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ABSTRACT 

 
Bacterial cystitis (BC) belongs to the family of urinary tract infections (UTIs) and 

represents one of the most common types of infections. BC occurs when uropathogenic bacteria, 

mainly Escherichia coli (UPEC), enters the bladder. While these infections are typically 

manageable with antibiotic therapy, painful symptoms may persist. Beta-caryophyllene (BCP), is 

found in plants such as Cannabis sativa and has well described local anesthetic, anti-bacterial 

and anti-inflammatory activity, the latter mediated through interactions with the cannabinoid 

type 2 receptor (CB2R).  

 In a murine model of BC, BCP treatment significantly reduced bacterial growth, 

demonstrated analgesic effects, and reduced bladder inflammation. In vitro experiments in 

UPEC-infected bone marrow derived macrophages and bladder epithelial cells further 

demonstrated the antibacterial activity of BCP.  

 Our results suggest that BCP has potential as a novel adjunct treatment for the 

management of BC as it is able to reduce bacterial growth, pain and inflammation in 

experimental BC. 
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Chapter 1: Introduction 

 

1.1. Bacterial Cystitis 

 

1.1.1. Definition, Epidemiology and Symptoms 

 

Bacterial cystitis (BC) belongs to the urinary tract infections (UTIs) and is among the 

most common bacterial infections affecting 150 million people worldwide each year (McLellan 

& Hunstad, 2016). UTIs consist of infections of the urethra, bladder and kidneys (Grimes & 

Lukacz, 2011). BC can occur in both men and women, but is traditionally considered a disease of 

women, among whom 50% will be affected during their lifespan (Foxman, 2014). Women are 

particularly susceptible as the vaginal cavity and rectal opening are close to the urethral opening. 

Movement of bacteria from these unsterile environments into the urinary tract is enhanced by 

manipulation, sexual activity, and urinary catheter insertion. Upon entering the urethra, bacteria 

are more likely to ascend to the female bladder than the male bladder as a result of shorter 

urethral length (Foxman, 2014).  

BC can be categorized as simple or complicated. Simple BC occurs in young, healthy, 

non-pregnant women with no anatomical abnormalities. Whereas complicated BC occurs in 

males, pregnant women, those with anatomic abnormalities, urinary catheters, stents or tubes and 

those undergoing chemotherapy, presenting with immunosuppression and/or exposed to 

urological procedures. Complicated BC can be caused by drug-resistant pathogens and is 

therefore more likely to require longer courses of antibiotic treatment. Furthermore, complicated 

BC can lead to infection of the upper urinary tract (i.e., kidney infections) (Dubbs & 

Sommerkamp, 2019).  

In non-diseased state, urine is sterile along the urinary tract. The urinary tract system is 

able to maintain sterility through its constant unobstructed forward flow of urine which flushes 
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the system. Abnormalities in anatomy or function of the urinary tract which disrupts this flow 

can allow bacteria colonizing the urethral opening to enter the system and ascend into the 

bladder, causing infection. Symptoms of BC occur when the host response is engaged. 

Engagement increases in those who are unable to urinate frequently, empty their bladder 

completely or are immunocompromised (Foxman, 2014). The most commonly reported 

symptoms of BC include frequency, urgency, and dysuria. Among postmenopausal women, the 

elderly and children, suprapubic pressure, malaise, nocturia, incontinence and foul-smelling 

urine may also present. BC, however, is not always symptomatic. Asymptomatic bacteriuria is a 

condition where patients have high levels of urinary bacteria without the traditional symptoms of 

BC such as suprapubic pain, frequency, urgency and dysuria (Hannan et al., 2012). This 

condition commonly occurs in the elderly, pregnant, young and diabetic women (Nicolle et al., 

2005). 

 Approximately 25% of women who experience BC will suffer a recurrent UTI within 6 

months of the initial episode (McLellan & Hunstad, 2016). Women with frequent reoccurrences 

are more likely to have maternal history of cystitis and a childhood history (Scholes et al., 2000). 

Frequent or recent sexual intercourse is a common risk factor for BC. The odds of acute cystitis 

during the 48 hours after sexual intercourse increase by a factor as great as 60. Furthermore, 

exposure to spermicidal agents increases the risk of infection by Escherichia coli or 

Staphylococcus saprophyticus by a factor of two to three. Among elderly women, the risk of 

urinary tract infection increases with age and debility, especially in those with conditions 

associated with impaired voiding or poor perineal hygiene (Fihn, 2003). Lastly, genetic factors 

such as specific blood group antigens and secretor state have been associated with recurrent UTI. 
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Women of blood groups B and AB are significantly more susceptible to recurrent in comparison 

to other types (Kinane et al., 1982).  

1.1.2. Microbiology – Causative Agent 

 

Bacteria colonizing the urinary tract do not generally cause disease, as the host has 

effective methods, such as urination, for rapidly removing bacteria from the system (Foxman, 

2014).  Pathogens that contribute to BC usually originate from the gastrointestinal tract. 

Uropathogens from the fecal flora commonly colonize the vaginal opening and ascend the 

urethra to the bladder (Grimes & Lukacz, 2011). Bacteriuria is traditionally defined as the 

presence of bacteria in the urine, at least 105 cfu/mL on culture (Dubbs & Sommerkamp, 2019).  

Uropathogenic Escherichia coli (UPEC) are the most common cause of bacterial cystitis in all 

settings (Foxman, 2014). In premenopausal women, Escherichia coli is responsible for 70 to 90 

percent of acute cystitis (Fihn, 2003). Staphylococcus saprophyticus accounts for 5 to 15 percent 

of cases and is mainly found in younger women. Enterococci and aerobic gram-negative rods, 

such as Proteus mirabilis and Klebsiella species account for the remainder of cases, which are 

mainly involved in catheter-associated and hospital-acquired BC (Fihn, 2003).  

UPEC utilize a variety of virulence factors in order to colonize the bladder. UPEC 

isolates are able to invade epithelial cells and proliferate intracellularly forming intracellular 

bacterial communities (IBCs). IBCs are bacterial reservoirs protected from phagocytosis and 

neutralizing antibodies (Aguiniga, Yaggie, Schaeffer, & Klumpp, 2016).  Furthermore, iron 

acquisition is critical for UPEC survival. The urinary tract is an iron-limited environment; 

therefore, IBC UPEC have developed mechanisms to acquire iron. UPEC strains produce 

siderophores, small molecule iron chelators, to scavenge ferric iron. In urine samples from 

women with cystitis, genes involved in siderophore production and iron acquisition were the 
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most highly expressed virulence determinants and UPEC isolates produced siderophores that are 

not synthesized by most non-pathogenic fecal E. coli strains, suggesting horizontally acquired 

genes (Hagan, Lloyd, Rasko, Faerber, & Mobley, 2010). Type 1 and P pili are key components 

of UPEC’s ability to colonize and infect the urinary tract. Pili are protruding fibers on the 

bacterium which act as an anchoring mechanism allowing UPEC to adhere to their target 

receptor. Adhesion by type 1 and P pili is strengthened by the quaternary structure of their rod 

sections which provides mechanical resistance against urine flow. These adhesions appear to be 

adapted to the bladder environment allowing for maximum colonization of bacteria (Lillington, 

Geibel, & Waksman, 2014). Lastly, bacterial cell surface virulence factors such as flagella, 

capsular lipopolysaccharide (LPS) and outer membrane proteins are important virulence factors 

enabling bacteria to colonize the urinary tract. UPEC isolates from women with acute or 

recurrent UTIs show the presence of flagellum-mediated motility. Flagella also play a role during 

biofilm formation, aiding in adherence, maturation and dispersal (Terlizzi, Gribaudo, & Maffei, 

2017).  

1.1.3. Therapies and Outcomes 

 

Trimethoprim-sulfamethoxazole (TMP-SMX) is the drug treatment of choice for 

uncomplicated cystitis in women (Fihn, 2003). Three-day therapy with antibiotics provides 

similar eradication rates and a lower incidence of side effects compared to longer therapy (i.e., 

seven to ten days). Patients who require longer regiments include pregnant women and those 

with symptoms lasting over a week.  Treatment with either TMP-SMX or fluoroquinolones for 

three days have shown to result in an eradication rate greater than 90% in those with 

uncomplicated cystitis (Jancel & Dudas, 2002). However, antimicrobial resistance among 

uropathogens has been increasing to both TMP-SMX and fluoroquinolones (Critchley, Nicole 
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Cotroneo, Pucci, & Rodrigo Mendes, 2019). More recently, fosfomycin has been recommended 

as a first-line antibiotic for treatment of lower urinary tract (LUT) infections. Fosfomycin has a 

clinical efficacy rate of 91%. However, is likely less effective than TMP-SMX treatment. It has 

low collateral damage and good resistance profile. Therefore, it is a valuable first line antibiotic, 

especially in regions where local resistance rates to TMP-SMX are >20% (Chu & Lowder, 

2018), Unless pregnant, those presenting with asymptomatic bacteriuria are not typically treated 

as they can often clear the bacteria without antimicrobials (Hooton et al., 2000). In addition to 

rise of multidrug-resistant uropathogens, antibiotics fail to eliminate a recurrence. The unmet 

need of effective therapy calls for novel approaches to this disorder. 

Cranberry products in the form of juice or tablets are widely used and self-administered 

for the prevention of UTIs. No definitive mechanism of action has been established for cranberry 

products in the prevention of BC. It has been suggested that cranberry prevents UPEC from 

adhering to uroepithelial cells that line the bladder. Two components of cranberries are 

responsible for this: fructose inhibits the adhesion of type 1 fimbriated E. coli while 

proanthocyanins (PAC) inhibits the adherence of p-fimbriated E. coli (Jepson, Williams, & 

Craig, 2012). Studies conducted by Singh et al. (2016) found that twelve weeks of receiving 

cranberry extracts, when compared to placebo, decreased bacterial adhesion. Furthermore, 

cranberry extracts were able to reduce urine pH and prevent UTI symptoms such as dysuria, 

bacteriuria and pyuria (Singh, Gautam, & Kaur, 2016). Furthermore, studies by Maki et al. 

(2016) and Takahasi et al. (2013) concluded that cranberry beverage is superior to placebo in 

terms of UTI prevention in women with a recent history of UTIs (Maki et al., 2016; Takahashi et 

al., 2013). These results suggest that cranberry products may function as UTI prevention in 

otherwise healthy women. However, the literature does report conflicting conclusions as these 
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studies are mainly directed towards healthy women with recurrent episodes. Further research 

must be done including participants from a wider population.  

Studies have also focused on the potential role of probiotics for UTI prevention and 

treatment. The vaginal microbiota is dominated by Lactobacillus species which are thought to 

prevent growth of potential pathogens by maintain a low pH (Lewis & Gilbert, 2020). 

Lactobacillus in the vagina may prevent colonization by pathogens such as E. coli. Women with 

lactobacilli-dominated microbiomes commonly carry less vaginal E. coli than those with low 

levels of lactobacilli (Gupta et al., 1998). Changes in the vaginal microbiota can be induced by 

antimicrobials, hormonal changes, menopause and contraceptive usage (Wawrysiuk, Naber, 

Rechberger, & Miotla, 2019).  Studies by Stapleton et al. (2011) conducted a double-blind 

placebo-controlled trial of Lactobacillus crispatus intravaginal suppository probiotic for 

prevention of recurrent UTI in premenopausal women. They found probiotic treatment reduced 

the frequency of recurrent UTIs by 50% (Stapleton et al., 2011). Similarly, studies by Beerepoot 

et al. (2012) compared the efficacy of treating women with recurrent UTIs with TMP-SMX or 

Lactobacillus rhamnosus and Lactobacillus reuteri. Both prophylaxes reduced the mean number 

of symptomatic UTIs after 12 months. However, in the antibiotic prophylaxis group, resistance 

to TMP-SMX, trimethoprim and amoxicillin had increased from between 20-40% to between 80-

95% in E. coli in the feces and urine within one month of therapy (Beerepoot, 2012).   

Overall, no conclusive evidence has been found for non-antibiotic approaches to treating 

and preventing UTIs. Antibiotics therefore remain the gold standard for the treatment of UTIs. 

However, increasing antimicrobial resistance has raised interest in researching novel treatment 

options. Non-antibiotics prevention and treatment options could be successful in avoiding 

antimicrobial resistance and are therefore of great importance.  
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1.2. Immune Response in Bacterial Cystitis  

1.2.1. Innate Immunity 

Innate immunity is able to generate an inflammatory response within minutes of pathogen 

exposure by detecting evolutionary conserved microbial components shared by large groups of 

pathogens, termed pathogen-associated molecular patterns (PAMPs). This response is primarily 

mediated through phagocytic immune cells such as macrophages and dendritic cells (DCs), 

which recognize PAMPs via germ line-encoded pattern recognition receptors (PRRs). Upon 

PAMP recognition PRRs signal to the host the presence of infection and trigger proinflammatory 

and antimicrobial responses. Pentraxins, a protein family that can function as soluble PRRs, is an 

important protein in assessing the severity of infection. The level of pentraxin-related protein 3 

(PTX3) in the urine during UTIs is associated with the severity of symptoms. Studies by Jaillon 

et al. (2014) demonstrated that PTX3 accelerates ingestion of bacteria and phagosome 

maturation in neutrophils. They found that PTX3 deficient mice had impaired clearance of UTIs 

and an increased UPEC-induced inflammatory response (Jaillon et al., 2014).  

Following PAMP activation, secretion of primary inflammatory cytokines by 

macrophages and DCs triggers recruitment of other leukocyte subpopulations. The recruitment of 

leukocytes into tissue occurs through the leukocyte adhesion cascade. This multi-step process 

begins when inflammatory cytokines and bacteria-derived peptides upregulate adhesion 

molecules on the endothelial luminal surface which work to capture floating leukocytes onto the 

surface of endothelial cells (ECs) of postcapillary venules. These interactions are mediated by 

selectins that promote the “rolling” of leukocytes on ECs. Slow rolling promotes contact between 

the leukocyte and ECs so that the leukocyte can be further activated by chemokines and other 

proinflammatory agents on the surface of ECs. Once leukocytes make contact with chemokines, 
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chemokine receptors on the leukocyte transduces signals that lead to the activation of integrins. 

Leukocyte integrins enable firm adhesion and arrest of leukocytes on the endothelial surface. 

Leukocytes bind to members of the immunoglobulin gene superfamily, intercellular adhesion 

molecules 1 and 2 (ICAM-1 and ICAM-2). Adherent leukocytes crawl to nearby endothelial 

borders in preparation for extravasation (Muller, 2013).  

The bladder epithelial cells (BECs) play an important role in the innate immune response 

of BC. Upon entering the bladder, UPEC first encounters BECs lining the urinary tract. BECs 

form a tight barrier and undergo reepithelialisation as a mechanism to reduce bacterial load in the 

bladder. BECs are replete with PRRs including toll-like receptor 4 (TLR4), a member of the 

TLR protein family. TLR4 recognizes gram-negative bacteria via the lipid A portion of LPS and 

induces the LPS-mediated inflammatory response. BECs use TLR4 as an autonomous defence 

system to sense and eject bacteria. TLR4 mobilizes the cellular trafficking machinery typically 

used to export hormones to instead export UPEC from infected BECs (Hayes & Abraham, 2016). 

Bacterial expulsion can be detected within minutes following infection and peaks at 4-hours post 

infection (Bishop et al., 2007). TLR4 activation can be seen soon after infection through a large 

secretion of Interleukin-6 (IL-6) which is detectable in the urine (Song et al., 2007). Secretion of 

IL-6 along with other inflammatory mediators result in a robust influx of immune cells to the 

epithelium. In addition to IL-6, BECs respond to UPEC by secreting IL-1 and IL-8 which leads 

to the recruitment of neutrophils into the infected bladder.  

The submucosa of the urinary tract contains a substantial population of macrophages, and 

more are recruited to the site, following infection. Macrophages produce cytokines and 

chemokines that modulate the activity of other immune cells in the bladder. CXC-chemokine 

ligand 1 (CXCL1) and macrophage migration inhibitory factor (MIF) are important chemokines 
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which recruit neutrophils to the epithelial region. Following recruitment, tumor necrosis factor 

(TNF) released from macrophages permits transepithelial migration of neutrophils. Crosstalk 

between bladder macrophages allows for efficient bacterial clearance while minimizing 

damaging inflammation (Schiwon et al., 2014). Large numbers of neutrophils are found in the 

urine of patients with UTIs, indicating that neutrophils are capable of breaking through the tight 

junctions between epithelial cells (Hayes & Abraham, 2016). Neutrophils are among the first 

immune cells to be recruited to the bladder following infection. They respond to CXCL1 and 

other chemoattractant produced by BECs, mast cells and macrophages. The number of 

neutrophils closely correlates to the bacterial burden in the urinary tract, as bacterial numbers 

decrease so do neutrophils. Activated neutrophils release reactive oxygen species and other 

cytotoxic products in order to kill invading microbes (Abraham & Miao, 2015). However, 

excessive neutrophil responses can cause inflammatory damage to the bladder tissue. In the 

bladder, mast cells are found in the detrusor muscle region in close proximity to blood and 

lymphatic vessels. They are capable of releasing pre-stored pro-inflammatory mediators such as 

TNF, histamines and chemokines. Mast cell-deficient mice show impaired neutrophil responses 

and decreased bacterial clearance, indicating an important role of mast-cell activation during 

infections (Abraham & Miao, 2015).  

BECs also release antibacterial agents which inhibit bacterial growth by eliminating 

bacterial growth factors in the urine. The neutrophil gelatinase-associated lipocalin (NGAL) 

protein, produced by 𝛼-intercalated cells, restricts bacterial growth by binding bacterial 

siderophores. Studies by Paragas et al. (2014) demonstrated that mice deficient in NGAL or 𝛼-

intercalated cells showed increased susceptibility to UPEC infection (Paragas et al., 2014). 

