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Abstract

Background: Chronic suppurative otitis media, a cause of hearing loss and decreased
quality of life, can be recalcitrant and difficult to treat particularly with the increasing
occurrence of antibiotic resistance. Probiotics have been effectively used to treat infections
and may be helpful in the treatment of chronic suppurative otitis media. However, before a
probiotic can be applied in the ear, its ototoxicity potential must be evaluated.

Objective: This thesis aimed 1. To examine the literature supporting the use probiotics to
potentially treat chronic suppurative otitis media, and 2. To test the ototoxicity of
Lactobacillus plantarum applied topically to the middle ear in a validated animal model.
Methods: The literature on the use of probiotics in the treatment of otitis media, and their
use against organisms commonly found in chronic suppurative otitis media was examined.
An appropriate probiotic candidate for the potential treatment of chronic suppurative otitis
media was selected based on the literature. A prospective controlled trial was conducted in
a chinchilla animal model at the Animal Care Research facilities of the Montreal
Children’s Hospital Research Institute to determine whether Lactobacillus plantarum at
10° CFU/mL is ototoxic when applied transtympanically.

Results: 1. Lactobacillus plantarum is a probiotic that has been shown to decrease
Staphylococcus aureus and Pseudomonas aeruginosa growth in wounds, making it a
candidate for the treatment of chronic suppurative otitis media. 2. There were no
statistically significant differences in hearing thresholds between control and experimental
ears at 28 days after transtympanic application of Lactobacillus plantarum. A difference of
11 dB was noted in the 25 kHz range at day 7-10, but resolved by day 28. No animals
receiving probiotics developed vestibular nerve dysfunction based on behavioural
observation. There was no histologic evidence of auditory hair cell damaged as verified by
scanning electron microscopy.

Conclusion: This thesis study suggests that Lactobacillus plantarum at 10° CFU/mL does
not cause ototoxicity in a chinchilla animal model. These preliminary auditory safety
evaluations, and the pathogen inhibitory effects of Lactobacillus plantarum demonstrated
by previous studies, suggest this probiotic as a candidate for further investigation for the

treatment of chronic suppurative otitis media.



Résumé

Avant-propos : L'otite moyenne chronique suppurée, une cause de perte auditive et de
diminution de la qualité de vie, peut étre récalcitrante et difficile a traiter, en particulier avec
l'augmentation de la résistance aux antibiotiques. Les probiotiques ont été utilisés
efficacement pour traiter les infections et peuvent étre utiles dans le traitement de I'otite
moyenne chronique suppurée. Cependant, avant qu'un probiotique puisse étre appliqué dans
I'oreille, son potentiel d'ototoxicité doit étre évalue. Cependant, avant de pouvoir étre
appliqué dans I'oreille, le potentiel d'ototoxicité d’un probiotique doit étre évalué.

Objectif : Cette thése visait 1. A examiner la littérature soutenant l'utilisation des
probiotiques pour traiter I'otite moyenne chronique suppurée, et 2. A tester I'ototoxicité de
L. plantarum appliqué topiquement a l'oreille moyenne dans un modéle animal validé.
Méthodologie : La littérature sur I'utilisation des probiotiques dans le traitement de I'otite
moyenne et leur utilisation contre les organismes couramment trouvés dans I'otite moyenne
chronique suppurée a été examinée. Un candidat probiotique approprié pour le traitement
potentiel de I'otite moyenne chronique suppurée a été sélectionné sur la base de la
littérature. Un essai contrdlé prospectif a été mené sur un modéle animal chinchilla dans les
installations de recherche en soins des animaux de I'Institut de recherche de I'Hopital de
Montréal pour enfants afin de déterminer si L. plantarum & 10° UFC/mL est ototoxique
lorsqu'il est appliqué par voie transtympanique.

Résultats : 1. L. plantarum est un probiotique qui réduit la croissance de S. aureus et de P.
aeruginosa dans les plaies, ce qui en fait un candidat pour le traitement de I'otite moyenne
chronique suppurée. 2. Il n'y avait aucune différence statistiquement significative dans les
seuils auditifs entre les oreilles contréle et expérimentales a 28 jours apres I'application
transtympanique de L. plantarum. Une différence de 11 dB a été notée en 25 kHz au jour 7-
10, mais résolue au jour 28. Aucun animal recevant des probiotiques n'a développé un
dysfonctionnement du nerf vestibulaire. 1l n'y avait aucune preuve histologique
d'endommagement des cellules ciliées auditives, tel que vérifié par microscopie.
Conclusion : Cette étude de thése suggere que L. plantarum & 10° UFC/mL ne provoque
pas d'ototoxicité dans un modele animal chinchilla. Ces évaluations préliminaires de
I'innocuité auditive et les effets inhibiteurs des agents pathogenes de L. plantarum
démontrés par des études antérieures suggérent que ce probiotique est un candidat pour une

enquéte plus approfondie pour le traitement de I'otite moyenne chronique suppurée.
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animal model to confirm that Lactobacillus plantarum is not ototoxic.



