vivo through increased activation of JNK signaling. Early activation
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of TLR4 seem to activate p7SNTR through the TRAF6 adaptor binding its death domain, leading
to phosphorylation of JNK in detrusor muscle cells and early increase in bladder thickness. The
individual role that each component of the TLR4/TRAF6/JNK/NF-kB axis plays in detrusor
muscle dysfunction, especially in relation to IC/PBS symptoms, is unclear but should be
investigated specifically. Yet, it is clear from our study that p75SNTR antagonism holds sufficient

potency to block its deteriorating effects on bladder function and structure.
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