Furthermore, antimicrobial peptides (AMPs) play an important role in the innate immune 
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defence. BECs function as the initial source of AMPs but at a later stage, secretion of AMPs 

occurs mainly by recruited neutrophils. The uroepithelium expresses two main families of 

AMPs, the defensins (e.g. 𝛽-defensin 1) and cathelicidins (e.g., LL-37). LL-37 is constitutively 

expressed at low levels in urothelial cells. Rapid production and secretion of LL-37 by 

neutrophils and epithelial cells occurs upon bacterial presence to increase epithelial production 

(Nielsen et al., 2014). Chromek et al. (2006) found that clinical E. coli strains that were more 

resistant to LL-37 caused more severe UTIs, demonstrating the protective nature of cathelicidin 

(Chromek et al., 2006). Furthermore, LL-37 has been shown to have direct killing mechanisms 

towards E. coli (Johansson, Gudmundsson, Rottenberg, Berndt, & Agerberth, 1998). 𝛽-defensin 

1 is another AMP which mainly originates from kidney epithelial cells. However, both AMPs 

contribute to cytokine production and neutrophil recruitment in the bladder.  

 Upon activation of the immune system, immune cells evoke a robust immune response to 

recognize and destroy invading pathogens. Overexaggerated or prematurely terminated responses 

can both have detrimental effects on the host. Therefore, tightly controlled response consisting of 

innate immune cell crosstalk is necessary for a coordinated and effective response.  

1.2.2. Adaptive Immunity 

Unlike the wide-ranging innate immune response to BC, the adaptive immune response 

in the bladder tends to be limited. The majority of studies focus on the innate immune response 

in UTIs and therefore many adaptive immunity mechanisms remain unclear. UTIs that progress 

to kidney infections often lead to the production of specific antibodies however, not as much is 

known about infections confined to the bladder (Abraham & Miao, 2015). Studies by Thumbikat 

et al. (2006) used a murine model of UPEC-induced BC to demonstrate that transfer of serum or 

T cells from UPEC-infected animals is capable of initiating an adaptive immune response 
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through the activation and recruitment of B and T lymphocytes to the bladder in naïve mice. 

They found that cellular and humoral immune response peaked two weeks post infection. The 

cellular response was driven by Ag-specific activated T cells while the humoral was by Ag-

specific IgG and IgM antibodies in both the serum and urine (Thumbikat, Waltenbaugh, 

Schaeffer, & Klumpp, 2006). Furthermore, studies by Asadi Karam et al. 2013 have been able to 

show humoral and cell-mediated immunity through vaccine studies. A vaccine was created from 

flagellin FliC protein of Salmonella Typhimurium, which binds TLR5, and recombinant antigen 

of UPEC to enhance the protective immune response against the antigen. Immunized mice 

showed significantly higher humoral (IgG1 and IgG2a) and cellular (IFN-𝛾 and IL-4 immune 

response (Asadi Karam, Oloomi, Mahdavi, Habibi, & Bouzari, 2013). Lastly, a phase 2 clinical 

trial using a vaginal vaccine containing 10 heat-killed uropathogenic bacteria was done at the 

University of Wisconsin. Uehling et al. (2003) found that women who received primary 

immunization plus 5 booster doses remained free of infection for significantly longer than those 

who received placebo or only primary immunizations. Fifty-five percent of women who received 

6 immunizations did not experience an infection, compared to 89% of placebo treated women 

who had UTIs. However, the basis for this protection remains unclear as no specific increase in 

IgG or IgA levels in immunized subject was found (Uehling, Hopkins, Elkahwaji, Schmidt, & 

Leverson, 2003). These studies suggest that the urinary tract system is able to mount a protective 

adaptive immune response. An important question remains regarding the duration of protection 

in the urinary tract. Approximately 25% of women who experience BC will suffer a recurrent 

UTI within 6 months of the initial episode, despite having no underlying immune deficiency 

(McLellan & Hunstad, 2016). It is possible that the adaptive immunity generated in the urinary 
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tract is short lived. Further studies must be done in order to better comprehend the underlying 

mechanisms of the immune response in the urinary tract.   

1.3. The Endocannabinoid System 

 

1.3.1. Cannabinoid Receptors (CB1R & CB2R) 

 

The endocannabinoid system (ECS) is composed of cannabinoid receptors (CBRs), bioactive 

lipids (i.e. endocannabinoids) and enzymes responsible for synthesis and degradation of 

endocannabinoids. Cannabinoid type 1 receptors (CB1R) are the most abundant cannabinoid 

receptors, found primarily in the CNS. After the discovery of CB1R, cannabinoid type 2 

receptors (CB2R) were described in splenic macrophages. CB2R has been found to be 

predominantly expressed in immune cells and other peripheral tissues, including the liver, bone, 

reproductive system, adipose tissue, GI tract and cardiovascular system (Zou & Kumar, 2018). 

Both CB1R and CB2R are members of the G protein-coupled receptors (GPCRs) family. Their 

activation inhibits adenylyl cyclases and certain voltage-dependent calcium channels and 

activates mitogen-activated protein kinases (MAPK), inwardly rectifying potassium channels 

(Ibsen, Connor, & Glass, 2017). Activation of either cannabinoid receptor exerts a broad 

spectrum of physiological changes. CB1R is largely involved in aspects of central nervous 

activities and disorders such as appetite, depression, stroke, neurodegeneration, multiple 

sclerosis, epilepsy and addiction. CB1R also plays a role in conditions of the peripheral nervous 

system (PNS) including pain, inflammation, cancer, reproductive and cardiovascular functions 

and musculoskeletal disorders (Rhodes et al., 2017). CB1R have attracted wide interest as a 

mediator of psychoactive properties.  
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1.3.2. Cannabinoid Ligands and Enzymes 

 

There are five structurally distinct chemical classes of cannabinoid compounds: the 

classical cannabinoids (e.g., Δ9-THC, Δ8-THC- dimethylheptyl (HU210)); bicyclic cannabinoids 

(e.g., CP-55,940); indole-derived cannabinoids (e.g., WIN 55212-2); eicosanoids (e.g., 

anandamide, 2-AG) and antagonist/inverse agonists (e.g., SR141716A for CB1R, SR145528 and 

AM630 for CB2R) (Howlett & Abood, Mary, 2017). Some agonists show little selectivity 

between CB1R and CB2R receptors. However, antagonist compounds are usually highly 

selective, allowing for discrimination of CB1R vs. CB2R-mediated effects. The classical 

cannabinoids are dibenzopyran derivates. Δ9-THC is the main psychoactive constituent of 

cannabis. HU-210 is a synthetic analog of Δ8-THC, with a higher affinity for CB1R and CB2R 

and a higher potency and relative intrinsic activity as a cannabinoid receptor agonist than Δ9-

THC. The bicyclic analogs of Δ9-THC lack a pyran ring. CP55,940 is a well-known member of 

this group and has been found to have slightly lower CB1R and CB2R affinities, compared to 

HU-210. Indole-derived cannabinoids have structures that differ markedly from the previously 

mentioned groups. WIN 55212-2 is the most studied indole-derived cannabinoid. WIN 55212-2 

is similar to HU-210 and CP55,940 as it has intrinsic activity at both CB1R and CB2R. 

However, unlike these cannabinoids it has been found to have slightly higher CB2R than CB1R 

affinity. The two main endocannabinoids in the eicosanoid group are N-

arachidonoylethanolamide (anandamide/AEA) and 2-arachidonoylglyverol (2-AG). These are 

the primary endogenous ligands that bind and activate CB1R and CB2R. Anandamide and 2-AG 

are both synthesized on demand, in response to elevations of intracellular calcium (Pertwee et 

al., 2010). 
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Anandamide is rapidly hydrolyzed in the CNS by fatty acid amide hydrolase (FAAH) 

(Cabral, Rogers, & Lichtman, 2015). Additionally, anandamide can be degraded via oxidation by 

cyclooxygenase-2 (COX-2). COX-2 is reasonably selective for anandamide over other acyl 

ethanol amides, so its inhibition allows for a more selective way to increase anandamide 

concentrations. Lastly, anandamide degradation can occur via N-acylethanolamine-hydrolyzing 

acid amidase (NAAA) (Hermanson, Gamble-George, Marnett, & Patel, 2014). 

2-AG degradation is primarily due to monoacylglycerol lipase (MAGL) and alpha/beta domain 

hydrolases 6 and 12 (ABHD6 and 12). Enzymes that degrade 2-AG have different subcellular 

localization which allows for degradation of 2-AG in different cellular compartments. MAGL is 

widespread within the CNS and accounts for the majority of 2-AG degradation in the brain. 

ABDH6 is primarily localized to dendrites and dendritic spines of excitatory neurons in the 

cortex. Lastly, ABDH12 is involved in the hydrolysis of 2-AG in the brain. 

 The last chemical class of cannabinoid compounds is the antagonist/inverse agonists 

group. The development of CB1R and CB2R antagonists is of particular importance as they have 

been used as a tool for exploring the physiological functions of endocannabinoids. However, 

antagonists developed to date including the CB1R antagonist SR141716 and the CB2R 

antagonists SR145528 and AM630 have inverse agonist properties. Therefore, their effects 

cannot entirely be concluded as reversal of the tonic action of an endocannabinoid (Pacher, 

Bátkai, & Kunos, 2006).  

1.3.3. CB2R Involvement in Immune Response  

 

As previously mentioned, CB2R is highly expressed by immune cells such as 

macrophages, lymphocytes, and mast cells. In humans, the highest to lowest immune cell 

populations expressing CB2R are B cells > natural killer (NK) cells > macrophages > 
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polymorphonuclear cells > CD4 T cells > CD8 T cells (Galiègue et al., 1995).  CB2R is involved 

in the immune response, regulating the inflammatory processes by enhancing apoptosis, 

suppressing immune cell activation, pro-inflammatory mediator release (e.g., cytokines, ROS, 

nitric oxide) and immune cell proliferation. CB2R expression changes are dependent on the 

activation status of different immune cell populations, highlighting the immunomodulatory role 

of the cannabinoid system.  In vitro, the endocannabinoid, 2-AG, has be shown to induce the 

migration of human monocytes, neutrophils, and NK cells. In all studies, the effects of 2-AG 

were reverse by the CB2R-selective antagonist SR144528 demonstrating that immune cells 

migrate in response to 2-AG in a CB2R-dependent manner (Kishimoto et al., 2003, 2005; 

Kurihara et al., 2006). Additionally, studies by Sardinha et al. (2014) explored the effects of 

modulating the CB2R pathway using HU308, a CB2R agonist. HU308 reduced the number of 

adherent leukocytes in a murine model of sepsis, while AM630, a CB2R antagonist maintained 

the levels of adherent leukocytes (Sardinha, Kelly, Zhou, & Lehmann, 2014).  

The endocannabinoid, 2-AG, has been shown to decrease inflammatory cell recruitment 

and enhance anti-inflammatory cytokine production in numerous experimental models. Studies 

using experimental autoimmune encephalomyelitis (EA) to model multiple sclerosis (MS) 

examined the effects of 2-AG treatment on the inflammatory response. It was shown that 

expression of both CB1R and CB2R were increased in the 2-AG-treated acute EAE mice 

compared to EAE control mice. Furthermore, 2-AG treatment potentiated a qualitative change of 

the inflammatory process, increasing microglial population and M2-shifting of inflammatory 

macrophages/microglia activating them towards a neuroprotective phenotype within the 

inflammatory environment (Lourbopoulos et al., 2011). Additionally, studies examining the role 

of MAGL, the main enzyme responsible for the inactivation of 2-AG, have been done to further 
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characterize the anti-inflammatory role of 2-AG. Studies by Comelli et al. (2007) used URB602, 

a MAGL inhibitor in a murine model of inflammation. URB602 administration elicited a dose-

dependent anti-edemogen effect that was reversed by the CB2R antagonist SR144528 (Comelli, 

Giagnoni, Bettoni, Colleoni, & Costa, 2007). Similarly, studies using the MAGL inhibitor 

JZL184 have shown ability to decrease leukocyte migration as well as cytokine/chemokine levels 

and adhesion molecule expression in bronchoalveolar lavage fluid in a mouse model of acute 

lung injury. Furthermore, all anti-inflammatory effects were blocked by the CB2R selective 

antagonist, AM630 (Costola-de-Souza et al., 2013). The ability of MAGL inhibitors to prevent 

the inflammatory process alone but not in the presence of CB2R antagonists highlights the role 

of CB2R activation by 2-AG in modulating inflammation. 

The endocannabinoid, AEA, is present at very low levels and has a short half-life due to the 

action of FAAH. Anti-inflammatory effects of AEA have been shown including its ability to 

inhibit the release of NO and TNF-𝛼 and decrease IL-6 production in LPS-stimulated astrocytes 

(Molina-Holgado, Molina-Holgado, & Guaza, 1998; Molina-Holgado, Molina-Holgado, Guaza, 

& Rothwell, 2002). Similarly, studies by Ortega-Gutiérrez et al. (2005) examined the effects of 

anandamide uptake inhibition on the production of nitric oxide (NO) and the release of 

cytokines. It was found that the selective anandamide uptake inhibitor, UCM707, is able to 

reduce the production of TNF-𝛼, IL-6, IL-1𝛽 and NO release in LPS-stimulated astrocytes. 

Additionally, these results were shown to be reproduced with administration of the synthetic 

agonist, HU210 (Ortega-Gutiérrez, Molina-Holgado, & Guaza, 2005). Furthermore, studies 

using the FAAH inhibitor, URB497, in a rat model of LPS-induced inflammation found that 

increased AEA levels attenuated the LPS-induced increase in IL-1𝛽 and IL-10 (Kerr et al., 

2012).  



 17 

1.3.4. CB2R Involvement in Pain  

 

The role of the CB2 receptor in pain is of particular interest as CB2R agonists show 

potential to treat acute pain without CNS side effects. The antinociceptive effects of CB2R 

agonists have been proposed to exert their effects via inhibition of inflammatory cells in the 

periphery, suppressing the production of proinflammatory cytokines and reducing painful 

behaviours in wide range of animal pain models (Shang & Tang, 2017). CB2R agonists have 

been considerably studied in inflammatory hyperalgesia. Intrapaw administration of AM1241 

has been shown to reverse the increase in paw volume associated with carrageenan-induced paw 

edema. This inhibitory effect was completely blocked with AM630 administration. Additionally, 

local administration of AM1241 produced antinociception to thermal stimuli (Quartilho et al., 

2003). Studies have also been done testing CB2R involvement in antinociception using mice 

lacking CB2R receptors, CB2-/-. AM1241 inhibited nociception in CB2+/+ mice but had no effect 

in CB2-/- mice. These results complete previous studies and reinforce the idea that activation of 

the CB2R via AM1241 has antinociceptive activity (Ibrahim et al., 2006). Similarly, studies by 

Hanus et al. (1999) found that HU-308, a CB2R specific agonist, reduced both inflammation and 

pain behavior in a murine model of arachidonic acid-induced ear swelling. These analgesic 

effects were partially blocked by the CB2R antagonist, SR-144528, but not by the CB1R 

antagonist, SR-141716A (Hanuš et al., 1999).    

The role of the CB2R in pain modulation has also been studied using SR144528, a highly 

selective CB2R inverse agonist. SR144528 injection into the hind paws of mice was shown to 

prolong and enhance the pain behaviour associated with formalin tissue damage (Calignano, 

Rana, Giuffrida, & Piomelli, 1998). 
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Studies using CB1R knockout mice have further suggested the antinociceptive activity of 

CB2R activation. Δ9-THC interacts with both CB1R and CB2R, having a higher affinity for 

CB1R.  Studies by Zimmer et al. (1999) measured nociceptive responses to acute pain using the 

tail-flick test in CB1-/- mice. Δ9-THC induced analgesic effects in the tail-flick test in both 

knockout and wild-type mice, demonstrating that Δ9-THC has analgesic action mediated by the 

CB2R. Furthermore, Δ9-THC produced catalepsy, hypothermia or hypomobility in wild-type 

mice but not in knockout mice, suggesting that these negative actions are mediated by CB1R 

alone (Zimmer, Zimmer, Hohmann, Herkenham, & Bonner, 1999).  

Additionally, it has been shown that cannabinoids can interact synergistically with opioid 

receptors to produce analgesic effects. It has been shown that the CB2R agonist, AM1241, 

stimulates 𝛽-endorphin release from rat skin tissue and cultured human keratinocytes. 

Additionally, stimulation of endogenous opioid release was reversed by AM630 suggesting that 

CB2R activation acts on local μ-opioid receptors to inhibit nociception (Ibrahim et al., 2005).  

1.4. Terpenes - Beta-Caryophyllene  

 

1.4.1 Overview  

 

Terpenes are the primary constituents of essentials oils and are responsible for the aroma 

of many plants, fruits and herbs. Terpenes are hydrocarbons with small isoprene units linked to 

one another forming chains. These lipophilic volatiles are able to freely cross cellular membranes 

(Sommano, Chittasupho, Ruksiriwanich, & Jantrawut, 2020). Cannabis is interesting for terpene 

research as diverse terpenes have been identified in the plant (Booth & Bohlmann, 2019). The 

terpene, beta-caryophyllene (BCP) has been of particular interest recently due to its dietary 

availability and safety, holding Food and Drug Administration (FDA) approval for food use and 

granted GRAS (Generally Recognized as Safe) status. BCP is a sesquiterpene prominent in many 
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cannabis strains as well as in other plants such as oregano, cinnamon, and black pepper. BCP 

selectively binds to the CB2R with an inhibitory constant Ki of 155 ± 4 nM and lacks binding 

activity to the human CB1R (Scandiffio et al., 2020).  

Activation of CB2R by BCP leads to cellular activation and anti-inflammatory effects, activating 

the Gi/o 𝛼 -subunit inhibits adenylate cyclase thereby inhibiting cyclic adenosine monophosphate 

(cAMP) stimulation and activating phospholipase C, determining calcium release from inositol 

triphosphate (IP3), increasing intracellular levels of the of Ca2+(Francomano et al., 2019). 

Furthermore, BCP has shown to increase phosphorylation of MAP kinase p38 and extracellular 

receptor kinases 1/2 (Erk1/2) (Gertsch et al., 2008).  