PART ONE: Introduction

Chapter 1.1. Rationale

Chronic suppurative otitis media (CSOM) is a chronic infection of the middle ear
with a perforated tympanic membrane and chronic purulent discharge. CSOM can greatly
impair a patient’s quality of life! by causing hearing loss, otalgia, social isolation associated
with having a chronically draining ear, limiting activities, and requiring frequent health care
visits. In developing countries, CSOM is the leading cause of childhood hearing
impairment? 34 This in turn has serious implications for a child’s speech and language
development? 8, impacting their cognitive and education outcomes’8°. Furthermore,
chronic drainage from the ear prevents the use of hearing aids that could otherwise help
children with a hearing loss. CSOM may additionally lead to complications which may be
severe — even life-threatening -- and include mastoiditis, meningitis, intracranial abscess,
facial nerve palsy, and lateral sinus thrombosis® ! 1213,

Despite good antimicrobial therapy, infections may be resistant to treatment due to
antibiotic resistance or biofilms that help these pathogens evade the host immune system as
well as antibiotics. Additionally, recurrent courses of antibiotic treatment may also lead to
otomycosis'4, an opportunistic fungal infection in the ear that occurs when antibiotics
disturb the local microbiome. Furthermore, certain antibiotics are themselves ototoxic,
causing hearing loss. These challenges speak to a need for novel therapeutic options.

Probiotics are beneficial bacteria that prevent the overgrowth of pathological
bacteria that cause disease. A disruption of the natural nasopharyngeal flora is noted in
children with otitis media. Normally, in healthy children non-typable Haemophilus
influenza accounts for less than 2% of their normal nasopharyngeal floral®, whereas levels
up to 90% are seen in children known for otitis media®. Healthy children without a history
of otitis media have a predominance of Streptococcus viridians in their nasopharynx, but
also a minor level of the potentially pathogenic bacteria Streptococcal pneumonia,
Moraxella catarrhalis and non-typable Haemophilus influenza'’ * however a predominance
of these pathogenic species is found in children known for otitis media?®. It is postulated
that probiotics help restore the native polymicrobial population in the nasopharynx, which
typically shows reduced levels of nasopharyngeal commensals in cases of recurrent acute

otitis media®. In a double-blinded study by Skovbjerg et al?%, children with chronic otitis



media effusion scheduled for insertion of tympanostomy tubes were treated with nasal spray
applications of probiotics or a placebo. A ten-day application of Streptococcus sanguinis
was shown to significantly improve rates of resolution of the effusion as confirmed at the
time of surgery.

Lactobacillus plantarum is a probiotic commonly used in foodstuff as well as
normal intestinal microflora. It has been shown to prevent both S. aureus and P. aeruginosa,
the main organisms found in CSOM®*, from establishing wound infections in mice and was
the most effective of three species of Lactobacilli tested??. It also has antagonistic activity
against Peptostreptococcus?, an anaerobic organism also commonly found in CSOM*, In
light of these findings, the topical application of the probiotic Lactobacillus plantarum may
be promising for the prevention and treatment of CSOM; however, before considering

further studies in the context of CSOM its ototoxicity potential must be established.

Chapter 1.2. Objectives and Organization

In view of the background previously outlined, the objective of this research is to
test the otologic safety of the probiotic Lactobacillus plantarum in the middle ear using a
validated Chinchilla animal model. This is a crucial first step before considering the
evaluation of whether L. plantarum is effective in treating CSOM.

The thesis will be divided in four parts. Part two lays the background for an
experimental study by discussing the problem of CSOM, a possible role for probiotics
based on the existing literature, and the potential for microbacterial organisms to cause
ototoxicity and thus further importance of testing the ototoxicity of any probiotic meant
for otologic use. Part three presents an experimental study as published in the Journal of
Otolaryngology — Head and Neck Surgery. Part four summarizes overall conclusions and

proposed future research directions.
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PART TWO: Background & LiteratureReview

Chapter 2.1. Chronic Suppurative Otitis Media (CSOM)

Microbiology

The propensity for otitis media is impacted by multiple risk factors including
eustachian tube dysfunction which changes with age, genetics, environmental factors, the
immune system, and viral or bacterial infections?*. Acute otitis media is the precursor of
chronic suppurative otitis media (CSOM) and its pathogenesis is usually initiated by a
respiratory viral infection?® and complicated by a bacterial infection that tracts from the
nasopharynx?®, most commonly Streptococcus pneumoniae, Haemophilus influenza and
Moraxella catarrhalis?’. Despite widespread vaccination against some of the causative
organisms such as the pneumococcus conjugate vaccines, the impact on reducing acute
otitis media has been modest in healthy infants?® and shifts in serotypes of S. pneumoniae
and H. influenza have been reported?. Acute otitis media may cause perforation of the
tympanic membrane, and with chronic inflammation and bacterial infection, persistent
otorrhea (drainage of pus from the ear) may develop.

The majority of CSOM infections are polymicrobial®® 3! and involve chronic
inflammation of the middle ear. Pathogens most commonly associated with CSOM are
Pseudomonas aeruginosa, Staphylococcus aureus, Proteus species, Klebsiella
pneumoniae, Streptococcus pneumoniae, Escherichia coli, Enterobacter aerogenes,
Peptostreptococcus, Fusobacterium nucleatum, Prevotella species, Bacteroides species,
Clostridium species and Porphyromonas species 323334353637 - The most frequently
isolated bacteria using culture techniques are Pseudomonas aeruginosa (up to 44%) and
Staphylococcus aureus (up to 37%)% 383940414243 ‘Standard treatment involves aural toilet
and topical antibiotics since the concentrations achieved locally are thousands of times
greater than can be achieved using systemic antibiotics *4. Treatment options however are
limited to those without the potential to be ototoxic. Despite targeted therapy, treatment

failure continues to be a problem in CSOM.
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Antimicrobial Resistance and Otomycosis

CSOM s first treated empirically since the concentration of antibiotic achieved
locally is thought to overcome even resistant bacterial strains in most cases. Culture-
directed treatment is performed in cases of failure to respond to therapy*°. However, with
chronic antibiotic use, antimicrobial resistance can be problematic. The rate of resistant
pseudomonas is reported as high as 54%% and appears to be increasing in some regions*’.
There is a significant prevalence of S. aureus that are methicillin resistant (MRSA) in
patients with CSOM*. A study by Ahn et al found that patients with MRSA CSOM were
three times as likely to continue having otorrhea even after mastoidectomy for recalcitrant
disease.

Biofilms are formed when microbial cells form an extracellular polymeric matrix for
protection and optimal growth conditions. They are sometimes found in chronic otitis
media*® and thought to contribute to resistance not only to antibiotics but also antimicrobial
agents® 5, They tend to adhere to ulcerated middle ear mucosa as well as to foreign
material such as tympanostomy tubes®. Pseudomonas in particular is known to employ
biofilms®3, among other strategies such as antibiotic inactivation by enzymes®* to evade the
host’s immune system. Biofilms contribute to treatment failure and recurrent infections® %,

In addition to antimicrobial resistance, chronic use of antibiotics in CSOM may lead
to opportunistic fungal infections®’, most often by aspergillus and candida species**. These
infections are also challenging to treat, and require frequent visits for debridement by a
medical professional. They are also of particular concern when occurring in patients with
immune suppression because they can become aggressive and cause significant morbidity

and mortality.

Chapter 2.2. Therapeutic Use of Probiotics

The idea of treating pathogenic bacteria with healthy bacteria was first published in
1958 and reported the successful treatment of a patient with Clostridium difficile
enterocolitis by way of fecal transplant®®. Use of probiotics in the treatment of infections
has been widely accepted in various applications such as infectious enterocolitis,
Helicobacter pylori peptic ulcer disease, vaginal yeast infections, and wound infections. The
use of Lactobacillus GG®°®° and bididobacteria®* %2are well documented at reducing the risk

of viral diarrhea. Furthermore, probiotics are accepted prophylaxis against the development
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of necrotizing enterocolitis and overall mortality in preterm infants, as supported by a
Cochrane Review®?,

Probiotics are thought to work in a multitude of ways. For example, certain
probiotics appear to enhance the functions of the gut mucosal barrier® by inducing mucin
secretion which may inhibit adherence of mucosal pathogens®. They are also found to
interfere with adherence and proliferation of pathogens to epithelial cells, to make the
microenvironment less habitable to pathogens (for example by competing for nutrients,
lowering pH, and producing antagonistic agents)®?, as well as to suppress toxin production
by pathogens®®. Some probiotics stimulate innate immune responses once ingested, such as
lactobacilli®’. Probiotics such as Lactobacillus GGI®® and Bifidobacterium lactis Bb-12%

increase immunoglobulin A production and thus enhance humoral immunity.

Chapter 2.3. Probiotics and Otitis Media

Children with recurrent otitis media appear to have reduced levels of nasopharyngeal
commensals. In studies comparing adenoid bacteriology of healthy children undergoing
adenoidectomy for nasal obstruction to otitis-prone children undergoing adenoidectomy and
tubes for recurrent otitis media, children with recurrent otitis media had reduced levels of a-
hemolytic streptococci, along with an increase in Haemophilus influenza and Streptococcus
pneumoniae’® " 72,

Brook et al’* designed a study that not only compared the pathogens isolated from
the adenoids of otitis media prone to non-otitis media prone children, but also tested
whether there were bacteria isolated from these children that could interfere in-vitro with
the growth of known pathogens involved in otitis media. As expected, there was a
significant increase in the rate of isolation of S. pneumoniae, H. influenza, Moraxella
catarrhalis and/or Streptococcus pyogenes in otitis-prone children, defined as children
having at least 6 episodes of acute otitis media in the 2 years prior to surgery. Twenty-seven
of these pathogens were isolated from 21 of the 25 otitis media-prone children, compared to
10 of these pathogens isolated from 8 of the 20 control children (P < 0.05). They tested the
ability of normal flora isolates from each of the children in these two groups to inhibit, or
cause “interference” with, the growth of each of the four known pathogens above in-vitro.
Interference refers to an antagonistic interaction between different bacterial strains in a way

that negatively affects growth or activity. Bacterial interference against these known
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pathogens was found in 71 instances in the otitis media-prone group, but 193 times in the
control group (P < 0.05), suggesting that normal children had more non-pathologic
organisms in their nasopharynx with the ability to inhibit otitis-media associated pathogens
in-vitro. Tano et al”® found consistent results in a study comparing the ability of a-hemolytic
streptococci isolated from the eustachian tubal orifice of healthy children, children with
otitis media effusion, and recurrent otitis media. They specifically took specimens from the
tubal orifice since prior studies suggest that the inhibitory activity of « -hemolytic
streptococci varies depending on the anatomical site from which it is taken”®. They found
that the « -hemolytic streptococci from children with otitis media effusion and recurrent
acute otitis media was significantly less effective at inhibiting S. pneumoniae, H. influenza
(P <0.001).