1.4.2. Anti-Inflammatory Action of Beta-Caryophyllene  

 

Beta-caryophyllene has been shown to have anti-inflammatory properties both in vivo 

and in vitro. Studies by Zhang et al. (2021) found phosphorylated levels of p38 MAPK, ERK and 

JNK were reduced by 85%, 90% and 75%, respectively in LPS challenged BMDMs pre-treated 

with BCP. Additionally, using an in vivo model of LPS-induced acute lung injury they found that 

BCP reduced mRNA levels of IL-6, IL-1𝛽 and TNF-𝛼 by approximately 50% (Zhang, Zhang, 

Li, Wang, & Qian, 2021). Similarly, BCP has been shown to decrease levels of pro-

inflammatory cytokines, IL-6 and IL-1𝛽, and inflammatory mediators, iNOS and COX-2, in 

doxorubicin-injected rats compared to control rats (Al-Taee et al., 2019). These results were 

further supported in studies using a murine model of rotenone-induced Parkinson disease. Both 

studies found that BCP attenuates levels of pro-inflammatory cytokines, IL-6, IL-1𝛽 and TNF-𝛼, 

and inflammatory mediators, COX-2 and iNOS (Javed, Azimullah, Haque, & Ojha, 2016; Ojha, 

Javed, Azimullah, & Haque, 2016). Studies by Javed et al. (2016) went further providing 

evidence that neuroprotective effects are CB2R mediated, finding that pre-treatment with 
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AM630 significantly diminished the beneficial effects of BCP on pro-inflammatory cytokines 

and inflammatory mediators (Javed et al., 2016).  

BCP has also shown cytoprotection towards the central nervous system, modulating the 

redox state and inflammation. Upon binding to CB2R, BCP stimulates nuclear factor-erythroid 2 

related factor 2 (Nrf2), a transcriptional factor stimulated by oxidative stress. Nrf2 increases 

genes involved in cell survival and the reduction of the inflammatory process (Francomano et al., 

2019). In a murine neurodegenerative model of MS, BCP was shown to significantly reduce the 

infiltration of inflammatory cells in the CNS and reduce levels of IFN-𝛾, TNF-𝛼 and IL-17 

(Fontes et al., 2017). IFN-𝛾 and TNF-𝛼 are cytotoxic and may provoke tissue injury therefore 

reducing secreted levels of these mediators plays an essential role in mitigating the effects of 

inflammation.  

1.4.3. Anti-Bacterial Action of Beta-Caryophyllene 

 
 In addition to the anti-inflammatory effects of Beta-caryophyllene, recently BCP has 

been shown to have antibacterial activity against both Gram-negative and Gram-positive bacteria 

such as Escherichia coli and Bacillus cereus (Dahham et al., 2015). Studies by Yoo et al. (2018) 

found that BCP significantly inhibited the growth of Streptococcus mutans and reduced the 

formation of S. mutans biofilm (Yoo & Jwa, 2018) . Research has also shown BCP to inhibit the 

growth of Helicobacter pylori both in vivo and in vitro (Jung et al., 2020; Woo et al., 2020). In a 

mouse model of H. pylori infection, BCP dose-dependently decreased bacterial levels in the 

gastric mucosa of experimental animals. Additionally, bactericidal activity was accompanied by 

a significant reduction in H. pylori-induced inflammation compared to untreated mice (Jung et 

al., 2020). The mechanisms behind BCPs antibacterial activity remain largely unknown. 

However, in vitro studies on H. pylori reveal potential methods of action. H. pylori has many 
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known virulence factors associated with its pathogenesis. Cytotoxin-associated protein A (CagA) 

is an immunogenic protein injected into host cells which once translocated to the nucleus, 

dysregulates the homeostatic signal transduction of gastric epithelial cells. Additionally, 

vacuolating cytotoxin A (VacA) protein is known as a pore-forming secreted toxin that once 

translocated to the host cells, leads to cellular alterations including cell death. Studies by Woo et 

al. (2020) found that BCP inhibited CagA and VacA protein translocation into infected cells. To 

further investigate this finding, they then studied the effect of BCP on H. pylori mRNA and 

protein expression finding that that BCP downregulated mRNA and protein levels of both CagA 

and VacA (Woo et al., 2020). Studies have also investigated BCP’s mechanisms of anti-bacterial 

action on Bacillus cereus, finding that BCP increases membrane permeability leading to 

intracellular content leakage and cell death (Moo et al., 2020).  

1.5. Hypothesis 

 

BCP treatment is beneficial in an acute model of experimental BC by providing anti-

inflammatory and analgesic effects, based on its activity on CB2R and local anesthetic 

properties. Furthermore, administration of BCP in experimental BC will reduce bacterial growth 

- both in vitro and in vivo. 

1.6. Study Objectives  

 

The objective of the study was to examine the therapeutic potential of the CB2R agonist, 

BCP, in cellular and murine models of acute bacterial cystitis.  

First, a pilot study was performed in order to characterize the development of infection 

after intravesical administration of UPEC in mice. The focus here was to ensure that intravesical 

administration of UPEC was an effective method of modeling bacterial cystitis and did not lead 

to the development of an upper urinary tract infection nor a systemic infection. Therefore, it was 
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first aimed to confirm bacterial burdens within the bladder unaccompanied by infection within 

the kidney and spleen tissues.  

Once the model of bacterial cystitis was established it was used to assess the potential 

analgesic and anti-inflammatory properties of BCP comparing its efficacy to that of the FDA 

approved standard-of-care antibiotic, Fosfomycin, both alone and in combination. We aimed to 

study changes in pain and behaviour by von Frey aesthesiometry and behavioural assessment and 

evaluated anti-inflammatory effects through intravital microscopy (IVM) of the bladder 

microcirculation. To further explore the anti-inflammatory properties of BCP treatment we 

analyzed histological changes and cytokine levels in the bladder tissue of UPEC-infected mice.  

In order to evaluate CB2R-dependent mechanisms of BCP treatment we then aimed to 

examine the analgesic and anti-inflammatory properties of BCP in the presence of the specific 

CB2R antagonist, AM630.  

Lastly, we aimed to study the interactions between UPEC and bone marrow derived 

macrophages from mice as well as human bladder epithelial cells with and without BCP 

treatment. The goal of this objective was to study the potential effects of BCP on the clearance of 

UPEC in vitro.  
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Chapter 2: Material and Methods 

2.1. Animal Models and Ethics Statement  

Female BALB/c mice (8-12 weeks old; 20-30g) were purchased from Charles River 

Laboratories International Inc. (Wilmington, MS) and housed in ventilated plastic cage racks in a 

pathogen free room at the Carleton Animal Care Facility (CACF), Faculty of Medicine, 

Dalhousie University, Halifax, NS, Canada. Animals were provided with a standard diet of 

rodent chow and water as libitum. Animals were kept on a 12-hour light/dark cycle at 21℃. Prior 

to experimentation, animals were acclimatized in the CACF for one week. All animal 

experiments were performed following guidelines and standards set forth by the Canadian 

Council on Animal Care and were approved by the Dalhousie University Committee on 

Laboratory Animals under protocols #19-024 and #21-032.  

2.2. Drugs and Reagents 

The drugs and reagents used in experiments were purchased from commercial suppliers. 

CFT073 Escherichia coli (Maryland, USA) was purchased from American Type Culture 

Collection. BCP and highly refined olive oil (low acidity) were purchased from Sigma-Aldrich 

(Oakville, ON, Canada). 1X sterile phosphate buffered saline (PBS) used as our BC control and 

AM630, the CB2R antagonist used in our studies were purchased from Thermo Fisher Scientific 

(Massachusetts, USA). Saline (0.9% Sodium Chloride Injection USP, B. Braun Medical Inc., 

Bethlehem, PA, USA) was purchased from an in-house supplier at the Sir Charles Tupper 

Medical Building.  

2.3. Inducing Spontaneous Rifampicin Mutations in Escherichia coli 

 
Rifampicin resistance was induced in CFT073 E. coli by subculturing E. coli in fresh 

nutrient broth with varying concentrations of rifampicin (Sigma Aldrich, Oakville, ON, Canada). 
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The highest concentration of rifampicin-stressed bacteria still showing growth was then selected 

and serially diluted in 1X D-PBS (Thermo Fisher Scientific, Massachusetts, USA). Serial 

dilutions were then plated on Tryptic Soy Agar plates (TSA; Millipore Sigma, Etobicoke, 

Ontario, Canada) containing 200 𝜇g/ml of rifampicin and left to incubate overnight at 37℃. Any 

colonies present following incubation are mutants. Mutant colonies were then isolated and 

serially passaged in between broth and plates containing rifampicin for 7 days to ensure mutant 

stability. Mutants were then preserved in a glycerol stock. 

2.4. Experimental Groups 

 Two experimental timelines were established for these experiments. UPEC instillation of 

50 μl (1-2x108 CFU/ml) occurred at T0 following the induction of anesthesia in all groups. 

Animals in the pilot studies received treatment (BCP or saline) at T0 immediately following 

UPEC instillation, given by intraperitoneal (IP) injection. Animals in the main and antagonist 

studies received treatment at T6, given by IP injection. Description of treatments are shown in 

Table 1.  
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Table 1: Description of experimental groups  

 

Group Name  Instillation and Treatment   

Group 1: SHAM (control) 

Pilot Studies 

50 μL PBS at T0 (instilled via catheterization) 

Saline at T0 (I.P.) 

Group 2: BC (control) 

Pilot Studies 

50 μL UPEC (1-2 X 108) at T0 (instilled via 

catheterization) 

Saline at T0 (I.P.) 

Group 3: BC + BCP (100 mg/kg) 

Pilot Studies 

50 μL UPEC (1-2 X 108) at T0 (instilled via 

catheterization) 

BCP (20mg/mL) at T0 (I.P.) 

Group 4: SHAM (control) 

Main Studies 

50 μL PBS at T0 (instilled via catheterization) 

Saline at T6 (I.P.) 

Olive oil at T6 (I.P.) 

Group 5: BC (control) 

Main Studies 

50 μL UPEC (1-2 X 108) at T0 (instilled via 

catheterization) 

Saline at T6 (I.P.) 

Olive oil at T6 (I.P.) 

Group 6: BC + BCP (100 mg/kg) 

Main Studies 

50 μL UPEC (1-2 X 108) at T0 (instilled via 

catheterization) 

BCP (20 mg/mL) at T6 (I.P.) 

Saline at T6 (I.P.) 

Group 7: BC + Fosfomycin (10 mg/kg) 

Main Studies 

50 μL UPEC (1-2 X 108) at T0 (instilled via 

catheterization) 

Fosfomycin (33.33 mg/mL) at T6 (I.P.) 

Olive oil at T6 (I.P.) 

Group 8: BC + Fosfomycin (10 mg/kg) + 

BCP (100 mg/kg) 

Main Studies 

50 μL UPEC (1-2 X 108) at T0 (instilled via 

catheterization) 

BCP (20 mg/mL) at T6 (I.P.) 

Fosfomycin (33.33 mg/mL) at T6 (I.P.) 

Group 9: BC + BCP (100 mg/kg) + AM630 

(2.5 mg/kg) 

Antagonist Studies 

50 μL UPEC (1-2 X 108) at T0 (instilled via 

catheterization) 

AM630 (2.5 mg/kg) at T5.5 (I.P.) 

BCP (20 mg/mL) at T6 (I.P.) 

Saline at T6 (I.P.) 
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2.5. Bacterial Cystitis Induction  

BC induction was conducted in a Biosafety cabinet (BSC) using appropriate aseptic 

technique. General anesthesia was induced using 5% isoflurane by inhalation. After the 

induction, anesthesia was reduced to 2% isoflurane and 1L/min oxygen by inhalation. The 

bladder was then manually emptied by applying pressure to the suprapubic region. Animals’ 

vaginal area was cleaned with an alcohol wipe and lubricated with warm saline. Sterile Vaseline 

(sterilized by UV light function of BSC for 30 minutes) was put on the catheter to provide 

lubrication and catheterization was performed at a 45-degree angle then changed to parallel when 

entry is secured. A transurethral catheter was made by inserting a 30G needle (0.3 mm x 13 mm, 

BD PrecisionGlide, Franklin Lakes, NJ, USA) into 4 cm of polyethylene tubing (PE10, inner 

diameter: 0.28mm, BD Intramedic, Sparks, MD, USA). All catheters were steam sterilized by the 

CACF prior to use. BC was induced by instilling 50 μL of the appropriately dilute (1-2x108) 

CFT073 Escherichia coli (American Type Culture Collection, Maryland, USA) or sterile 1X D-

PBS (Thermo Fisher Scientific, Massachusetts, USA) slowly over 10 seconds into the bladder. 

Treatments were given either immediately following BC induction (T0, pilot studies) or 6 hours 

later (T6, main and antagonist studies) via IP injection. Urine samples were collected at the 6-

hour timepoint to confirm infection. Food and water were given ad libitum.  

2.6. Von Frey Aesthesiometry and Behavioural Assessment  

Electric von Frey aesthesiometry (IITC Inc. Life Science 2390 series, Woodland Hills, 

California, USA) was performed to assess pain tolerance by measuring the amount of force 

applied (in grams) before the animal reacted (e.g., withdraw) to a noxious stimulus directed at 

the suprapubic region of the lower abdomen. Animals were scored prior to the experiments in 

order to set a baseline. The lower abdomen of the animal was shaved, and the suprapubic region 
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marked with a marker. Animals were then allowed to acclimatize within the procedure room for 

1h prior to scoring. The animal was then placed in a plexiglass enclosure with a mesh floor (IITC 

Life Sciences, Woodland Hills, CA, USA) and allowed to acclimatize for 15 min (Figure 1). 

Following the acclimatization period baseline behaviour and von Frey measurements were taken. 

Animals were scored to set an individual baseline (i.e., breathing rate, posture, motor activity, 

eye opening). Each behavioural parameter can receive a maximum score of 10 (worst case), 

summing to a maximum cumulative score of 40. A minimum score of 0 implies no signs of pain. 

Animals in pain typically exhibit the following: increased breathing rate, fully or partially closed 

eyes, hunched posture and overall, less motor activity. The behavioral scoring system was 

adapted from Boucher et al. [(Boucher et al., 2000), Table 2]. For von Frey measurements, a 

rigid tip probe attached to the aesthesiometer was applied to the marked region of the abdomen, 

until withdrawal was noted. Five values were recorded, with 30s intervals between 

measurements. Following baseline measurements, bacterial cystitis induction took place, as 

described in section 2.4. The animals were then left to recover for twenty-four hours before the 

von Frey measurements and behavioural scoring were repeated using the same parameters. A 

timeline of von Frey measurements and behaviour assessment is shown in Figure 2.  
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A)                                            B) 

 
Figure 1. von Frey Aesthesiometry set up. A. 1) Plexi glass enclosure housing experimental 

animal 2) von Frey and behaviour scoring sheet 3) Plexi glass and stand cleaner 4) von Frey 

probe tips 5) Electronic von Frey force transducer 6) Electronic force readout device 7) Mesh 

stand with paper towel. B. von Frey measurement location on the suprapubic region of the 

animal.   
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Table 2. Parameters used in behavioural assessment system   

Behavioral Parameter Description 

Eye opening/closing Completely open eye lids receive a score of 0. 

Half opened eye lids receive a score of 5. 

Fully closed eye lids receive a score of 10. 

Intermediate positioning of eyelids receives a 

score of 2 or 7 based on the observer’s 

assessment.  

Posture Normal posture (i.e., no back curvature, full 

extension of the body) receives a score of 0. 

Moderately hunched receives a score of 5. 

Fully rounded receives a score of 10. 

Intermediate posture receives a score of 2 or 7 

based on the observer’s assessment. 

Motor Activity Animals were observed for activity (e.g., 

exploring, grooming) over a 20 second time 

window. Exploring and grooming within the 

20 second time window receives a score of 0.  

No movement for 10 seconds (50% of time 

window) receives a score of 5. 

No movement over the entire time window 

receives a score of 5.  
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Figure 2. von Frey aesthesiometry and behavioural assessment timeline. 
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2.6.2. Plasma and Tissue Collection – Post von Frey Aesthesiometry and Behavioural 

Assessment 

 

Under general anesthesia, the chest cavity was opened, and blood samples were collected 

aseptically by cardiac puncture using a 1mL syringe containing anticoagulant (0.1mL heparin). 

The bladder was voided by pressing gently with cotton swabs and urine was collected for 

assessment of bacterial burdens. Blood was put in a 1mL Eppendorf tube (Axygen Maxyclear 

Microtube, Acygen Inc, NY, USA) and centrifuged at 4°C for 10 minutes at 2500 rpm. The 

plasma was transferred to a new 1mL Eppendorf, frozen in liquid nitrogen and stored at -80°C. 

Cervical dislocation was performed to ensure euthanization of the animal. The bladder was 

surgically removed using fine tip scissors and cut on the transverse plane using a scalpel. The top 

section was frozen in liquid nitrogen and placed in the -80°C. The bottom half was placed in a 

histology cassette and submerged in 10% neutral buffered formalin (NBF) for twenty-four hours 

before being placed in ethanol. 

2.7. Intravital Microscopy 

2.7.1. Anesthesia and Surgical Preparation 

Twenty-four hours after BC induction, IVM of the bladder wall was performed using an 

epifluorescence microscope (Leica, DM LM, Wetzlar, Germany).  

Animals were anaesthetized for IVM via IP injection of sodium pentobarbital (65mg/kg; 

Ceva Sante Animale, Montreal, QC, Canada). Following induction of anesthesia, mice were 

placed on a heating pad to maintain a body temperature of 37◦C. Anesthesia was maintained with 

repeated i.p. administration of 5 mg/kg sodium pentobarbital, while the depth of anesthesia was 

monitored by clinical examination (return of pedal withdrawal reflex).  

Animals received fluorochrome dyes via tail vein (IV) injection fifteen minutes prior to 

IVM. The fluorochrome dye mixture consisted of Rhodamine 6G (1.5 mL/kg, 0.75 mg/kg body 
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weight, excitation wavelength 515-560nm, Sigma-Aldrich, ON, Canada) and fluorescein 

isothiocyanate-bovine serum albumin (FITC-BSA, 1 mL/kg, 50 mg/kg, excitation wavelength 

450-490nm, Sigma-Aldrich, ON, Canada). The injection was done using a needle bevel of 39G x 

½ inch 1mL syringe facing upwards parallel to the vein. Rhodamine 6G allows for visualization 

of leukocytes while FITC-albumin is used to study functional capillary density by illuminating 

capillary beds of the bladder. Fluorochrome solutions were stored in tin foil-covered receptacles 

to minimize photobleaching.  