Probiotic nasal spray applications restoring the microbial flora of the nasopharynx
appear to reduce rates of recurrent acute otitis media and improve rates of otitis media
effusion resolution” 2%, In Roos et al’s” study, a-hemolytic streptococci from the
eustachian tube openings of healthy children were tested for their ability to inhibit growth of
S. pneumoniae, H. influenza, M. catarrhalis and S. pyogenes. Of the 800 strains tested, five
strains were selected for their superior inhibitory activity and made into a nasal spray of
5x108 colony forming units (CFU) per millilitre by freeze drying in skimmed milk. The
compound was reconstituted in normal saline immediately prior to treatment onset and kept
refrigerated throughout the 10-day treatment course. The placebo spray consisted of
skimmed milk powder with the same appearance as the probiotic spray. All patients
received a 10 day course of antibiotics prior to beginning either the probiotic or placebo
nasal spray. The children were treated with 10 days of nasal sprays, which was repeated
after 55-60 days. In the three-month follow-up, there were significant differences in the rate
free from recurrent otitis media (42% of the treatment group versus 22% of the placebo
group) and rate of otitis media effusion without recurrence of acute otitis media (31% in the
treatment group compared to 56% in the placebo group). Another double-blind randomised
control study in children with chronic otitis media effusion found that nasal spray treatment
with Streptococcus sanguinis resulted in significantly (P<0.05) improved recovery in the
treatment group (7/19 patients) compared to the placebo group (1/17 patients)21.

A more recent double-blind randomized controlled study of children known for

recurrent acute otitis media compared treatment with intranasal Streptococcus salivarius to
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placebo in reducing rates of acute otitis media, and also evaluated for uptake or colonization
of the probiotic’®. Otitis prone children received a course of antibiotics followed by twice
per day sprays for 5 consecutive days each month. While simply comparing treatment to
control group did not result in a significant reduction in rate of acute otitis media
occurrence, when they specifically compared children who showed confirmation of
Streptococcus salivarius colonization on nasopharyngeal swab to those who did not, the
differences were significant. In those colonized, 12/28 (42.8%) did not experience acute
otitis media following treatment versus 3/22 (13.6%) in the group that was not colonized (P
= 0.03). The rate of nasopharyngeal colonization after a treatment with probiotics was 56%
at the third month (immediately prior to third and final treatment course in this study) and
28% at 60 days after completion of therapy. This would suggest that the probiotic’s impact
on otitis media prevention was though local establishment and effects rather than through
systemic immune modulation via probiotic that may have been swallowed. This is
consistent with the literature, which does show mixed results for prevention of otitis media
when children are treated with an oral supplementation of probiotics®? 8 77 78,

One such study, a randomized, double-blind, placebo-controlled study, found that
feeding infants formula with probiotics significantly reduced their risk of acute otitis media
and upper respiratory tract infections’®. They recruited infants requiring formula as their
sole source of food before 2 months of age from well-baby clinics and randomized them to
receive 1 x 1010 colony-forming units of the probiotics Lactobacillus rhamnosus GG and
Bifidobacterium lactis Bb-12 supplemented to their formula daily versus a placebo over 12
months. The infants receiving this probiotic treatment had a significant reduction in acute
otitis media, and in the need for antibiotic treatment in the first 7 months of life (22% versus
50%, P = 0.014). None of the infants treated with probiotics required tympanostomy tube
placement in the first year of life, compared to four of the 40 (10%) of infants in the placebo
group (P =0.066). It is difficult to determine whether the effect on otitis media was
independent, or secondary, to reduced respiratory infections since there have been other
studies testing different probiotics that found no difference in rate of acute otitis media but a
decreased rate of upper respiratory infections’’ 8. Also, this study was in infants bottle-fed
milk containing probiotic and an infant’s anatomy is such that the probiotic could have
locally colonized the nasopharynx. Colonization of the nasopharynx was not confirmed in

this study.
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Chapter 2.4. Probiotics Against Organisms of Chronic Suppurative Otitis Media

If probiotics have the potential to reduce the risk of otitis media, it is conceivable to
consider that they may help in recalcitrant chronic suppurative otitis media (CSOM) where
antibiotic resistance and risk of complications from overuse of antibiotics such as
otomycosis limit treatment options. While probiotics have not yet been studied in the
context of CSOM, numerous studies have investigated the activity of probiotics against
Staphylococcus aureus and Pseudomonas aeruginosa, the microorganisms most commonly
associated with CSOM.

Lactobacillus fermentum inhibits growth, cytotoxicity, and biofilm formation in vitro
by Staphylococcus aureus and Pseudomonas aeruginosa strains in a dose dependent
manner®. Even when tested against mature biofilms of S. aureus and P. aeruginosa,
Lactobacillus fermentum cause dispersion of the biofilm in in-vitro conditions. Another in-
vitro study screening lactobacilli samples isolated from yoghurt and fecal samples showed
that Lactobacillus fermentum produced a bacteriocin that was effective against a clinical
blood isolate of MRSAS!.

Bifidobacteria bifidum may be another promising probiotic. In a mouse model of
staphylococcus aureus vaginosis, Bifidobacteria bifidum showed strong anti-staphylococcal
activity. Treatment enhanced immune response in these splenectomized mice, and by day 3,
mice that received the probiotic had returned to control-levels of CD3+ and CD4+82. In a
clinical case report of multidrug-resistant Pseudomona aeruginosa ulcerative colitis infection
refractory to steroid therapy and antibiotics, treatment with Bifidobacteria was reported to
have been successful at effecting remission®. Bifidobacteria are reported to have an anti-
inflammatory effect on a model of rat colitis®*, and in human studies have been shown to
modulate inflammatory mediators® 6.