2.7.2. Microscopy 

Once animals achieved a surgical depth of anesthesia, an abdominal midline incision 

using surgical scissors was made. The abdominal muscle layer was lifted using forceps, and an 

incision made along the linea alba to expose the bladder. The bladder was gently exteriorised, 

and a glass cover slip (18mm diameter) was placed on top of the bladder and the animal was 

placed under the microscope in a supine position on a heating pad (Figure 3). If the bladder was 

inflated with urine, catheterization was performed at a 45-degree angle then changed to parallel 

when entry is secured and a hundred microliters of sterile 1X D-PBS (Thermo Fisher Scientific, 

Massachusetts, USA) was slowly instilled into the bladder. During the IVM procedure, the 

bladder was kept moist with warm normal saline. The bladder was positioned under a 20X 

objective (Leica, Germany) and visualized using a 10X eyepiece (HC Plan, Leica, Germany). 

Leukocyte activation within the microcirculation of the bladder was visualized under a 530-

550nm bandpass excitation filter allowing green light to pass and excite the Rhodamine-6G 

(emission wavelength 515nm). Six to eight randomly selected visual fields containing 

submucosal bladder venules were recorded for 30s. Capillary blood flow was then examined 

using FITC-albumin (emission wavelength 520nm) using a 460-490nm bandpass filter, allowing 
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blue light to pass. Again, six to eight randomly selected visual fields with capillaries in focus 

were recorded for 30s.  

2.7.3. Plasma and Tissue Collection – Post IVM 

Following IVM, the bladder was voided by pressing gently with cotton swabs and urine 

was collected for assessment of bacterial burdens. Cervical dislocation was performed to ensure 

euthanasia of the animal and the bladder, kidneys and spleen were surgically removed using fine 

tip scissors and placed in a 1mL Eppendorf tube on ice for bacterial counts. The full IVM 

timeline is shown in Figure 4.  



 34 

 
Figure 3. Intravital microscopy set up inside a biosafety cabinet. 1) Surgical tools in 70% 

ethanol (scissors, forceps, tweezers, cotton tipped applicators), 2) reagents (pentobarbital, 

fluorescents, heparin), 3) 18mm coverslips, 4) aneurysm clip, 5) Physitemp heating pad, 6) 

Physitemp heating pad with attached rectal temperature probe and 7) animal placed in supine 

position, 8) Epifluorescent Leica Microscope with Hamamatsu camera connected to Mac 

computer monitor.  
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Figure 4. Intravital microscopy experimental timeline  
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2.7.3. Offline Video Analysis 

Using Volocity software (Perkin Elmer, Waltham, MA, USA), videos were captured 

using a digital EM-CCD camera C9100-02 with AC-adapter A3472-07 (Hamamatsu, Herrsching, 

Germany). Offline IVM video analysis was performed in a blinded fashion using Image J 

software (Bourne & Bourne, 2010) (NIH, USA). Immobile leukocytes adhering onto the same 

position of the venule under the study for 30s were counted as adherent leukocytes. To quantify 

adhesion, an area of the venule was outlined and adherent leukocytes within that area were 

counted. The area and number of leukocytes counted were used to calculate the number of 

adherent cells in cells/mm2. Still-frame images from leukocyte adhesion videos obtained by IVM 

are shown in Figure 5. 

Rolling leukocytes were measured by counting the number of rolling leukocytes per 

minute to cross an arbitrary line perpendicular to the vessel being measured. Rolling leukocytes 

were defined as leukocytes travelling slower than the surrounding flow.  

Capillary perfusion was quantified as the lengths of perfused capillaries with observable 

erythrocyte movement measured in a defined area. Functional capillary density (FCD) was 

calculated by summing the total length of capillaries and dividing by the selected area (cm/cm2). 

Still-frame images from leukocyte adhesion videos obtained by IVM are shown in Figure 6. 
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Figure 5. Still-frame image of leukocyte adhesion within the microcirculation of female BALB/c 

mice. Images obtained by intravital microscopy (magnification= 200x). Images taken from (A) 

control animal and (B) untreated BC animal are shown. Arrows indicate adherent leukocytes.  
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Figure 6. Still-frame image of capillary perfusion within the microcirculation of female BALB/c 

mice. Images obtained by intravital microscopy (magnification= 200x). Images taken from (A) 

control animal and (B) untreated BC animal are shown. Arrows indicate areas of irregular capillary 

perfusion. 
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2.8. Bladder Histopathology 

 

2.8.1. Tissue Processing and Staining 

 

Following von Frey Aesthesiometry and behaviour assessment studies, the bladder was 

surgically removed using fine tip scissors and cut on the transverse plane using a scalpel. The 

bottom half was placed in a labelled histology cassette and submerged in 10% neutral buffered 

formalin (NBF) for 24 hours. After 24 hours the cassettes were transferred and stored in 70% 

ethanol. The tissue samples were processed and embedded in paraffin by the IWK Department of 

Pathology and Laboratory. Paraffin-embedded tissue blocks were placed on ice for 10 minutes 

and then three 5μm sections were cut using a HistoCoer Multicut Semi-automated Rotary 

Microtome (Leica Biosystems). Sections were then placed onto a 42℃ float water bath (Lipshaw 

MFG Co. Detroit, MI, USA) and transferred onto glass slides (Fisherbrand Microscope Slides, 

Thermo Fisher Scientific, Ottawa, Ontario, Canada). Slides were then left in an 80℃ oven for 8 

hours to melt excess paraffin.  

Bladder samples were then stained using hematoxylin and eosin (H&E). Slides were 

deparaffinized in two changes of xylene followed by three changes of varying concentrations of 

ethanol (100%, 95% and 70%), then rehydrated using water. Nuclei were then stained using 

Harris hematoxylin, rinsed in tap water, differentiated using 1% Acid (HCl) alcohol, blued in 

Scott’s tap water and counterstained with eosin. Stain quality was checked using an Optika B-

290TB brightfield microscope (Optika Microscopes, Ponterica, Italy). Slides that were stained 

properly were then washed in 70%, 95% and 100% ethanol and dehydrated in three changes of 

xylene. Cover slips were then placed over the stained slides using Cytoseal-60 mounting media 

(Electron Microscopy Science, Fort Washington, PA, USA). Slides were left to dry in the fume 
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hood overnight and then scored as described in 2.7.2. A detailed hematoxylin and eosin staining 

procedure can be found in table 3.  
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Table 3. Detailed protocol for hematoxylin and eosin staining of bladder tissue. Steps involving 

multiple immersions used new reagents for each subsequent immersion.  

Reagent  Method 

Xylene 5-minute immersion (x2) 

100% Ethanol 5-minute immersion (x2) 

95% Ethanol 2-minute immersion (x2) 

70% Ethanol 2-minute immersion (x2) 

Running tap water 2-minute immersion 

Harris Hematoxylin  3-minute immersion 

Running tap water 5-minute immersion 

1% Acid (HCl) Alcohol 30-second immersion 

Running tap water 1-minute immersion 

(until clear)  

Scott’s tap water 1-minute immersion 

Running tap water 5-minute immersion  

Eosin 10 dips  

70% Ethanol 10 dips (x3) 

95% Ethanol 10 dips (x2) 

100% Ethanol 10 dips (x3) 

Xylene 5-minute immersion (x3) 
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2.8.2. Bladder Histopathology Scoring  

  

 Bladder samples were scored using a bladder inflammation grading scale based off of 

Hopkins et al., 1998 (Hopkins, Gendron-Fitzpatrick, Balish, & Uehling, 1998). The score was 

modified based on the suggestions made by Dr. Cheng Wang (Department of Pathology, 

Department of Urology, Dalhousie University, Halifax, Nova Scotia, Canada). The full scoring 

system used can be seen in Table 4. Bladder sections were divided into four quadrants and each 

quadrant received an individual score. An average of the four quadrants was then taken. Sections 

were analyzed using an Optika B-290TB brightfield microscope (Optika Microscopes, Ponterica, 

Italy) on the 40x objective lens. Histology images were captured using the Optika Vision Lite 

2.1. software microscope (Optika Microscopes, Ponterica, Italy).  
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Table 4. Histopathological grading scale assessing bladder inflammation. Adapted from Hopkins 

et al. 1998.  

 

Score Criteria 

0 Normal; inflammatory cells largely confined to vessels 

1 Subepithelial inflammatory cell infiltration (focal) 

2 Subepithelial inflammatory cell infiltration (multifocal); ± mild edema 

3 Diffuse subepithelial inflammatory cell infiltration; edema; ± neutrophil necrosis 

4 Score 3 criteria; Inflammatory cells extend to mucosal epithelium 

5 Score 4 criteria; inflammatory cells in muscle layer 

6 Score 5 criteria; loss of surface epithelium 
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2.9. Bacterial Burdens 

 

 Following IVM, bladder, kidney and spleen samples were collected for bacterial counts. 

Urine was collected from all animals. During the following steps, aseptic technique was used to 

maintain the integrity of all bacterial data. Bladder and kidney samples were individually placed 

in separate Eppendorf’s containing 200μL of sterile 1X D-PBS. Bladder and kidney samples 

were homogenized using the Micro Tube Homogenizer System (Thomas Scientific, SP Bel-Art, 

Ottawa, Canada). Spleen samples were placed in a small petri dish containing 1 mL of sterile 1X 

D-PBS. The back end of a 3 mL syringe was used to mash the spleen and remove the capsule. 

Tissue samples were then centrifuged at 1000rpm for 2 minutes to pellet out the tissue. Using a 

96 well plate, 20 μL of homogenized bladder sample was transferred into 180 μL of sterile 1X D-

PBS to make a 1:10 dilution. The transfer was repeated from well 1 to well 2, and then each 

subsequent well until a 1:10000 dilution was achieved (well 4). A new tip was used between 

each transfer. Each dilution of bladder sample was then plated out using a triplicate spot method 

on Tryptic Soy Agar (TSA) plates (TSA; Millipore Sigma, Etobicoke, Ontario, Canada) 

supplemented with 100 μL/mL of rifampicin (Sigma Aldrich, Oakville, ON, Canada). This 

process was then repeated for spleen, kidney, and urine samples as well as the UPEC inoculum. 

Plates were then incubated at 37℃ for 16-24 hours. Following incubation, plates were 

enumerated to determine the number of colony-forming units (CFU) per millilitre. Calculations 

were based on the mean value obtained from the triplicate spots and the dilution factor using the 

following formula. CFU/ml = (no. of colonies x dilution factor)/ volume of culture plate.  

  

.   
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2.10. In vitro Studies 

 

2.10.1. Murine Bone Marrow Derived Macrophages Isolation  

 

 Animals were anaesthetized via IP injection of sodium pentobarbital (65mg/kg; Ceva 

Sante Animale, Montreal, QC, Canada). Once a surgical depth of anesthesia was reached animals 

were sacrificed by cervical dislocation. Femur and tibia bones were isolated, skinned and washed 

with ethanol. The top and bottom of the bones were cut using scissors and then placed in 

punctured 0.5mL microfuge tubes supported by 1.5 mL microfuge tubes. The bones were then 

centrifuged at 2000rpm for five minutes, until the inner cavity of the bones is clear, to flush the 

bone marrow. Bone marrow was then resuspended in Dulbecco’s Modified Eagle Medium 

(DMEM), high glucose, pyruvate media (ThermoFisher, Grand Island, New York, USA) 

supplemented with 10% heat inactivated fetal bovine serum (Sigma Aldrich, Oakville, ON, 

Canada), 100μg/ml Penicillin-streptomycin solution (Sigma Aldrich, Oakville, ON, Canada) and 

2mM HEPES (Gibco, Paisley, Scotland, UK), filtered through a 70μm Nylon cell strainer 

(Corning, NY, USA), and centrifuged at 1000rpm for 5 minutes at 4℃.  The pellet was then 

resuspended in 2 ml of 1X red blood cell (RBC) lysis buffer (Invitrogen™, Burlington, Ontario, 

Canada) to remove contaminating red blood cells and neutralized after 1 minute using complete 

DMEM media. Dissociated cells, seeded at 2x106 cells per well, were then transferred into a 6-

well plate containing 30ng/ml murine granulocyte-macrophage colony stimulating factor (GM-

CSF) (Peprotech, Rocky Hill, NJ, USA) and complete DMEM media and incubated for 7 days at 

37℃, 5% CO2. On days three and six GM-CSF was added (30 ng/ml and 15 ng/ml, respectively) 

to induce hematopoietic cell differentiation into macrophages. Cells were checked every day and 

fresh media was added if the media became yellow in colour.  
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2.10.2. Intracellular Macrophage Infections with UPEC  

 

 Following the seven-day incubation period, matured bone marrow derived macrophages 

(BMDM) were harvested and seeded into 24-well plates at a density of 1 x 105/well. Cells were 

infected with UPEC by adding 10 μl of an of an OD600= 0.8 bacterial suspension (~1x10
7 

colony forming units (CFU)) or multiplicity of infection (MOI) of 10) in PBS. Treatment groups 

were as follows (1) BMDM control, (2) BMDM+UPEC, (3) BMDM+UPEC+BCP (500 μg/ml), 

(4) BMDM+UPEC+BCP (250 μg/ml), (5) BMDM+UPEC+BCP (100 μg/ml), (6) 

BMDM+UPEC+BCP (50 μg/ml), (7) BMDM+BCP (500 μg/ml) and (8) BMDM+BCP (100 

μg/ml). Groups 1 and 2 received polysorbate 80 (Sigma Aldrich, Oakville, ON, Canada) in place 

of BCP as a vehicle control. 24-well plate was then centrifuged in a swinging bucket clinical 

centrifuge with microtray adaptors at 1000rpm for 5 minutes to bring bacteria in contact with the 

cell monolayer and then incubated for 1h at 37℃, 5% CO2.  

2.10.3. Primary Bladder Epithelial Cells 

 
 Human bladder epithelial cell (BEC) line PCS-420-032 was obtained from ATCC 

(Cedarlane Corporation, Burlington, Ontario, Canada). Cells were grown in bladder epithelial 

cell basal medium supplemented with the bladder epithelial cell growth kit (ATCC, Cedarlane 

Corporation, Burlington, Ontario, Canada). One ml of cell suspension was added to each pre-

equilibrated culture flask (Corning Incorporated, New York, USA) and seeded culture flasks 

were placed in the incubator 37℃, 5% CO2 for 24 hours. Once the culture had reached 80% 

confluence cells were passaged. Cells were detached using trypsin-EDTA solution (ATCC, 

Cedarlane Corporation, Burlington, Ontario, Canada). And once the majority of cells had 

detached an equal volume of trypsin neutralizing solution (ATCC, Cedarlane Corporation, 

Burlington, Ontario, Canada) was added. Dissociated cells were then transferred to a sterile 
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falcon and the culture flask was washed with DPBS (Thermo Fisher Scientific, Massachusetts, 

USA) to collect any additional cells. Cells were centrifuged at 150 x g for 5 minutes, the cell 

pellet re-suspended in 5 ml of fresh media, cells were seeded in a new flask at a density of 3,000 

cells per cm2 and placed in the incubator at 37℃, 5% CO2 until they were ready to passage after 

6 to 7 days. Cells were used between passage 5 and 7.  

2.10.4. Intracellular Bladder Epithelial Cell Infection with UPEC  

 

 BECs were seeded into 24-well plates at a density of 0.5 x 105/well and incubated for 24 

hours at 37℃, 5% CO2 until reaching 99% confluency. Cells were infected with UPEC by 

adding 10μl of an of an OD600= 0.8 bacterial suspension (~1x10
7 

colony forming units (CFU)) 

or multiplicity of infection (MOI) of 10) in PBS. BCP at four doses was added 500 μg/ml, 250 

μg/ml, 100 μg/ml, 50 μg/ml to BECs ± UPEC. Additionally, a vehicle control group received 

polysorbate 80 (Sigma Aldrich, Oakville, ON, Canada) in place of BCP ± UPEC. 24-well plate 

was then centrifuged in a swinging bucket clinical centrifuge with microtray adaptors at 

1000rpm for 5 minutes to bring bacteria in contact with the cell monolayer and then incubated 

for 1h at 37℃, 5% CO2.  

2.10.4. Nitric Oxide Assay 

 After one hour of infection, supernatant was collected from each well (either BMDMs or 

BECs). A nitric oxide assay kit (Lot# GR3418350-8, Abcam, Cambridge, MA, USA) was used 

for the measurement of extracellular nitric oxide levels. Samples were deproteinated before use 

by mixing 150 μl of sample with 8 μl of ZnSO4 followed by 8 μl of NaOH, the mixture was then 

vortexed, and centrifuging for 10 minutes at 14,000 rpm. Samples were then ready to be used as 

the kit protocol described. In short, 100 μl of each sample was added to individual 1.5 ml 

Eppendorf tubes, 200 μl of Working Reagent was added and then tubes were incubated for 1 
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hour at 37℃. Tubes were then centrifuged at 2000rpm for 5 minutes and 250 μl of each sample 

was transferred to a 96 well plate. The plate was then read at an optical density of 540nm ± 

20nm.  

2.10.5. Phagocytosis Killing Assay 

 

 After one hour of infection, supernatant was collected from each well for the nitric oxide 

assay. The infected monolayer was then washed three times with 0.5 ml PBS followed by a 

fourth wash with PBS containing 100 μg/ml gentamicin (Sandoz, Boucherville, Quebec, Canada) 

to remove extracellular bacteria. Cells were then lysed using 1 ml PBS + 0.1% Triton-X 

(Corning, Manassas, VA, USA) Intracellular bacterial burden was then determined by plating 

serial dilutions on agar plates an incubating at 37℃ overnight. Following incubation, plates were 

enumerated to determine the number of colony-forming units (CFU) per millilitre. Calculations 

were based on the mean value obtained from the triplicate spots and the dilution factor using the 

following formula CFU/ml = (no. of colonies x dilution factor)/ volume of culture plate.  

2.11. Plasma and Tissue Sample Analysis  

 

2.11.1 Tissue Preparation and Bicinchonic Acid Protein Assay 

 

 Prior to the Luminex assay, a Bicinchonic acid (BCA) protein assay was conducted to 

determine the protein concentration in the bladder samples. Bladder samples were taken from the 

-80℃ freezer and placed on ice. Samples were placed in 2 ml polypropylene screw cap tubes pre-

filled with 2.4 mm metal beads (Fisher Scientific, Pittsburgh, PA, USA) and 100 μL of Tissue 

Protein Extraction Regent (T-PER, Thermo Fisher Scientific) containing protease inhibitor (PI, 

10ml T-Per:1 PI tablet, Thermo Fisher Scientific) was added to each sample. Samples were then 

homogenized for 90 seconds using the PowerLyzer 24 bead mill Homogenizer (Qiagen Sciences, 

MA, USA). Following homogenization, samples were spun in a refrigerated centrifuge set to 
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4℃ at 5000g for 15 minutes. The supernatant was transferred to a 1.5 ml Eppendorf tube and 

diluted 50-fold in double deionized water (10 μl sample, 490 μL double deionized water). The 

BCA was performed according to the manufacturer’s protocol for a 96 well plate (Rapid Gold 

BCA, Protein Assay, Thermo Fisher Scientific). The protein concentration in the samples was 

then calculated using the equation provided from the standard curve on Microsoft Excel. 

Samples were aliquoted, placed in a -20℃ freezer for 4 hours and then transferred and stored in a 

-80℃ freezer.  

2.11.2. Bladder tissue cytokine and adhesion molecules measurements 

 

 A custom designed mouse cytokine 10-plex kit (Lot # l144219, R&D Systems, 

Minneapolis, MN, USA) was used to determine the concentration of the following cytokines, 

chemokines, and adhesion molecules. In the bladder tissue homogenates: intercellular adhesion 

molecule 1 (ICAM-1), interleukin 1 (IL-1), interleukin 10 (IL-10), interleukin 6 (IL-6), 

chemokine CXC ligand 1 (CXCL1), chemokine CXC ligand 2 (CXCL2) P-selectin, interferon-

gamma (IFN-𝛾), LIX recombinant mouse CXC motif chemokine 5 (LIX), and tumour necrosis 

factor alpha (TNF-𝛼). Briefly, all samples aliquoted following BCA protein assay were thawed 

and prepared according to the manufacturer’s instructions. Samples were run in duplicates and 

diluted three-folds using the Bio-Plex® sample diluent (50 μl sample mixed with 100 μl if 

diluent. Fifty microliters of diluted sample or standard was added to each well of a flat-bottom 

96 well plate. Then 50 μl of diluted microparticle cocktail was added to each well and the 

incubated for 2 hours at room temperature, in the dark on a horizontal orbital microplate shaker 

(0.12” orbit, 800rpm. The plate was then washed 3 times to remove unbound beads using a Bio-

Plex Pro magnetic wash station (Bio-Rad) Next, 50 μl of diluted Biotin-Antibody Cocktail was 

added to each well and the plate was incubated for 1 hour at room temperature, in the dark on a 
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horizontal orbital microplate shaker on the same settings. The plate was then washed again for 

three cycles using the magnetic wash station. Lastly, 50 μl of diluted Streptavidin-PE was added 

to each well and the plate was incubated for 30 minutes at room temperature, in the dark on a 

horizontal orbital microplate shaker on the same settings. A final cycle of 3 washes was 

performed and the beads were then resuspended in 100 μl of supplied R&D wash buffer in each 

well. The plate was incubated for 2 minutes before being read using a Bio-Plex 200 Analyzer 

and Bio-Plex Manager software (Bio-Rad Mississauga, ON, Canada) calibrated according to the 

manufacture’s protocol. Analysis was performed in Dr. Jean Marshall’s lab (Department of 

Microbiology and Immunology, Dalhousie University).  

2.12. Statistical Analysis 

 

Data are expressed as mean ± standard deviation (SD). Statistical analyses were 

conducted using GraphPad Prism 6.0 (GraphPad Software Inc., La Jolla, CA, USA). Data was 

evaluated for normality using the Kolmogorov-Smirnoff test. Outliers were removed using the 

ROUT method or Tukey’s method for parametric and non-parametric data, respectively. 

Parametric data was then assessed by one-way ANOVA with Tukey’s multiple comparison test. 

Non-parametric data was assessed using the Kruskal-Wallis test with Dunn’s multiple 

comparison test. Differences of p<0.05 were considered statistically significant.   
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Chapter 3: Results 

 

3.1. Pilot Bacterial Studies 

 

3.1.1. Urine 

 

Urine was collected from animals twenty-four hours after intravesical administration of 

UPEC. No bacteria were found in the urine of sham animals. Intravesical administration of 

UPEC significantly (p<0.05) increased bacterial burden in the urine of BC animals when 

compared to sham control. Treatment with BCP (100 mg/kg) was able to significantly (p<0.05) 

reduce bacterial growth compared to the untreated BC group (Figure 7).  

3.1.2. Bladder 

 

Bladder samples were collected from animals twenty-four hours after intravesical 

administration of UPEC. No bacteria were found in the bladder samples of sham animals. 

Intravesical administration of UPEC significantly (p<0.05) increased bacterial burden within the 

bladder of BC animals when compared to the sham control group. Treatment with BCP (100 

mg/kg) was able to significantly (p<0.05) reduce bacterial growth compared to the untreated BC 

group (Figure 8).  

3.1.3. Left and Right Kidneys 

 

Left and right kidneys were collected from animals twenty-four hours after intravesical  

administration of UPEC to evaluate the development of pyelonephritis. After twenty-four hours, 

no animals developed pyelonephritis within the left or right kidney (Figure 9). No significant 

difference (p>0.05) was detected between any groups.  

3.1.4. Spleen  

 

In order to detect the systemic spread of infection, spleen tissue was evaluated for 

bacterial burden twenty-four hours after intravesical administration of UPEC. After twenty-four 



 52 

hours, no bacteria were detected in spleen tissue from any animals (Figure 10). No significant 

difference (p>0.05) was detected between any groups.  
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Figure 7. The effects of BCP treatment on bacterial growth in the urine of BALB/c mice 24 

hours after instillation of UPEC or PBS (SHAM). The following groups are included: sham 

animals (sham; n=4), untreated BC (BC; n=4), BCP treated BC (BCP, 100 mg/kg, n=5). 

Bacterial burdens are expressed as CFU/ml (LOD: limit of detection). Individual data points and 

group means are shown. * p < 0.05.  
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Figure 8. The effects of BCP treatment on bacterial growth in homogenized bladder tissue of 

BALB/c mice 24 hours after instillation of UPEC or PBS (SHAM). The following groups are 

included: sham animals (sham; n=5), untreated BC (BC; n=4), BCP treated BC (BCP, 100 

mg/kg, n=7). Bacterial burdens are expressed as CFU/ml (LOD: limit of detection. Individual 

data points and group means are shown. * p < 0.05. 
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A)                 B) 

  
 

Figure 9. Bacterial burden within the left (A) and right (B) kidneys of BALB/c mice 24 hours 

after instillation of UPEC or PBS (SHAM). The following groups are included: sham (sham; 

n=5), untreated BC (BC; n=4) and BCP treated BC (BCP; n=4). Bacterial burdens are expressed 

as CFU/organ. Individual data points are shown. 
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Figure 10. Bacterial burden within the spleen of BALB/c mice 24 hours after instillation of 

UPEC or PBS (SHAM). The following groups are included: sham (sham; n=5), untreated BC 

(BC; n=4) and BCP treated BC (BCP; n=4). Bacterial burdens are expressed as CFU/organ. 

Individual data points are shown. 
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3.2. Main Studies 

 

3.2.1. Bacterial Burdens  

 

3.2.1.1. Urine 

 

Urine was collected from animals twenty-four hours after intravesical administration of 

UPEC. No bacteria were found in the urine of sham animals. Intravesical administration of 

UPEC significantly (p<0.05) increased bacterial burden in the urine of BC animals when 

compared to sham control. Treatment with BCP (100 mg/kg) was able to significantly (p<0.05) 

reduce bacterial growth compared to the untreated BC group. Similarly, treatment with 

Fosfomycin (10 mg/kg) alone and in combination with BCP (100 mg/kg) significantly (p<0.05) 

decreased bacterial growth compared to untreated BC animals (Figure 11).  

3.2.1.2. Bladder  

 

Bladder samples were collected from animals twenty-four hours after intravesical 

administration of UPEC. No bacteria were found in the bladder samples of sham animals. 

Intravesical administration of UPEC significantly (p<0.05) increased bacterial burden within the 

bladder of BC animals when compared to the sham control group. Treatment with BCP (100 

mg/kg) was able to significantly (p<0.05) reduce bacterial growth compared to the untreated BC 

group. Similarly, treatment with Fosfomycin (10 mg/kg) alone and in combination with BCP 

(100 mg/kg) significantly (p<0.05) decreased bacterial growth in the bladder compared to 

untreated BC animals (Figure 12).  
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Figure 11. The effects of BCP and/or Fosfomycin treatment on bacterial growth in the urine of 

BALB/c mice 24 hours after instillation of UPEC or PBS (SHAM). The following groups are 

included: sham animals (sham; n=9), untreated BC (Vehicle; n=16), BCP treated BC (BCP, 100 

mg/kg, n=12), Fosfomycin treated BC (Fosfomycin, 10 mg/kg, n=10) and combination BCP + 

Fosfomycin treated BC (BCP + Fosfomycin, n=10). Bacterial burdens are expressed as CFU/ml, 

LOD (Limit of Detection). Individual data points and group means are shown. * p < 0.05.  
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Figure 12. The effects of BCP and/or Fosfomycin treatment on bacterial growth in the bladder of 

BALB/c mice 24 hours after instillation of UPEC or PBS (SHAM). The following groups are 

included: sham animals (sham; n=9), untreated BC (Vehicle; n=6), BCP treated BC (BCP, 100 

mg/kg, n=10), Fosfomycin treated BC (Fosfomycin, 10 mg/kg, n=10) and combination BCP + 

Fosfomycin treated BC (BCP + Fosfomycin, n=10). Bacterial burdens are expressed as CFU/ml, 

LOD (Limit of Detection). Individual data points and group means are shown. * p < 0.05. 
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3.2.2 IVM  

 

3.2.2.1 Leukocyte Adhesion 

 

Leukocyte adhesion was measured using intravital microscopy of the submucosal venules 

in the bladder twenty-four hours after intravesical administration of UPEC. The sham group 

showed low levels of leukocyte adhesion. BC significantly (p<0.05) increased the number of 

adherent leukocytes compared to the sham group. BCP (100 mg/kg) treatment significantly 

(p<0.05) decreased leukocyte adhesion when compared to animals in the BC group. The same 

effect was observed in animals who received Fosfomycin (10 mg/kg) treatment, which 

significantly (p<0.05) decreased leukocyte adhesion relative to BC animals. Combination 

treatment with BCP (100 mg/kg) and Fosfomycin (10 mg/kg) did not significantly (p > 0.05 

reduce leukocyte adhesion when compared to animals in the BC group (Figure 13).  

3.2.2.2 Leukocyte Rolling 

 

Leukocyte slow rolling was measured using IVM of the submucosal venules in the 

bladder twenty-four hours after intravesical administration of UPEC. The sham group showed 

low levels of leukocyte rolling. BC significantly (p<0.05) increased the number of rolling 

leukocytes compared to the sham group. Leukocyte rolling was not significantly reduced 

(p>0.05) when treated with 100 mg/kg BCP, 10 mg/kg Fosfomycin or a combination of 100 

mg/kg BCP + 10 mg/kg Fosfomycin (Figure 14).  

3.2.2.3. Capillary Perfusion  

Functional capillary density of the bladder microcirculation, a measure of microvascular 

perfusion, was significantly (p<0.05) reduced with intravesical administration of UPEC. 

Subsequent treatment with 100 mg/kg BCP restored FCD levels back to those of sham animals 

and was significantly (p<0.05) higher than that observed in the BC group (Figure 15).  The same 
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effect was observed in animals who received Fosfomycin (10 mg/kg) treatment, which 

significantly (p<0.05) increased FCD levels relative to BC animals. Combination treatment with 

BCP (100 mg/kg) and Fosfomycin (10 mg/kg) significantly (p<0.05) increased FCD levels when 

compared to animals in the BC group (Figure 15). 
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Figure 13. Leukocyte adhesion in the submucosal bladder venules of female BALB/c mice 

(cells/mm2).  The following groups are included: sham animals (SHAM; n=7), untreated BC 

(Vehicle; n=6), BCP treated BC (BCP, 100 mg/kg, n=5), Fosfomycin treated BC (10 mg/kg, 

n=5) and combination BCP + Fosfomycin treated BC (BCP + Fosfomycin, n=5). Leukocyte 

adhesion was evaluated 24 hours following intravesical administration of UPEC or PBS 

(SHAM). Data presented as mean± SD. * p < 0.05.  
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Figure 14. Leukocyte rolling in the submucosal bladder venules of female BALB/c mice 

(number of leukocytes rolling/min).  The following groups are included: sham animals (SHAM; 

n=7), untreated BC (Vehicle; n=6), BCP treated BC (BCP, 100 mg/kg, n=5), Fosfomycin treated 

BC (10 mg/kg, n=5) and combination BCP + Fosfomycin treated BC (BCP + Fosfomycin, n=5). 

Leukocyte rolling was evaluated 24 hours following intravesical administration of UPEC or PBS 

(SHAM). Data presented as mean± SD. * p < 0.05.  
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Figure 15. Capillary perfusion of the bladder microcirculation in of female BALB/c mice 

(cm/cm2) The following groups are included: sham animals (SHAM; n=7), untreated BC 

(Vehicle; n=6), BCP treated BC (BCP, 100mg/kg, n=5), Fosfomycin treated BC (Fosfomycin, 

10mg/kg, n=5) and combination BCP + Fosfomycin treated BC (BCP + Fosfomycin, n=5). FCD 

was evaluated 24 hours following intravesical administration of UPEC or PBS (SHAM). Data 

presented as mean± SD. * p < 0.05.  
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3.2.3. Pain and Behaviour 

 

3.2.3.1. von Frey Aesthesiometry 

 

Von Frey Aesthesiometry was performed to analyze changes in pain threshold by 

measuring the amount of force, in grams, tolerated when applied to the animal’s pelvic region 

before withdrawal. Measurement was performed in all animals prior to intravesical UPEC 

instillation (T0) to set an individual baseline measurement and again 24 hours after UPEC 

instillation. UPEC instillation resulted in a significant (p<0.05) decrease in withdrawal threshold 

when compared to sham animals. Treatment with 100 mg/kg BCP significantly (p<0.05) restored 

levels of withdrawal threshold back to those of sham animals. Furthermore, combination therapy 

with 100 mg/kg BCP and 10 mg/kg Fosfomycin was able to significantly improve withdrawal 

threshold when compared to untreated BC animals (Figure 16).  

3.2.3.2. Behaviour 

 

Changes in non-evoked behavioral responses were assessed as an alternative way to study 

pain in mice with BC. The scores for three behavioural parameters were summed to generate a 

cumulative behavioural score. Behavioural parameters were assessed in all animals prior to 

intravesical UPEC instillation (T0) to set an individual baseline measurement and again 24 hours 

after UPEC instillation. Sham animals showed a minimal, non-significant increase in the total 

cumulative score. UPEC instillation significantly (p<0.05) increased cumulative scores 

compared to sham animals (Figure 16). Treatment with 100 mg/kg BCP significantly (p<0.05) 

improved this parameter, restoring behaviour to baseline. The same effect was observed in 

animals who received combination treatment of Fosfomycin (10 mg/kg) and BCP (100 mg/kg) 

which significantly (p<0.05) improved cumulative behavioural scores compared to BC animals 

(Figure 17). 
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Figure 16. Change in withdrawal threshold (g) in female BALB/c mice. The following groups 

are included: sham animals (SHAM; n=9), untreated BC (Vehicle; n=10), BCP treated BC (BCP, 

100 mg/kg, n=8), Fosfomycin treated BC (Fosfomycin, 10 mg/kg, n=8) and combination BCP + 

Fosfomycin treated BC (BCP + Fosfomycin, n=7). Withdrawal threshold was evaluated before 

induction (T0) and 24 hours after intravesical administration of UPEC or PBS (SHAM, T24). 

Individual data points and group means are shown. * p < 0.05. 
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Figure 17. The increase in cumulative behavioural scores of female BALB/c mice. The 

following groups are included: sham animals (SHAM; n=10), untreated BC (Vehicle; n=13), 

BCP treated BC (BCP, 100mg/kg, n=10), Fosfomycin treated BC (Fosfomycin, 10mg/kg, n=9) 

and combination BCP + Fosfomycin treated BC (BCP + Fosfomycin, n=9). Behavioural 

parameters were evaluated before induction (T0) and 24 hours after intravesical administration of 

UPEC or PBS (SHAM, T24). Individual data points and group means are shown. * p < 0.05. 
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3.2.4. Histology  

 

 Intravesical administration of UPEC did not produce any significant morphological 

changes on bladder tissue (Figure 18) based on our inflammatory scoring system (Figure 19).  

3.2.5. Cytokines  

 A custom designed mouse cytokine 10-plex kit was used to analyze the following 

cytokines, chemokines, and adhesion molecules: ICAM-1, IL-1, IL-10, IL-6, CXCL1, CXCL2, 

P-selectin, IFN-𝛾, LIX and TNF-𝛼. Most cytokines were present in very low or undetectable 

levels (data not shown). 

 Intravesical administration of UPEC had no significant effect on the levels of the 

adhesion molecules, ICAM-1 and P-selectin (Figure 20).  