Lactobacillus plantarum is a probiotic shown to prevent both S. aureus and P.
aeruginosa, the main organisms found in CSOM, from establishing wound infections®2. In
an in-vitro comparison of the activity of three strains of lactobacilli applied to culture dishes
of S. aureus and P. aeruginosa, L. plantarum was found to have the most inhibitory activity
against both these pathogens?? making it a good potential candidate for the treatment of
CSOM. This study also investigated the effect of L. plantarum on wounds in a mouse
model. They compared the treatment of S. aureus and P. aeruginosa inoculated wounds

with L. plantarum to a control group treated with saline and found that L. plantarum was
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able to prevent S. aureus and P. aeruginosa from establishing wound infections. The
wounds treated with the probiotic showed a resolution of inflammation and tissue
histopathology improvement. Valdez et al®” used a burned-mouse model to test the effect of
L. plantarum on P. aeruginosa infected wounds as compared to a control. At a
concentration of 10° CFU/mL, the probiotic significantly decreased necrosis and showed
dermal regeneration and histologic evidence of capillary vessel formation, collagen matrix
and fibroblasts marking active healing. The treated wounds also had significantly decreased
tissue levels of P. aeruginosa, and increased levels of tissue phagocytes containing P.
aeruginosa indicating an enhanced host response against the pathogen. This group also
studied L. plantarum in-vitro and found that in addition to effectively inhibiting P.
aeruginosa, it also significantly inhibited biofilm formation by the pathogen. In another in-
vitro study, L. plantarum showed antagonistic activity against multiple bacteria including
Peptostreptococcus, Enterococci, and S. aureus?, an anaerobic organism sometimes found
in CSOM®2, All these findings suggest that L. plantarum may be an interesting candidate for
the treatment of CSOM, however it must must first be determined whether it can be safely

applied topically to the middle ear.

Chapter 2.5. Ototoxicity of Microbacteria

Not only does chronic suppurative otitis media (CSOM) cause conductive hearing loss
up to 60 decibels (dB) due to perforation of the ear drum, fluid and disruption of the
ossicular sound conducting mechanism®, it can also cause sensorineural hearing loss® % 9!
in up to 58% of patients® °2 %3, There is evidence that bacterial infections are capable of
causing damage to auditory structures. Studies testing Streptococcus pneumoniae in the
middle ear of chinchilla and Pseudomonas aeruginosa exotoxin A found resulting
sensorineural hearing loss® %, Histologic studies comparing the CSOM ear to the
contralateral normal ear in human temporal bones confirmed a loss of outer hair cells in the
cochlear base of the CSOM affected ear®®.

The pathophysiology of sensorineural hearing loss in otitis media involves
inflammatory mediators such as reactive oxygen species generated from the infectious
process itself penetrating the inner ear through the round window and causing damage to the
cochlear hair cells and the stria vascularis® ®. Mediators such as nitric oxide, cytokines and

bacterial toxins can damage the auditory hair cells or the stria vascularis®” *° 1%, Arachidonic
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acid also alters blood flow to the cochlea, disrupting proper function!®. Since the basal turn
of the cochlea is closest to the round window, it is at greatest risk of injury, predisposing
hearing loss at high frequencies® %2, Older patients are at higher risk of developing
sensorineural hearing loss with CSOM, even when comparing the ear affected by CSOM to
the other non-affected side and therefore controlling for the natural history of presbycusis
(hearing loss in the high frequencies that occurs with age)'® 1%, These findings make it
crucial to test any bacterial organism for ototoxicity before proposing its application to the
middle ear.

An experimental study to be presented in Part Three, which follows, will describe
such a study.
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Chapter 3.1 Abstract

Background: Chronic suppurative otitis media can be recalcitrant and difficult to treat,
particularly with the increasing occurrence of antibiotic resistance. Lactobacillus plantarum
IS a probiotic that has been shown to decrease S. aureus and P. aeruginosa growth in
wounds, making it a good candidate for the treatment of chronic suppurative otitis media.
However, before it can be applied in the ear, its ototoxicity potential must be evaluated.
Methods: A prospective controlled trial was conducted in a chinchilla animal model at the
Animal care research facilities of the Montreal Children’s Hospital Research Institute to
determine whether Lactobacillus plantarum is ototoxic when applied transtympanically. Ten
chinchillas each had one ear randomly assigned to receive 10° CFU/mL of Lactobacillus
plantarum solution, while the contralateral ear received saline. Auditory brainstem responses
were measured bilaterally at 8, 20, 25 kHz before, at 7-10 days after application, and at 28
days after application of probiotic or saline. Facial nerve and vestibular function were
assessed clinically.

Results: There were no statistically significant differences in hearing thresholds between
control and experimental ears at 28 days after application. A difference of 11 dB was noted
in the 25 kHz range at day 7-10, but resolved by day 28. No animals receiving probiotics
developed vestibular nerve dysfunction based on behavioural observation. There was no
histologic evidence of auditory hair cell damaged evidenced by scanning electron
microscopy.

Conclusion: Our study suggests that a single application of Lactobacillus plantarum at 10°
CFU/mL does not cause ototoxicity in a chinchilla animal model. These preliminary safety
evaluations and the pathogen inhibitory effects of L. plantarum demonstrated by previous

studies present this probiotic as a candidate of interest for further investigation.
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Chapter 3.2 Background

Chronic suppurative otitis media (CSOM) can be challenging to treat, particularly
when complicated by antibiotic resistance or secondary otomyecosis. It is the leading cause
of childhood hearing impairment in the developing countries? and has had serious
implications for speech and language development in children? ®¢, impacting cognitive and
education outcomes’. Serious complications arising from these infections can cause
meningitis, intracranial abscess, facial palsy, and lateral sinus thrombosis®°.

The majority of infections are polymicrobial and involve chronic inflammation of
the middle ear. Pathogens most commonly associated with CSOM are Pseudomonas,
Staphylococcus, Peptostreptococcus, Fusobacterium, Prevotella, and Porphyromonas®?.

Currently, the first-line treatment for uncomplicated CSOM involves antibiotics
and anti-inflammatory agents applied topically to the ear. This treatment best achieves the
highest dose delivery with the least secondary effects'%. However, overuse of antibiotics
has resulted in resistant pathogens. Moreover, prolonged use of antibiotics has been
associated with development of otomycosis**.

Probiotics are living microorganisms that can provide beneficial effects!®’. For over
a decade, probiotic bacteria have successfully treated infections typically related to gastro-
intestinal (GIT) diseases'®. More recently, several non-GIT applications have been
investigated’®. In children with recurrent otitis media, nasal spray applications of probiotics
have been shown to reduce their rates of both infection and middle ear effusion?. It is
hypothesized that probiotics help restore the native polymicrobial population in the
nasopharynx, which typically shows reduced levels of nasopharyngeal commensals in
cases of recurrent acute otitis media*®®. These studies bring into question whether topical
probiotic bacteria application could also be beneficial in the prevention and treatment of
CSOM.

Lactobacillus plantarum is a probiotic shown to prevent both S. aureus and P.
aeruginosa, the main organisms found in CSOM®, from establishing wound infections??. It
also has antagonistic activity against Peptostreptococcus?®, an anaerobic organism
commonly found in COSM®. In a comparison of three strains of lactobacillus,
Lactobacillus plantarum was found to have the best inhibitory activity against S. aureus
and P. aeruginosa?? making it a good potential candidate for the treatment of CSOM.

Nonetheless, the ototoxicity potential of probiotics remains to be established prior to
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investigating otic applications. Thus, before studying whether Lactobacillus plantarum is
effective in treating CSOM, its safety when applied topically to the middle ear must be

determined.

Chapter 3.3 Materials and Methods

Study Overview

Chinchilla were used to verify the ototoxity of L. plantarum. The chinchilla was
chosen because it is a well-established animal model for hearing loss studies!!® 111112 They
also have large tympanic membranes and middle ears similar to humans and a cochlea that
is readily dissectible. Each chinchilla had a solution of probiotic applied transtympanically
to the randomly selected experimental ear and phosphate buffered saline (PBS) to the
control ear. Hearing was assessed by auditory brainstem responses (ABR) prior to
experimental application of probiotic, then at early and late intervals following application.
The animals were euthanized and the cochlear structures were analyzed using scanning

electron microscopy (SEM).

Animal Care and Ethics

The study received approval by the Animal Care Committee of the McGill
University Health Centre Research Institute and was conducted at the McGill Auditory
Sciences Laboratory in accordance with the guidelines of the Canadian Council for Animal
Care. Ten female chinchillas (C. Laniger, Ryerson Chinchilla Ranch, OH) were included in
the study. Throughout the study, chinchillas were kept in temperature and light controlled
rooms with free access to water and commercial food by the animal care research facilities

of the Montreal Children’s Hospital Research Institute.

Sample Size

The sample size of seven was calculated setting power at 80% and an alpha of 0.05
to show a difference of 20 dB with a standard deviation of 12.6 dB determined on a pilot
study. Ten animals were used to account for the potential of animal loss during the study.
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Hearing Evaluation

Hearing evaluations of the chinchilla were performed at three different times: at
baseline prior to application of the probiotic bacteria, early (day 7-10) and late (day 28)
after application of probiotic. Hearing was tested by ABR on chinchilla anesthetized by 5%
Isoflurane and maintained with 3% Isoflurane. Acoustic stimuli of 8,000, 20,000, and
25,000 Hz pure tone bursts were presented to the chinchilla through insert earphones

starting at 80 dB intensity and decreasing by 5 dB until a threshold was reached.

Probiotic Bacteria Preparation

L. plantarum ATCC 10241 was plated using MRS agar from an 80% (v/v) frozen
MRS-glycerol stock. The plate was incubated for 24 hours at 37°C with 5% CO2 to ensure
purity. A single colony from the MRS-agar plate was incubated for 24 hours at 37°C in
10mL of MRS broth. A standard curve was derived using the overnight culture of the
bacteria to make a solution of 10° colony-forming-units (CFU)/mL in PBS for
transtympanic application. The CFU count of the solution administered was determined
again by standard colony counting to ensure accurate dosing. The pH and electrolyte
content of the administered solution was verified in order to ensure no confounders in the

ototoxicity study.

Transtympanic Application

Each of ten animals had one ear randomized to receive probiotic bacteria
(experimental), while the contralateral ear received PBS (control). After anesthetizing, a
radial incision in the antero-inferior quadrant of the tympanic membrane was made and
0.4-0.7 mL of probiotic solution (until the middle ear was filled) was administered into the
middle ear via a soft sterile polyethylene tubing catheter. The same volume of PBS was
instilled into the control ears following the same protocol.
Middle Ear Examination and Histology

Four weeks after application of the probiotic, all animals were euthanized. The
middle ears were examined for bony or mucosal changes. The cochleae were dissected and
fixed in 4% paraformaldehyde. Post-fixation staining with osmium tetroxide and graded

dehydration with 30, 50, 70, 80, 90, and 100% alcohol was performed. Specimens were
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critical-point dried using Leica CPD 030, mounted, gold plated, and viewed using the

Hitachi field emission electron microscopy (Hitachi S4700, Tokyo, Japan).