Intravesical administration of UPEC had no significant effect on LIX levels. However, a 

two-tailed T-test between the sham and BC group was significant (p<0.05). No significant 

change in LIX levels was seen in any treatment groups. However, concentrations seen with BCP 

treatments, alone and combination, appear to be trending downwards, although not significant 

from the BC group (p>0.05) (Figure 21).  
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Figure 18. Representative histology images showing features of inflammation. Panel A/B shows 

a representative score of 0 taken from a SHAM animal. Panel A shows blood vessel confined 

immune cells (400x). Panel B shows the presence of neutrophils confined to a blood vessel 

(score = 0) under 1000x. Panels C/D is a bladder sample from a UPEC infected mouse. Panel C 

shows focal collections of immune cells further away from the blood vessels. Panel D shows 

focal collections of lymphocytes and neutrophils (score = 0.75).  
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Figure 19. Bladder histopathology scores of female BALB/c mice hours after intravesical 

administration of UPEC or PBS (SHAM, T24). Representative scores from the following groups: 

sham animals (SHAM; n=5), untreated BC (Vehicle; n=5), BCP treated BC (BCP, 100 mg/kg, 

n=4), Fosfomycin treated BC (Fosfomycin, 10 mg/kg, n=4) and combination BCP + Fosfomycin 

treated BC (BCP + Fosfomycin, n=5). Individual data points and group means are shown. 
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A)                B) 

 

Figure 20. Concentrations of P-selectin (A), and ICAM-1 (B) in bladder tissue of female 

BALB/c mice 24 hours after intravesical administration of UPEC or PBS (SHAM). The 

following groups are included: sham animals (SHAM; n=4), untreated BC (Vehicle; n=6), BCP 

treated BC (BCP, 100 mg/kg, n=6), Fosfomycin treated BC (Fosfomycin, 10 mg/kg, n=6) and 

combination BCP + Fosfomycin treated BC (BCP + Fosfomycin, n=6). Two technical replicates 

were performed for each sample. Data presented as means ± SD.  
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Figure 21. Concentrations of LIX in bladder tissue of female BALB/c mice 24 hours after 

intravesical administration of UPEC or PBS (SHAM). The following groups are included: sham 

animals (SHAM; n=3), untreated BC (Vehicle; n=3), BCP treated BC (BCP, 100 mg/kg, n=4), 

Fosfomycin treated BC (Fosfomycin, 10 mg/kg, n=4) and combination BCP + Fosfomycin 

treated BC (BCP + Fosfomycin, n=3). Two technical replicates were performed for each sample. 

Data presented as means ± SD.  
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3.3. Antagonist Studies 

 

3.3.1 IVM  

 

3.3.1.1. Leukocyte Adhesion 

 

Leukocyte adhesion was measured using IVM of the submucosal venules in the bladder 

twenty-four hours after intravesical administration of UPEC. The sham group showed low levels 

of leukocyte adhesion. BC significantly (p<0.05) increased the number of adherent leukocytes 

compared to the sham group. BCP administration (100 mg/kg) significantly (p<0.05) decreased 

leukocyte adhesion when compared to animals in the BC group. Administration of the CB2R 

antagonist, AM630 (2.5 mg/kg), 30 minutes prior to BCP (100 mg/kg) reversed the effects of BCP, 

significantly (p<0.05) increasing leukocyte adhesion (Figure 22).  

3.3.1.2 Leukocyte Rolling 

 

Leukocyte slow rolling was measured using IVM of the submucosal venules in the 

bladder twenty-four hours after intravesical administration of UPEC. The sham group showed 

low levels of leukocyte rolling. BC significantly (p<0.05) increased the number of rolling 

leukocytes compared to the sham group. Leukocyte rolling was not significantly reduced 

(p>0.05) when treated with 100 mg/kg BCP. Additionally, AM630 (2.5 mg/kg) administration 

30 minutes prior to BCP (100 mg/kg) treatment did not significantly (p>0.05) reduce leukocyte 

rolling (Figure 23).  

3.3.1.3 Capillary Perfusion 

 

Functional capillary density of the bladder microcirculation, a measure of microvascular 

perfusion, was significantly (p<0.05) reduced with intravesical administration of UPEC 

compared to sham animals. Subsequent treatment with 100 mg/kg BCP restored FCD levels back 

to those of sham animals and was significantly (p<0.05) higher than that observed in the BC 
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group. AM630 (2.5 mg/kg) administration, a CB2R antagonist, 30 minutes prior to BCP (100 

mg/kg) treatment produced a non-significant reduction of FCD (p>0.05) compared to BC 

animals (Figure 24).  
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Figure 22. Leukocyte adhesion in the submucosal bladder venules of female BALB/c mice 

(cells/mm2).  The following groups are included: sham animals (SHAM; n=7), untreated BC 

(Vehicle; n=6), BCP treated BC (BCP, 100 mg/kg, n=5), AM630 treatment (AM630, 2.5 mg/kg, 

BCP, 100 mg/kg, n=6). Leukocyte adhesion was evaluated 24 hours following intravesical 

administration of UPEC or PBS (SHAM). Data presented as mean± SD. * p < 0.05.  
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Figure 23. Leukocyte rolling in the submucosal bladder venules of female BALB/c mice 

(cells/mm2).  The following groups are included: sham animals (SHAM; n=7), untreated BC 

(Vehicle; n=6), BCP treated BC (BCP, 100 mg/kg, n=5), AM630 treatment (AM630, 2.5 mg/kg, 

BCP, 100 mg/kg, n=6). Leukocyte rolling was evaluated 24 hours following intravesical 

administration of UPEC or PBS (SHAM). Data presented as mean± SD. * p < 0.05.  
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Figure 24. Capillary perfusion of the bladder microcirculation in of female BALB/c mice 

(cm/cm2). The following groups are included: sham animals (SHAM; n=7), untreated BC 

(Vehicle; n=6), BCP treated BC (BCP, 100 mg/kg, n=5), AM630 treatment (AM630, 2.5 mg/kg, 

BCP, 100mg/kg, n=6). FCD was evaluated 24 hours following intravesical administration of 

UPEC or PBS (SHAM). Data presented as mean± SD. * p < 0.05.  
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3.3.2. Pain and Behaviour  

 

3.3.2.1 von Frey Aesthesiometry 

 

Von Frey Aesthesiometry was performed to analyze changes in pain threshold by 

measuring the amount of force, in grams, tolerated when applied to the animal’s pelvic region 

before withdrawal. Measurements were performed in all animals prior to intravesical UPEC 

instillation (T0) to set an individual baseline measurement and again 24 hours after UPEC 

instillation. UPEC instillation resulted in a significant (p<0.05) decrease in withdrawal threshold 

when compared to sham animals. Treatment with 100 mg/kg BCP significantly (p<0.05) restored 

levels of withdrawal threshold back to those of sham animals. Furthermore, AM630 (2.5 mg/kg) 

administration 30 minutes prior to BCP (100 mg/kg) treatment was able to significantly improve 

withdrawal threshold when compared to untreated BC animals (Figure 25).  Blocking the CB2R 

with AM630 (2.5 mg/kg) did not significantly (p>0.05) change the withdrawal threshold when 

compared to animals treated with BCP alone.  

3.3.2.1. Behaviour 

 

Changes in non-evoked behavioral responses were assessed as an alternative way to study 

pain in mice with BC. The scores for three behavioural parameters were summed to generate a 

cumulative behavioural score. Behavioural parameters were assessed in all animals prior to 

intravesical UPEC instillation (T0) to set an individual baseline measurement and again 24 hours 

after UPEC instillation Sham animals showed a minimal, non-significant increase in the total 

cumulative score. UPEC instillation significantly (p<0.05) increased cumulative scores compared 

to sham animals (Figure 26). Treatment with 100 mg/kg BCP significantly (p<0.05) improved this 

parameter, restoring behaviour to baseline. The same effect was observed in animals who received 

AM630 (2.5 mg/kg) administration 30 minutes prior to BCP (100 mg/kg) treatment, which 
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significantly (p<0.05) improved cumulative behavioural scores compared to BC animals. Blocking 

the CB2R with AM630 (2.5 mg/kg) did not significantly (p>0.05) change the increase in 

behavioural scores when compared to animals treated with BCP alone (Figure 26).  
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Figure 25. Change in withdrawal threshold (g) in female BALB/c mice. The following groups 

are included: sham animals (SHAM; n=9), untreated BC (Vehicle; n=10), BCP treated BC (BCP, 

100 mg/kg, n=8), AM630 treatment (AM630, 2.5 mg/kg, BCP, 100 mg/kg, n=5). Withdrawal 

threshold was evaluated before induction (T0) and 24 hours after intravesical administration of 

UPEC or PBS (SHAM, T24). Individual data points and group means are shown. * p < 0.05. 
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Figure 26. The increase in cumulative behavioural scores of female BALB/c mice. The 

following groups are included: sham animals (SHAM; n=9), untreated BC (Vehicle; n=10), BCP 

treated BC (BCP, 100 mg/kg, n=8), AM630 treatment (AM630, 2.5 mg/kg, BCP, 100 mg/kg, 

n=6). Behavioural parameters were evaluated before induction (T0) and 24 hours after 

intravesical administration of UPEC or PBS (SHAM, T24). Individual data points and group 

means are shown. * p < 0.05. 
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3.3.3 Bacterial Burden 

 

3.3.3.1. Urine 

 

Urine was collected from animals twenty-four hours after intravesical administration of 

UPEC. No bacteria were found in the urine of sham animals. Intravesical administration of 

UPEC significantly (p<0.05) increased bacterial burden in the urine of BC animals when 

compared to sham control. Treatment with BCP (100 mg/kg) was able to significantly reduce 

bacterial growth compared to the untreated BC group. Similarly, bacterial burden was 

significantly (p<0.05) reduced in animals who received AM630 (2.5 mg/kg) administration 30 

minutes prior to BCP (100 mg/kg) treatment compared to BC animals (Figure 27).  

3.3.3.2. Bladder 

 

Bladder samples were collected from animals twenty-four hours after intravesical 

administration of UPEC. No bacteria were found in the bladders of sham animals. Intravesical 

administration of UPEC significantly (p<0.05) increased bacterial burden in the urine of BC 

animals when compared to sham control. Treatment with BCP (100 mg/kg) was able to 

significantly reduce bacterial growth compared to the untreated BC group. Similarly, bacterial 

burden was significantly (p<0.05) reduced in animals who received AM630 (2.5 mg/kg) 

administration 30 minutes prior to BCP (100 mg/kg) treatment compared to BC animals (Figure 

28).  
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Figure 27. The effects of BCP treatment on bacterial growth in the urine of BALB/c mice 24 

hours after instillation of UPEC or PBS (SHAM). The following groups are included: sham 

animals (sham; n=9), untreated BC (Vehicle; n=16), BCP treated BC (BCP, 100 mg/kg, n=12), 

AM630 treatment (AM630, 2.5 mg/kg, BCP, 100 mg/kg, n=10). Bacterial burdens are expressed 

as CFU/ml, LOD (Limit of Detection). Individual data points and group means are shown. * p < 

0.05. 
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Figure 28. The effects of BCP treatment on bacterial growth in the bladder of BALB/c mice 24 

hours after instillation of UPEC or PBS (SHAM). The following groups are included: sham 

animals (sham; n=9), untreated BC (Vehicle; n=6), BCP treated BC (BCP, 100 mg/kg, n=9), 

AM630 treatment (AM630, 2.5 mg/kg, BCP, 100 mg/kg, n=9). Bacterial burdens are expressed 

as CFU/ml, LOD (Limit of Detection). Individual data points and group means are shown. * p < 

0.05. 
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3.4. Bone Marrow Derived Macrophages 

 

3.4.1. Intramacrophage Bacterial Killing 

 

The effects of BCP on bacteria killing was monitored in mature bone marrow derived 

macrophages, with intracellular UPEC recovered from the macrophages at 1h and 2h post 

infection. To ensure only intracellular bacteria was evaluated, all extracellular bacteria were 

killed with gentamicin at 100𝜇g/ml. Untreated UPEC controls had the highest recovered 

bacterial viability. BCP at all doses significantly enhanced (p<0.05) intracellular killing of UPEC 

in BMDMs at both 1h (Figure 29) and 2h (Figure 30) post infection, as measured by colony-

forming units on tryptic soy agar. No significant (p>0.05) dose-dependent enhancement of 

intracellular killing was seen.  

3.4.2. Nitric Oxide Assay 

A nitric oxide assay was used to examine whether BCP effects NO release into the cell 

culture medium from monolayers of BMDMs colonized by UPEC. No significant difference 

(p>0.05) was found in NO release 1h post-infection between any groups (Figure 31).   
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Figure 29. Effects of BCP at different doses on recovered intracellular UPEC bacteria from bone 

marrow derived macrophages, 1 hour post infection. Individual data points represent the number 

of viable bacterial colonies (CFU) recovered following gentamicin protection. The following 

groups are included: BMDM control, (CON, n=3), UPEC polysorbate 80 vehicle control (UPEC; 

n=3), UPEC+ BCP 500 𝜇g/ml (BCP500; n=3), UPEC+ BCP 250𝜇g/ml (BCP250; n=3), UPEC+ 

BCP 100𝜇g/ml (BCP100; n=3), UPEC+ BCP 50𝜇g/ml (BCP50; n=3), Bacterial counts are 

expressed as CFU/ml. Individual data points and group means are shown. * p < 0.05. 
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Figure 30. Effects of BCP at different doses on recovered intracellular UPEC bacteria from bone 

marrow derived macrophages, 2 hours post infection. Individual data points represent the number 

of viable bacterial colonies (CFU) recovered following gentamicin protection. The following 

groups are included: BMDM control, (CON, n=3), UPEC polysorbate 80 vehicle control (UPEC; 

n=3), UPEC+ BCP 500 𝜇g/ml (BCP500; n=3), UPEC+ BCP 250 𝜇g/ml (BCP250; n=3), UPEC+ 

BCP 100 𝜇g/ml (BCP100; n=3), UPEC+ BCP 50 𝜇g/m (BCP50l; n=3), Bacterial counts are 

expressed as CFU/ml. Individual data points and group means are shown. * p < 0.05. 
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Figure 31. Extracellular nitric oxide (NO) production from bone marrow derived macrophages 

colonized with UPEC and treated with different doses of BCP (T1). The following groups are 

included: BMDM control (CON, n=2), UPEC polysorbate 80 vehicle control (UPEC; n=2), 

UPEC+ BCP 500 𝜇g/ml (BCP500; n=2), UPEC+ BCP 250 𝜇g/ml (BCP250; n=2), UPEC+ BCP 

100 𝜇g/ml (BCP100; n=2), BCP50 (UPEC+ BCP 50 𝜇g/ml; n=2). Data are expressed as means 

± S.D. from two independent experiments. Samples were run in duplicates.  
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3.5. Human Bladder Epithelial Cells 

 

3.5.1. Bacterial Burdens 

 

The effects of BCP on bacterial adhesion and invasion into human bladder epithelial cells 

was monitored in BECs, with intracellular UPEC recovered 1h post infection. To ensure only 

intracellular bacteria was evaluated, all extracellular bacteria were killed with gentamicin (100 

𝜇g/ml). Untreated UPEC controls had the highest bacterial counts. BCP at all doses significantly 

enhanced (p<0.05) decreased bacterial invasion into BECs 1h post infection (Figure 32), as 

measured by colony-forming units on tryptic soy agar. A significant difference (p<0.05) was 

seen between BCP at 1000 𝜇g/ml compared to BCP at 10 𝜇g/ml.  

3.5.2. Nitric Oxide Assay 

 

A nitric oxide assay was used to examine whether BCP effects NO release into the cell 

culture medium from monolayers of BECs colonized by UPEC. No significant difference 

(p>0.05) was found in NO release 1h post-infection between any groups due to the high standard 

deviation in most of the groups (Figure 33).  However, a t-test between the BCP500 and BCP250 

group showed a significant difference (p=0.003). 
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Figure 32. Effects of BCP at different doses on recovered intracellular UPEC bacteria from 

human bladder epithelial cells, 1 hours post infection. The following groups are included: BEC 

control, (CON, n=3), UPEC polysorbate 80 vehicle control (UPEC; n=3), UPEC+ BCP 500 

𝜇g/ml (BCP500; n=6), UPEC+ BCP 250 𝜇g/ml (BCP250; n=6), UPEC+ BCP 100 𝜇g/ml 

(BCP100; n=5), and UPEC+ BCP 50 𝜇g/ml (BCP50; n=5). Bacterial counts are expressed as 

number of viable bacterial colonies (CFU) recovered following gentamicin protection. Group 

means are shown. * p < 0.05. 
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Figure 33. Extracellular nitric oxide (NO) production from bladder epithelial cells colonized 

with UPEC and treated with different doses of BCP (T1). The following groups are included: 

BEC control, (CON, n=3), UPEC polysorbate 80 vehicle control (UPEC; n=3), UPEC+ BCP 500 

𝜇g/ml (BCP500; n=3), UPEC+ BCP 250 𝜇g/ml (BCP250; n=3), UPEC+ BCP 100 𝜇g/ml 

(BCP100; n=3) and UPEC+ BCP 50 𝜇g/ml 0 (BCP50; n=3). Data are expressed as means ± S.D. 

from three independent experiments. Samples were run in duplicates.  
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Chapter 4: Discussion 

 
 The goal of this study was to evaluate the anti-inflammatory, anti-bacterial and analgesic 

activity of the CB2R agonist BCP in in vitro and in vivo models of acute UPEC-induced bacterial 

cystitis. Urinary tract infections are one of the most common bacterial infections encountered by 

clinicians (Tandogdu & Wagenlehner, 2016). While uncomplicated UTIs are typically 

manageable with a course of antibiotics, they are not effective against rising multi-drug resistant 

uropathogens, are ineffective at reducing recurrences and provide no immediate analgesia. BCP 

is a selective CB2R agonist shown to have anti-inflammatory (Zhang et al., 2021), anti-bacterial 

(Yoo & Jwa, 2018) and local anesthetic (Ghelardini, Galeotti, Di Cesare Mannelli, Mazzanti, & 

Bartolini, 2001) properties. The beneficial effects shown by BCP along with its ability to 

modulate the endocannabinoid system through CB2R activation, make it a promising target for 

the pharmacological treatment of BC.  

 To our knowledge, the present study is the first to show anti-inflammatory, anti-bacterial 

and analgesic effects of BCP in experimental BC in mice.  

4.1. The Anti-Bacterial Effects of Beta-Caryophyllene in vivo 
 
 Bacterial cystitis is a form of urinary tract infection, confined to the lower urinary tract 

(i.e., bladder and urethra). Our pilot studies aimed to ensure that our model accurately simulates 

BC and did not lead to the development of an upper urinary tract infection nor a systemic 

infection. Results from these studies found that intravesical UPEC administration significantly 

increased bacterial burdens in both the urine and bladder tissue. No bacteria were found in either 

the left or right kidney demonstrating that intravesical UPEC administration did not lead to the 

development of pyelonephritis at the 24-hour timepoint. Similarly, no bacteria were found in the 

spleen tissue indicating that our model does not lead to a systemic infection after 24 hours. Once 
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confirming bacterial burdens within the urine and bladder unaccompanied by infection within the 

kidney and spleen tissues, our pilot studies aimed to examine the effects of BCP treatment (100 

mg/kg) at T0. No bacteria were found in kidney and spleen tissues following UPEC instillation. 

Accordingly, BCP had no effect on bacterial growth in these organs. In both urine and bladder 

samples, BCP was shown to significantly reduce bacterial growth 24 hours after UPEC 

instillation. Our pilot studies administered BCP treatment immediately after UPEC instillation. 

Therefore, in order to improve upon the clinical relevancy of our model, we delayed treatment 

until 6 hours following UPEC instillation (T6) for our main and antagonist studies.  

 Results from our pilot bacterial studies were confirmed in our main studies which also 

saw a significant increase in bacterial burdens within the urine and bladders of female mice 24 

hours after UPEC instillation. Treatment with BCP (100 mg/kg) was able to significantly 

decrease bacterial burdens in the urine and bladders of female mice. Previously, BCPs anti-

bacterial activity on E. coli has been demonstrated in vitro. Studies by Neta et al. (2017) found 

that BCP induced bacterial killing in murine hepatoma cells infected with E. coli (Neta et al., 

2017). Similarly, in studies by Dahham et al. (2015) BCP exhibited antimicrobial activity against 

six bacterial strains, with MIC values ranging from 3 to 14 𝜇M, including E. coli with an MIC 

value of 9 ± 2.2 𝜇M. (Dahham et al., 2015). In addition to E. coli, BCPs anti-bacterial activity 

has been studied in other bacteria such as Streptococcus mutans. Studies by Pieri et al. (2016) 

found that BCP at concentrations between 1.56 and 6.25 mg/ml inhibited bacterial adherence of 

Streptococcus isolates in vitro and BCP at 50 mg/ml decreased bacteria dental plaque formation 

by over 40% in dogs (Pieri et al., 2016).  

 Our main bacterial studies included fosfomycin as a positive control. Fosfomycin is a 

first-line treatment option for uncomplicated urinary tract infections, that is 75-90% effective in 
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clearing UTIs (Gardiner, Stewardson, Abbott, & Peleg, 2019). As expected, fosfomycin 

treatment (10 mg/kg) significantly reduced bacterial burdens in both the urine and bladder 

samples of female mice. Additionally, fosfomycin in combination with BCP significantly 

reduced bacterial burdens in both the urine and bladder. No significant differences were found 

between treatment groups, suggesting that BCP has similar anti-bacterial efficacy to fosfomycin 

in UPEC-induced bacterial cystitis.  

4.2. The Anti-Inflammatory Effects of Beta-Caryophyllene  

 
 Uropathogenic Escherichia coli, the most common cause of UTIs, induce an 

inflammatory response, including leukocyte recruitment to the bladder. IVM was used as a 

method to assess the inflammatory response in UPEC-induced BC. Here, we showed that 

intravesical administration of UPEC produces an inflammatory response characterized by 

increased recruitment of leukocytes to the site of infection, as seen by a significant increase in 

leukocyte adhesion and rolling compared to sham animals. Similar findings were shown by 

Haraoka et al. (1999) who showed that intravesical administration of UPEC in female mice 

resulted in a marked increase in neutrophil recruitment compared to sham animals, as assessed 

by urine neutrophil numbers (Haraoka et al., 1999). To the best of our knowledge, no studies to 

date have used IVM as a method of studying the effects of intravesical administration of UPEC 

on the microcirculation of the urinary bladder. However, studies have been done using LPS from 

Escherichia coli administered intravesical. Studies by Kowalewska et al. (2011) found that LPS 

administration resulted in a significant increase in leukocyte adhesion and rolling in the bladder 

microcirculation (Kowalewska, Burrows, & Fox-Robichaud, 2011). It is known that leukocyte 

extravasation first begins with P-selectin mediated rolling along the endothelial surface, followed 

by firm attachment involving Ig adhesion molecules such as ICAM-1 (Collins et al., 2000). 
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Therefore, we performed a Luminex assay to quantify the levels of P-selectin and ICAM-1 in the 

urinary bladder. In this study, UPEC instillation did not cause a significant upregulation of P-

selectin or ICAM-1 compared to sham animals. Similarly, Kowalewska et al. (2011) showed that 

the bladder endothelium expressed P-selectin and ICAM-1 after intravesical saline instillation, 

and that the expression of both adhesion molecules did not significantly increase following E. 

coli LPS administration (Kowalewska et al., 2011). These results suggest that there may be a 

basal level of inflammation maintained in the murine bladder under normal conditions. Overall, 

cytokine and adhesion molecule levels were low in all tissue samples, indicating low-grade local 

inflammation associated with BC induction at the 24-hour time point. These results are in line 

with our histopathology data which found no significant histological changes in the bladder 

tissue of UPEC-infected mice compared to sham animals. Few studies have examined the 

histological changes associated with UPEC-induced BC. Studies by Rugo et al. (1992) used a 

model close in methodology to ours but instead looked at histological changes in the kidneys. 

Similarly, to our results, their authors found only moderate focal infiltrates of neutrophils into the 

kidneys, 12 hours after E. coli bladder inoculation (Rugo et al., 1992). Our histopathology data 

differs from studies by Luna-Pineda et al. (2019) who found polymorphonuclear infiltration in 

the submucosa accompanied by edema and cellular exfoliation in the bladders of UPEC infected 

mice (Luna-Pineda et al., 2019). However, these conflicting results may be due to model 

variances. Their authors used a more robust infectious model consisting of double the inoculation 

volume and a longer 48-hour timepoint, allowing for greater development of infection. 

Therefore, our data, as assessed by bladder tissue adhesion molecule measurements and 

histopathology, suggests that intravesical UPEC administration at the 24-hour timepoint 
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produces low grade local tissue inflammation, with early inflammatory markers evaluated by 

IVM of the bladder microcirculation.  

 IVM allows for the bladder microcirculation to be assessed in vivo making it a valuable 

tool for studying the potential effects ECS modulation. In this study BCP was used as an anti-

inflammatory treatment for UPEC-induced BC. Our studies found that IP delivery of BCP at 100 

mg/kg causes a significant decrease in the number of adherent leukocytes compared to vehicle 

control (olive oil). These results are in line with previous work in our lab investigating the role of 

CB2R activation in the urinary bladder of LPS induced interstitial cystitis. Studies by Berger et 

al. (2019) found that intravesical instillation of BCP or the CB2R agonist, HU308, significantly 

reduced the number of adhering leukocytes in the submucosal bladder venules (Berger et al., 

2019). Intravital microscopy represents a novel method of studying the role CB2R activation in 

the bladder microcirculation. However, CB2R activation has been studied via IVM in other 

organs. Szczesniak et al. (2017) found that the CB2R agonist, HU308, significantly decreased 

leukocyte adhesion in the iridial microcirculation in a murine model of proliferative 

vitreoretinopathy (Szczesniak et al., 2017). Similarly, Sardinha et al. (2014) studied CB2R-

mediated immune modulation in sepsis, finding that HU308 treatment significantly reduced the 

number of adherent leukocytes in the submucosal venules of endotoxemic mice (Sardinha et al., 

2014). In order to further investigate the role of CB2R activation in immune modulation, we 

blocked CB2R activation with AM630, a CB2R antagonist/inverse agonist. AM630 reversed the 

BCP induced reduction in leukocyte adhesion, maintaining the number of adherent leukocytes 

induced by intravesical UPEC administration. Our results correspond with the previously 

mentioned study investigating vitreoretinopathy, who found AM630 co-administration with 

HU308 blocked the therapeutic effects of HU308, increasing the number of adherent leukocytes 



 97 

back to the levels seen in untreated, LPS animals (Szczesniak et al., 2017). Similarly, in a murine 

model of experimental sepsis, AM630 was shown to reverse the protective effects of FAAH 

inhibitor URB597 on the LPS-induced increase in leukocyte adhesion in intestinal venules 

(Kianian, Al-Banna, Kelly, & Lehmann, 2013). Together, these results suggest that CB2R 

activation has anti-inflammatory properties, reducing the number of adherent leukocytes in a 

wide variety of tissues and inflammatory models.  

 Leukocyte slow rolling was assessed as an additional method to evaluate the leukocyte 

trafficking in the microcirculation of UPEC-induced BC. Our results showed no significant 

reduction in leukocyte rolling with BCP treatment. To our knowledge, CB2R-mediated effects 

on leukocyte rolling have not yet been shown using IVM of the urinary bladder. However, 

studies measuring leukocyte rolling in a model of acute joint inflammation found that inhibiting 

endocannabinoid degradation via high doses of the FAAH inhibitor, URB597, had no inhibitory 

effect on leukocyte rolling when compared to vehicle (Krustev, Reid, & McDougall, 2014). 

Similarly, IVM on the intestinal microvasculature of LPS-challenged mice showed that HU308 

treatment was unable to return the number of rolling leukocytes to the levels seen in control 

animal. Additionally, AM630 in combination with HU308 showed no significant change in the 

number of rolling leukocytes when compared to HU308 treated animals (Sardinha et al., 2014). 

These results are in line with our antagonist studies that showed no significant difference in the 

number of rolling leukocytes when CB2R were blocked with AM630 prior to BCP treatment. 

Together these results suggest that leukocyte slow rolling is an inflammatory response initiated 

independently of CB2R signaling. Additional studies must be done in order to further detail the 

role of CB2R signaling on leukocyte slow rolling. Alternatively, our studies did not administer 

BCP treatment until 6 hours following BC induction, so it is possible that the innate immune 
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response initiating leukocyte slow rolling had already begun prior to the 6-hour timepoint and 

therefore BCP did not produce any anti-inflammatory action on slow rolling.  

 Lastly, IVM was used as a method of evaluating capillary perfusion by quantifying the 

functional capillary density in the bladder microcirculation. Our results confirm findings seen for 

leukocyte rolling and adhesion. UPEC administration resulted in a significant decrease in FCD 

after 24 hours that was significantly improved with BCP treatment. These results are in line with 

studies on interstitial cystitis, finding that both, BCP and HU308, restored FCD of the bladder 

microcirculation to levels seen in healthy control animals, following an LPS-induced reduction 

in capillary perfusion (Berger et al., 2019). Similarly, HU308 was able to restore FCD in the 

mucosal villi of mice in an LPS-induced model of endotoxemia (Sardinha et al., 2014). In order 

to further verify our findings that CB2R activation through BCP reduces UPEC-induced 

microcirculatory damage, we blocked CB2R activation with AM630. While trends show a 

decrease in FCD levels following AM630 pre-treatment, this effect was not statistically 

significant. A similar effect was seen in the above-mentioned study finding no significant 

difference in FCD following BCP treatment with or without AM630 (Sardinha et al., 2014). 

While our results, along with those seen in previous studies, suggest a potential role for CB2R 

agonists in diminishing microcirculatory damage, microcirculatory perfusion is a complex 

process regulated through the interplay of many different pathways. Microcirculatory perfusion 

becomes compromised with immune dysregulation, e.g. due to decreased deformability of red 

blood cells with increased viscosity, intravascular activation of coagulation, increased percentage 

of activated neutrophils obstructing the microvasculature and increased capillary compression 

due to capillary leakage-induced edema (Spronk, Zandstra, & Ince, 2004).  Therefore, 
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modulating the CB2R pathway may play a role in restoring irregular microcirculation but is not 

the only pathway involved. 

As an additional method of investigating the therapeutic benefits of BCP as a treatment 

for BC, we compared its efficacy to that of antibiotic treatment using fosfomycin. Results from 

our adhesion molecule measurements, histopathology and IVM data found no significant 

difference between BCP and fosfomycin in terms of anti-inflammatory action, indicating that 

BCP has similar anti-inflammatory efficacy as the current standard clinical treatment for UTIs.  

4.3. The Analgesic Effects of Beta-Caryophyllene 

  
BCP demonstrated anti-inflammatory effects comparable to that of antibiotics in our 

murine model of bacterial cystitis. Despite a decrease in inflammation with antibiotic treatment, 

painful symptoms often persist in patients for 24-48 hours following initiation of treatment. 

Therefore, adjunctive therapy with phenazopyridine, which has a local analgesic effect on the 

urinary tract, is recommended to provide symptom relief (Bono, Reygaert, & Doerr, 2021). In 

order to further investigate the use of BCP as a treatment for bacterial cystitis we then examined 

its analgesic effects using studies of evoked and non-evoked pain tolerance. The von Frey 

aesthesiometry is a commonly used method to evaluate mechanical hyperalgesia in bladder pain 

by measuring the maximum force of mechanical stimuli applied to the pelvic area before the 

animal withdrawals. This method is more commonly used in interstitial cystitis and bladder pain 

syndrome which is associated with referred pain to the pelvic region (Lai et al., 2016). However, 

bladder hyperalgesia and suprapubic pain are common symptoms of UTIs (Foxman, 2014) 

making von Frey aesthesiometry a valuable method of studying clinical UTI symptoms in an 

animal model.  



 100 

UPEC instillation into the bladders of mice caused a significant reduction in the 

withdrawal threshold to stimulation of the lower abdomen. No significant difference was found 

in withdrawal threshold between groups prior to intravesical instillation of saline or E. coli 

(baseline) and instillation of saline (control) had no effect on pain threshold. Our results in 

experimental BC are in line with studies by Rudick et al. (2011) and Montalbetti et al. (2022) 

who both showed that E. coli instillation into the bladders of female mice induced pelvic 

allodynia as assessed by von Frey aesthesiometry (Montalbetti et al., 2022; Rudick et al., 2011). 

IP injection of BCP at 100mg/kg alone or in combination with fosfomycin reversed the E. coli 

induced reduction in withdrawal threshold, suggesting that BCP reduces pain levels. fosfomycin 

treatment alone had no significant impact on withdrawal threshold when compared to untreated 

BC animals. To our knowledge this is the first study to assess the analgesic effects of CB2R 

activation in bacterial cystitis. However, CB2R activation by BCP at 100 mg/kg has shown to 

improve von Frey aesthesiometry withdrawal threshold in an animal model of interstitial cystitis 

(Berger et al., 2019). Furthermore, the analgesic effects of BCP have been investigated in other 

animal models of pain. In vivo studies on mice after partial sciatic nerve ligation found that BCP 

treatment at 10 mg/kg over the course of three days significantly increased mechanical 

withdrawal thresholds as measured by von Frey aesthesiometry (Klauke et al., 2014). 

Additionally, studies by Ghelardini et al. (2001) demonstrated the analgesic properties of BCP 

both in vitro and in vivo. Authors found that BCP dose-dependently reduces the electrically 

evoked contractions of the rat phrenic hemidiaphragm in vitro, eliciting a similar effect to the 

local anaesthetic procaine. Furthermore, in vivo studies using conjunctival reflex test in rabbits 

found that BCP permitted a dose-dependent increase in the number of stimuli needed to provoke 

the reflex (Ghelardini et al., 2001).  
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As an alternative method of assessing non-evoked pain in UPEC-induced BC, we 

employed a behavioural scoring system of inflammatory visceral pain based off Boucher et al. 

2000 (Boucher et al., 2000). Our behavioural scoring system used three clinical signs and 

behaviors that are commonly used in research to indicate pain in mice including hunched 

posture, orbital tightness and decreased motor activity (Carstens & Moberg, 2000).  Our results 

showed that UPEC instillation into the bladders of female mice significantly decreased 

cumulative behavioural scores. This decrease in behavioural scores was reversed with BCP 

treatment at 100 mg/kg, alone or in combination with fosfomycin, suggesting a reduction in 

overall pain levels. Fosfomycin treatment alone showed no significant improvement on 

cumulative behavioural scores in UPEC-induced BC. Our results are similar to previous studies 

using a murine model of interstitial cystitis that found BCP at 100 mg/kg produced significant 

improvements in posture, orbital tightness and motor activity (Berger et al., 2019). To date, this 

is the only known study using behavioural scoring as a method of measuring CB2R activation on 

visceral pain in bacterial cystitis. However, studies by Mittal et al. (2016) found similar results 

quantifying cold hyperalgesia in a murine model of sickle cell disease. Authors found that sickle 

mice demonstrated increased back curvature and orbital tightness in response to cold. Treatment 

of sickle mice with the cannabinoid agonist CP55,940 resulted in a decrease in back curvature 

and orbital tightness when placed on the cold plate (A. Mittal, Gupta, Lamarre, Jahagirdar, & 

Gupta, 2016).  

Results from our von Frey aesthesiometry and behavioural assessment demonstrated that 

UPEC instillation into the bladders of mice resulted in heightened nociceptive pain despite only 

producing low-grade tissue inflammation. Studies show that acute UTI pain is mediated by LPS 

and is independent of inflammation (Rudick et al., 2011). A mouse model of UTI compared pain 



 102 

associated with the UPEC strain NU14 and the asymptomatic strain 83972. Both strains 

colonized the bladder indicating that pelvic pain was not correlated with colonization at 24 

hours. The authors then assessed myeloperoxidase (MPO), a marker of inflammation. MPO 

levels in the urine did not significantly differ between 83972 and NU14 infected mice and pelvic 

pain was not correlated with MPO levels 24 hours post infection. These results support the idea 

that UPEC induced pelvic pain is not correlated with bladder inflammation. Based on these 

results, authors hypothesized that UPEC induced pelvic pain is associated with LPS. In order to 

test this hypothesis, LPS was purified from 83972 or NU14 and instilled directly into the bladder 

of mice. NU14 purified LPS resulted in a significantly greater pain response when compared to 

83972 purified LPS. It is well described that LPS acts through the TLR4 receptor. In order to 

further support the idea that pelvic pain in UTIs is associated with LPS, authors used TLR4-

deficient mice and found that they exhibited significantly reduced pelvic pain compared to wild-

type mice following NU14 LPS instillation indicating that NU14 LPS acts through TLR4 to 

initiate pelvic pain (Rudick et al., 2011). Although the specific mechanisms behind how TLR4 

contributes to pain are not fully elucidated it is thought that LPS triggers UTI pain peripherally 

via its activation of microglia which leads to NF−𝜅B dependent COX-2 upregulation that has 

been shown to contribute to central sensitization in a murine model of neuropathy (Tanga, 

Nutile-McMenemy, & DeLeo, 2005). A TLR4 dependent pathway of initiating pelvic pain is of 

particular interest in our model which found higher pain levels in fosfomycin treated animals 

compared to BCP treated animals. Studies by Zoppi et al. (2014) demonstrated that the CB2R 

agonist, JWH-133, prevented a stress-induced NF-𝜅B and COX-2 increase in wild-type but not 

CB2-/- mice, indicating a CB2R-mediated anti-inflammatory response (Zoppi et al., 2014). 
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Together, these results suggest that CB2R agonists but not antibiotics may mitigate UTI pain via 

the downregulation of COX-2.  