Statistical Analysis

Early (day 7-10) and late (day 28) shifts in ABR thresholds after application of the
probiotics were compared using paired T-test between the experimental and control ears
across all three frequencies tested (8, 20, 25 kHz). A p value < 0.05 was considered

statistically significant.

Chapter 3.4 Results

Probiotic Preparation and Dose Selection

Previous studies testing the activity of Lactobacillus plantarum against
Staphyloccus aureus or Pseudomas aeruginosa on wounds used concentrations of 10° to
1.5x108 CFU/mI®7 113 114 Standard colony counting of an aliquot of the probiotic solution
used gave a count of 1.5x10° CFU/mL. The solution had a neutral pH of 7.0. Na+ was 156
mmol/L, K+ 1.7 mmol/L, and CI- 148 mmol/L.

Observations for Physical Signs of Toxicity

Three animals had to be euthanized before completion of the experiment due to
unrelated illness and were therefore excluded from analysis. The remaining seven animals
were in good health until the end of the experiment, maintaining steady weight gain and
normal behaviors. Commonly accepted physical signs of ototoxicity are evidence of
damage to cochleovestibular nerve, resulting signs of vestibular disturbance such as head

tilt or disequilibrium.

Auditory Brainstem Response Threshold Shifts

To investigate ototoxicity, baseline hearing measured prior to application of
solutions were compared to early post-application (day 7-10) and late post-application (day
28) using ABRs. On the early assessment (day 7-10 following transtympanic application of
solution) a significant threshold shift was found at 25 kHz in the ear with the test probiotic
doses (9.6 £ 2.3dB) when compared to the control ear receiving (-1.4 = 3.5dB), P=0.02.
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This threshold shift resolved by the day 28 ABR measurements. No significant long-term
hearing loss was observed between experimental and control ears at all frequencies and

time points tested (Fig.1).

Threshold Shifts from Baseline:
Early (day 7-10) and Late (day 28)

* denotes significant difference between experimental and ¢

Fig. 1 Auditory brainstem response thresholds shifts from baseline. Error bars = 1 standard deviation. Abbreviations: dB, decibels; exp., experimental
(probiotic); ctl, control (phosphate buffered saline)

Assessment of Structural Anatomy

Day 1 following application of solutions transtympanically, examination of the
tympanic membranes under anesthesia confirmed that the middle ears were still fluid-
filled. Prior to measuring early ABRs at day 7-10, ears were again examined otoscopically
revealing small amounts of effusions remaining. After euthanasia and temporal bone
dissection examination revealed no mucosal changes in the bulla of experimental and

control ears.

Histology
Three randomly selected pairs of cochlea were examined under SEM, which

revealed no observable changes to the cochlear hair cells between the experimental and
control ears for each animal. The three rows of outer hair cells in the Organ of Corti were

intact in both the control and experimental ears (Fig.2).
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Fig. 2 Scanning electron microscopy showing comparison between control (@) and experimental (b) histological micrographs

Chapter 3.5 Discussion

Treatment of CSOM is problematic particularly when there is antibiotic resistance.
Based on studies showing that probiotics can treat various infectious diseases’® 21 1%, the
question of whether probiotics could be effective in the treatment of CSOM is raised.
Recolonization of the nasopharynx with commensal bacteria has been suggested as a
strategy to treat recurrent otitis media’® " 1%, Probiotic bacteria may be a safe and effective
adjunct treatment for CSOM.

To date, topical application of probiotic directly to the ear has not been explored.
An ideal probiotic would be effective against the pathogens common to CSOM, and have
low potential of pathogenicity and ototoxicity. Studies show that L. plantarum is active
against P. aeruginosa and S. aureus on wounds?? 8 114 and active against methicillin-
resistant S. aureus in vitro'*3, making it a good candidate for treating recalcitrant CSOM.
However, the safety of its use in the ear precludes study of its efficacy particularly since
some bacteria, such as S. pneumoniae and H. influenzae, are known to have the potential to
cause sensorineural hearing loss through virulence factors!®®, bacterial toxins!®, or
inflammatory mediators®'’. This explains the association of otitis media with sensorineural
hearing loss®® 8 % above.

This study is the first to demonstrate that the probiotic L. plantarum at a
concentration of 1.5 x 10° CFU/mL applied to the middle ear is not ototoxic as evidenced

by ABR results 28 days post-application and by electron microscopy of the cochlea. Such a
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study is particularly relevant for an organism that is not pro-inflammatory, such as L.
plantarum, since a non-inflammatory state tends to allow easier permeability through the
round window membrane and greater risk of ototoxicity. Since L. plantarum has
demonstrated ability to limit growth of P. aeruginosa, S. aureus®’ and
Peptrostreptococcus!', it may be a candidate for further studies investigating its safety and
therapeutic use in recalcitrant CSOM.

Inhibition of P. aeruginosa growth, as well as inhibition of the production of
biofilm and elastase by a 10° CFU/mL solution L. plantarum has been demonstrated both
in vitro and in vivo®”. In a burned-mouse model where burn wounds were infected with P.
aeruginosa, 10® CFU/mL L. plantarum applied topically to wounds led to decreased
pathogen growth and improved healing. A study of burn patients suggested that topical L.
plantarum at a concentration of 10° CFU/mL was as effective as silver sulfadiazine (the
gold standard in topical burn treatment) in decreasing bacterial load and promotion of
wound healing*,

A 1.5 x 10° CFU/mL solution of L. plantarum, a dose greater than that used in the
studies on burn wounds, was administered into the middle ear cavity and confirmed that it
did not cause any toxicity to Chinchilla cochlear structures. The transient statistically
significant difference in threshold shift between experimental and control ears seen at 25
kHz during the early (day 7-10) ABR was likely due to the greater viscosity of the
probiotic solution compared to PBS. It was noted on physical examination that the
experimental ear demonstrated residual effusion at the time of early ABR. Even then this
threshold shift was not considered clinically significant at only 11 dB, and most
importantly was resolved by day 28.

Although this study serves as preliminary evidence that L. plantarum is safe for
application directly to the middle ear, more complete testing must be done to confirm its
safety and effectiveness in humans. Currently L. plantarum is widely used in fermented
food products including yogurts, as well as probiotic supplements.

Limitations of this study include its small sample size, restricting its ability to
detect hearing losses less than 20 dB, and the single application of probiotic rather than
multiple applications at intervals, making its findings preliminary in nature. Moreover,
euthanizing the animals at 28 days only gives us the short-term effect of the transtympanic

Injection; any potential long-term toxicity cannot be ruled out with this study.
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Further investigations evaluating L. plantarum’s otologic safety and clinical
efficacy are needed. Chronic otitis media causes an increase in the thickness of the round
window membrane by a factor of two, which could have a protective effect due to
decreased permeability of the round window membrane!!® 120121 The ability of substances
to penetrate the round window membrane differs not only based on the properties of the
substance itself but by complex and multifactorial mechanisms that affect permeability of
the round window membrane. For example, methylprednisolone penetrates effectively
while many high-molecular weight proteins do not penetrate at all*?2, Other local
substances such as histamine increases the membrane’s permeability due to its vasodilatory
effect'?®, 1t would also be prudent to study the ototoxicity of L. plantarum when used in an
animal model of CSOM since that may alter release of cytokines and other factors which

may impact ototoxicity.

Chapter 3.6 Conclusion

This study demonstrates that a 1.5x10° CFU/mL solution of L. plantarum applied
intratympanically is not ototoxic in a chinchilla animal model. Given its activity against P.
aeruginosa and S. aureus, this study’s results present L. plantarum as a candidate for
further investigation in the treatment of recalcitrant CSOM. Further pre-clinical and
clinical investigations as well as efficacy studies will be invaluable for determining

whether L. plantarum could be used therapeutically in COSM.
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PART FOUR: Overall Conclusion

Chapter 4.1. Conclusion

The literature review described in Part two showed that chronic suppurative otitis
media (CSOM) is a complex disease whose pathogenesis is multifactorial and involves
multiple bacterial organisms, most commonly Staphyloccoccus aureus and Pseudomonas
aeruginosa®. Probiotics appear to have beneficial effect in reducing acute otitis media and
otitis media with effusion if the probiotics are able to colonize the nasopharynx, in particular
near the eustachian tube orifice’ ® 7681 actobacillus plantarum is probiotic that has long
been considered safe for ingestion and early evidence in in-vitro studies and wound care
research suggest that it has antagonistic effect on P. aeruginosa and S. aureus wound
infections and aids healing?® 28’ making it an appropriate potential candidate for the
treatment of CSOM.

The experimental study presented in Part three showed that at a concentration of
1.5x10° CFU/mL, L. plantarum applied intratympanically was not ototoxic in a chinchilla
animal model. Further pre-clinical and clinical investigations to understand the mechanism
of actions responsible for such effects, its safety, and efficacy studies will be invaluable for

determining whether L. plantarum could be used therapeutically in COSM.

Chapter 4.2. Future Studies

Recently a mouse model of CSOM has been described?* whereby a eustachian tube
obstruction is created unilaterally and the middle ear is inoculated with P. aeruginosa
through an iatrogenic subtotal tympanic membrane perforation. This may be an appropriate
animal model to test the effectiveness of L. plantarum in treating CSOM caused by P.
aeruginosa, and perhaps the development of this model may be extended to include other
pathogens or to create a multi-pathogen infection model to better represent what we see
clinically. An important condition to consider in performing these investigations includes
the use of pre-treatment antibiotics. Based on the studies outlined in this thesis by Roos et

al™ and Tano et al’® it appears that pre-treatment with antibiotics prior to introduction of a
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probiotic is more effective, possibly by decreasing competition from other strains of
bacteria and allowing more opportunity for the probiotic to adhere and establish itself.

If probiotics prove to be effective in treating CSOM, further study on the best way to
deliver predictable viable doses locally would be pertinent. This may be a challenge outside
of clinical studies. There is evidence that the supernatant of L. plantarum is also effective at
inhibiting P. aeruginosa and S. aureus, albeit not as effectively as inoculation with the

actual probiotic 2287

. It may be advantageous to characterize the elements in the supernatant
responsible for this effect in order to produce therapeutic medicines based on these if
colonization with beneficial probiotics proves to be impractical.

Lastly, this thesis evaluated only one probiotic, which based on the current
literature, seemed to be the most appropriate. However, there are innumerable other

probiotics that may also be effective in treating CSOM.
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