Additionally, BCP is the only CB2R agonist to demonstrate local anesthetic properties. 

Studies by Ghelardini et al. (2001) showed local anaesthetic activity of BCP in rabbits using the 

conjunctival reflex test. Which they proposed was strictly dependent on BCPs chemical structure 

(Ghelardini et al., 2001). Our studies administered BCP via IP injections which likely produced a 

numbing effect in the urinary bladder of mice. Therefore, the analgesic effects of BCP but not 

fosfomycin, shown in our evoked and non-evoked pain tolerance could be explained by BCPs 

local anesthetic activity.  

 In order to further investigate the CB2R mediated analgesic effects of BCP we 

administered the CB2R antagonist/inverse agonist, AM630 (2.5 mg/kg), 30 minutes prior to BCP 

treatment. Our results showed no effect of pre-treatment with the AM630 on BCP-induced anti-

nociception in both evoked and non-evoked pain assessment. These results are in line with 

studies by Krustev et al. (2014) who found that increasing tissue anandamide levels using the 

selective FAAH inhibitor, URB597, produced anti-nociceptive pain in a murine model of acute 

joint inflammation, as assessed by von Frey aesthesiometry and hindlimb weight bearing. 

However, similar to our results, pre-treatment with the CB2R antagonist, AM630 (0.2 mg/kg), 

had no effect on URB597-induced anti-nociception in both hindlimb weight bearing and von 

Frey hair secondary allodynia studies (Krustev et al., 2014). Together, these results raise 

questions on the involvement of CB2R activation involvement in pain desensitization. Both 

studies used low doses of AM630 (e.g., 2.5 mg/kg and 0.2 mg/kg) so it is possible that full CB2R 

blockage was not achieved at these doses. Therefore, the effects of higher AM630 dosing on 

CB2R agonist-induced analgesia must be studied further.  
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 Alternatively, research has shown that cannabinoids can act synergistically with opioid 

receptors to produce analgesic effects (Ibrahim et al., 2005). In vivo studies investigating BCP’s 

ability to prevent a capsaicin-induced nociceptive response found that BCP induced 

antinociception in a dose-dependent manner. However, these results were blocked when 

pretreated with either the opioid receptor naloxone hydrochloride or selective 𝜇-opioid receptor 

antagonist 𝛽-FNA but not by the 𝛿-opioid receptor antagonist NTI and the 𝜅-opioid receptor 

antagonist nor-BNI (Katsuyama et al., 2013). These results further the hypothesis that BCP may 

have analgesic properties related to the release of endogenous 𝛽-endorphins activating opioid 

receptors in peripheral never terminals of sensory neurons. Future research must be done to 

further our understanding on the potential synergism between BCPs and opioid receptors.  

4.4. Beta-Caryophyllene Treatment in UPEC-Infected Bone Marrow Derived Macrophages 

 
 In addition to the anti-bacterial effects of BCP seen in our murine model of UPEC-

induced bacterial cystitis, we also aimed to study the effects of BCP in bone marrow derived 

macrophages. Macrophages play a crucial role in pathological processes, protecting against 

invading pathogens by promoting phagocytosis and clearance. Our studies examined the 

bactericidal activity of BMDMs by quantifying the CFU/ml of recovered intracellular E. coli 

from UPEC infected BMDM lysates. Our results found that BMDMs treated with BCP were able 

to more effectively clear bacteria at both 1 hour and 2 hours post-infection compared to untreated 

controls. There was no difference in the response over the full dose range. Similar results were 

seen by Yang et al. 2014 who found that the CB2R agonist, JWH133, reversed the impaired 

phagocytosis of peritoneal macrophages collected from cirrhotic rats (Yang et al., 2014). 

Similarly, studies by Shiratsuchi et al. (2008) demonstrated that the endocannabinoid, 2-AG, 

augmented phagocytosis of zymosan by mouse macrophages. This increase was abolished in the 
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presence of the CB2R antagonist, SR144528, but not the CB1 antagonist, AM251, indicating that 

the increase in phagocytosis by 2-AG is CB2R-mediated (Shiratsuchi, Watanabe, Yoshida, & 

Nakanishi, 2008). To our knowledge, this is the first study to examine the effects of CB2R 

agonist treatment on UPEC clearance in BMDMs. Together with the literature, these results 

suggest that BCP enhances bacterial clearance by macrophages in a CB2R-mediated manner. 

However, our results are limited by the lack of a CB2R antagonist group. Future research should 

be done, in order to support the idea that BCP treatment enhances bacterial clearance in 

macrophages through CB2R activation.  

 Lastly, we aimed to examine the effects of BCP treatment on NO production of BMDMs 

colonized with UPEC. NO is part of the innate immune response and has been shown to be 

produced enzymatically by nitric oxide synthase (NOS). Three major isoforms of NOS are 

known: two constitutive forms, the neuronal isoform (nNOS) and the endothelial isoform 

(eNOS) in addition to one inducible isoform (iNOS). iNOS can be induced in a wide variety of 

cells of the immune system including macrophages, neutrophils and epithelial cells (Svensson, 

Poljakovic, Demirel, Sahlberg, & Persson, 2018). During bacterial infections, increased levels of 

both NO and iNOS have been found in patients suffering from UTIs (Lundberg et al., 1997, 

1996). Our results found low levels of NO production in UPEC-infected BMDMs 1-hour post-

infection. No significant effect was seen with BCP treatment. The literature describes a lag phase 

of several hours between cell activation and NO synthesis (Geller & Billiar, 1998). Our model 

collected supernatant one-hour post-infection. Therefore, it is possible that NO synthesis had not 

yet been affected by UPEC colonization at the one-hour timepoint. Similar results were seen by 

Mittal et al. (2010) who found low levels of NO in UPEC infected peritoneal macrophages two 

hours post infection. However, their results showed a significant increase in NO levels by the six 
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hours timepoint (R. Mittal, Gonzalez-Gomez, Goth, & Prasadarao, 2010). Longer timepoints 

should be investigated in order to further study the effects of BCP treatment on NO production in 

UPEC-infected BMDMs. 

4.5. Beta-Caryophyllene Treatment in UPEC-Infected Bladder Epithelial Cells  

 
 The ability of UPEC to adhere and invade host bladder epithelial cells in considered the 

most critical factor in uropathogenicity (Martinez, Mulvey, Schilling, Pinkner, & Hultgren, 

2000). CB2R have been shown on the urothelium and detrusor muscle in the human bladder 

(Bakali et al., 2013). Our studies examined the effects of BCP at different doses on UPEC 

invasion into BECs. Our results found that BCP at all doses significantly reduced UPEC invasion 

into BECs compared to control. Although the exact mechanisms behind UPEC invasion into 

BECs remain incomplete, there are some CB2R-mediated mechanisms that could potentially 

explain a CB2R agonist induced decrease in UPEC invasion into BECs. Studies by Ellermann et 

al. (2020) found that the endocannabinoid, 2-AG, protected mice from enteric bacterial infection 

by inhibiting virulence factors essential for infection. It was shown that 2-AG directly modulates 

the virulence of pathogenic Enterobacteriaceae by inhibiting the activation of the pro-virulence 

receptor QseC. (Ellermann et al., 2020). Interestingly, studies by Kostakioti et al. (2009) 

demonstrated that QseC deletion significantly attenuated intracellular bacterial communities 

(IBC) and UPEC virulence. Authors also found that QseC deletion severely decreased type 1 pili 

(Kostakioti, Hadjifrangiskou, Pinkneer, & Scott, 2009). Type 1 pilus adhesin, FimH, mediates 

not only bacterial adherence but is necessary for UPEC invasion of human bladder epithelial 

cells (Martinez et al., 2000). If BCP is able to antagonize the bacterial receptor QseC similarly to 

2-AG it could provide rationale for a BCP-induced decrease in UPEC invasion into BECs. 
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These results are of particular importance in terms of UTI recurrence. Once internalized 

into epithelial cells, UPEC can enter a dormant state protected from natural bacterial flushing 

through the urine. Research has shown that intracellular UPEC can survive for extended amounts 

of time in the absence of clinical symptoms, later egressing to promote recurrent UTIs (Kim, 

Shea, Kim, & Daaka, 2018).  BCPs ability to decrease UPEC invasion into epithelial cells may 

decrease the recurrence of UTIs, unlike antibiotic treatment. Additionally, BCP treatment has 

been described to enhance cell proliferation in the epidermis and dermis (Koyama et al., 2019). 

To date, no research has been done studying the effects of BCP treatment on urothelial 

proliferation. However, research has shown that improving urothelial cell proliferation may 

restore urothelial health and prevent UTI recurrences. (Jiang et al., 2021).  

Preventing UTI recurrences is of particular importance as lower urinary tract symptoms 

(LUTS) are often seen in women who were successfully treated by antibiotics against the 

microorganism (Rodrigues, Hering, & Campagnari, 2014). LUTS are thought to persist 

following bladder ischemia, seen in our IVM data, which promotes detrusor overactivity due to 

structural damage to the urothelium and disruption of the mucosa (Azadzoi, Tarcan, Kozlowski, 

Krane, & Siroky, 1999). Women with a history of recurrent UTIs (≥ 3 per year) are more likely 

to develop bladder hypersensitivity, characterized by chronic bladder pain long after the bacterial 

load has cleared. Antibiotic treatment is unable to prevent recurrent UTIs and the associated 

chronic bladder pain therefore longitudinal studies should be done on the potential ability of BCP 

to decrease recurrences.  

Similarly, to our in vitro studies using BMDMs we aimed to examine the effects of BCP 

treatment on NO production in bladder epithelial cells colonized with UPEC. Again, our results 

found low levels of NO in all groups. Low levels were expected in control BECs as basal NO 
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production has been demonstrated in urothelial cells (Mastrangelo, Baertschi, Roatti, Amherdt, 

& Iselin, 2003). No significant effect was seen with BCP treatment. Similarly, Poljakovic et al. 

2005 demonstrated that three different strains of UPEC did not stimulate NO production (NO 

concentration < 5𝜇M) in culture medium of A498 human kidney epithelial cells one-hour post-

infection. Low levels of NO were seen in infected and control A498 cells. Their studies found 

that UPEC in the presence of IFN-𝛾 produced a slight increase in NO production, of which was 

weak compared to the response evoked by cytokines (Poljakovic, Svensson, & Persson, 2005). 

Additionally, studies by Poljakovic et al. 2002) demonstrated in vitro that the delay in iNOS 

expression by uroepithelial cells is at least in part due to the finding that iNOS expression in 

uroepithelial cells is not triggered directly by UPEC but by cytokines released by the activated 

urothelium and by infiltrating inflammatory cells (Poljakovic, Karpman, Svanborg, & Persson, 

2002). Together with the literature, these results suggest that UPEC are weak inducers of human 

uroepithelial iNOS and that NO production is not part of the first line of defence against UPEC.  

 Lastly, these results are in line with our BMDM results, highlighting the possibility that 

NO synthesis is not yet affected by UPEC colonization at the one-hour timepoint. Poljakovic et 

al. 2001 demonstrated that uroepithelial cells expressed iNOS in the later phase of in vivo UPEC 

infections, peaking between 6 and 12 hours (Poljakovic et al., 2001). Therefore, longer time 

points should be explored in order to determine the role of UPEC in the induction of human 

uroepithelial iNOS.  

4.6. Experimental Model of BC 

 

4.6.1. Limitations and Future Considerations  

 
The UPEC-induced model of bacterial cystitis has been used extensively to research the 

development and treatment of UTIs. This model is advantageous as it requires only temporary 
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anesthesia and UPEC can be delivered directly into the bladder by means of catheterization in 2-

3 minutes. Additionally, the mouse is a desirable model system for mammalian UTIs as the 

bladder structure and cellular composition mimic those of the human bladder (Hannan & 

Hunstad, 2016). However, some limitations can be identified in our model.  

Our model of UPEC-induced bacterial cystitis found lower levels of bacterial counts in 

homogenized bladder tissue than what is commonly described in the literature. Studies by 

Chockalingam et al. (2019) used similar methods to our work, infecting Balb/c mice via 

intravesical inoculation of 1 x 108 CFU/ml of CFT073 UPEC. Their work found median bacteria 

counts of 106 CFU/ml at 24 hours post-infection whereas our results found levels of UPEC 

between 103 and 104 CFU/ml in bladder tissue. Interestingly, they did find counts as low as 102 

(Chockalingam et al., 2019). These results highlight the variability seen in the model of UPEC-

induced bacterial cystitis. One issue we saw was that despite manually voiding the bladder prior 

to UPEC infection, some animals void their bladder while recovering from anesthesia, thereby 

flushing the inoculated UPEC from their bladder almost immediately following BC induction. In 

order to minimize potential effects of anesthesia, mice were taken off isoflurane immediately 

following UPEC instillation. However, once conscious we are unable to ethically prevent bladder 

voiding. Therefore, varying degrees of infection may be related to the length of time UPEC 

inoculation remained in the bladder prior to voiding. Additionally, Chockalingam et al. (2019) 

saw median bacterial counts of 105 CFU/ml in kidney tissues 24 hours post-infection whereas 

our model found no bacteria within the kidney tissues (Chockalingam et al., 2019). A 

satisfactory murine model of ascending UTI must avoid inoculation induced vesicoureteral 

reflux. Therefore, during BC induction we instilled the inoculation volume slowly over 10 

seconds in order to prevent reflux into the kidneys as described in the literature (Johnson & 
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Brown, 1996). Most studies using the UPEC-induced model of bacterial cystitis do not discuss 

slow infusion rate in their methods. Furthermore, our model used rifampicin resistant (RR) strain 

of CFT073 UPEC. This mutation could potentially decrease bacterial activity, resulting in lower 

infection levels. Studies by Huseby et al. (2020) demonstrated that there are at least 120 different 

mutations tolerated in the rifampicin-resistance-determining region, including frameshift 

mutations with largely unknown consequences for phenotype (Huseby, Brandis, Alzrigat, & 

Hughes, 2020).  Lastly, our model used female Balb/c mice infected with CFT073 (UPEC). In 

the case of both the mice and E. coli used, these strains are less commonly seen in research on 

UPEC-induced BC. Many studies who have previously examined UPEC-induced BC have used 

C57BL/6 mice who are known to have different innate immune responses compared to Balb/c 

mice (Bleul et al., 2021). Therefore, strain differences may hinder the generalization of our 

results. 

Another limitation of our study is that only female mice were used. The prevalence of 

UTIs is significantly higher for women than men due to the proximity between the urethral 

opening to the vaginal cavity and rectum, which harbor large bacterial communities (Foxman, 

2010). However, bacteria live around the urethral opening in both men and women and can 

colonize the urethra of both sexes. Although, transurethral catheterization to instill UPEC is an 

effective model for UTIs in mice, it is challenging to reproduce in males due to differences in the 

gross anatomy. In female mice the urethra is easy to visualize and catharize. Whereas the male 

urethra is longer and mor tortuous, making transurethral catherization much more difficult. Due 

to the inability to easily catharize male mice, the majority of research on UTIs has been done on 

female mice and as a result the effects of sex differences in UTIs remain understudied. Recently, 

Lamanna et al. (2020) has designed a novel catheter that allows for the control and flexibility to 
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navigate through the tortuous male urethra (Lamanna, Hsieh, & Forster, 2020) . This technique 

should be employed in future studies to facilitate the use of male mice in UTI research and 

expand upon sex differences in UTI treatments. 

Additionally, there is potential that our model induces low levels of pain through 

catheterization and i.p. injections. Although both catheterization and treatment should be 

relatively pain free, we cannot confirm that no pain was inflicted during these procedures. 

However, all animals were catheterized and received the same amount of i.p. injections. 

Therefore, if pain was inflicted, it would be present across all treatment groups. 

Lastly, future experiments should also test a second or multiple doses of BCP in vivo to 

improve efficacy. Our in vivo model is limited by the use of only one treatment dose and 

timepoint. To date, there is no known pharmacokinetic or pharmacodynamic data for BCP. 

Although our drug dose was chosen based on previous literature, without this knowledge we are 

unable to know the optimal timing and dosage of BCP treatment. Although little to no dose-

response was seen in our in vitro UPEC infections, it is possible that the same might not be true 

in an animal model where different tissues with multiple cell types are interacting. Dose-

dependent differences should be assessed in in vivo in order to determine if there is an optimal 

dose of BCP that effectively provides anti-inflammatory, anti-bacterial and analgesic effects.  

4.7. Conclusion 

 

 This study aimed to investigate the anti-bacterial, anti-inflammatory, and analgesic 

properties of BCP, a phyto-derived CB2R agonist, in a murine model of BC. Our results 

demonstrated that BCP (100 mg/kg) treatment produced strong anti-bacterial effects, reducing 

bacterial counts in the urine and bladder samples of BC animals. Next, BCP treatment 

(100mg/kg) showed anti-inflammatory action in vivo, producing a significant decrease in 
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leukocyte adhesion and reversing the UPEC-induced reduction in capillary perfusion in the 

bladder microcirculation of BC animals. Antagonizing the CB2R with AM630 reversed BCPs 

reduction in leukocyte adhesion, alluding to potential anti-inflammatory actions mediated 

through the CB2R. Results from bladder tissue adhesion molecule measurements and 

histopathology, suggests that intravesical UPEC administration at the 24-hour timepoint 

produces low grade local tissue inflammation. Using fosfomycin as a positive control, BCP was 

shown to have similar anti-inflammatory and anti-bacterial efficacy as the standard clinical 

therapy for BC. BCP was also able to restore the UPEC-induced pelvic sensitivity to both evoked 

and non-evoked pain, performing better than antibiotics. These analgesic effects were not 

blocked by AM630 pre-treatment, demonstrating that other physiological pathways may be 

involved in pain associated with BC. Lastly, in vitro studies revealed BCPs (50𝜇g/ml-

1000𝜇g/ml) ability to enhance bacterial clearance by bone marrow derived macrophages and 

reduce UPEC invasion into human BECs. In summary, this study shows that BCP has potential 

as a novel adjunct treatment for the management of BC based on its ability to reduce levels of 

bacterial burden, pain and inflammatory markers in experimental BC.  
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