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ABSTRACT 

Tympanic membrane perforation (TMP) is a common pathology often as a result of 

middle ear infection, trauma, or ventilation tube (VT) treatments. Most TMPs heal 

spontaneously without intervention within 7–10 days. Those that fail to heal within 

three months can be defined as chronic TMPs which often stay permanently patent and 

are unlikely to close spontaneously. In these cases, surgical grafting is an option for 

treatment, typically with autografts but several alternative materials have been proposed 

in the literature. The development of new graft materials for tympanic membrane (TM) 

repair requires extensive in vitro and in vivo (i.e. animal models) evaluations prior to 

clinical trials. In order to fully examine the efficacy of a novel graft, a chronic TMP 

animal model that mimics the clinical condition of chronic TMPs in patients is required. 

The aim of this study was to develop techniques for creating a chronic TMP model in 

rats. 

 

In this thesis, an initial review described the proposed mechanisms of chronic TMP 

formation, evaluated the most updated evidence of different methods & animal species 

as well as identified limitations in experimental design and methodology for chronic 

TMP animal models.  

 

Firstly, we evaluated production of chronic TMPs in rat using (1) topical mitomycin 

C/dexamethasone (M/D), (2) paper insertion into middle ear cavity (MEC) or (3) re-

myringotomy. The closure of TMPs was significantly delayed by M/D (mean patency, 

18.9 days; p < 0.01) compared with the control (mean patency, 7 days), but was not 
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significantly delayed in the paper insertion group (mean patency, 9.4 days; p = 0.74). 

Repeated myringotomy of closed perforations (mean number of myringotomies, 8.9 per 

ear) stimulated acceleration of closure rather than delay. Histologically, the M/D group 

had almost normal TM morphology, while the paper insertion group revealed 

inflammatory and granulomatous responses. The re-myringotomy group had a 

thickened TM fibrous layer with collagen deposition. Thus, it was concluded that M/D 

delayed TMP closure in rats but the effect was not sufficiently long-lasting to be 

defined as a chronic TMP. Neither paper insertion into MEC nor re-myringotomy 

created chronic TMP in rats.  

 

We then evaluated the efficacy of VT treatment in conjunction with topical application 

of M/D (VT-M/D) for the creation of chronic TMP in a rat model. In the VT-M/D 

group, seven out of ten (70%) perforations were patent at ten weeks (mean patency, 

57.9 days; p < 0.01). VT group had two out of ten (20%) perforations patent at ten 

weeks (mean patency, 26.5 days; p < 0.01), while all the perforations from the 

myringotomy control group were closed by day nine (mean patency, 7.2 days). 

Histologically, the perforations patent at week ten depicted a stratified squamous 

epithelial rim, a thickened keratinocyte layer around the perforation edge as well as 

increased collagen deposition and macrophage infiltration. Chronic TMP in a rat model 

was successfully created by VT treatment and the efficacy was increased in 

combination with topical application of M/D.  
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Lastly, we evaluated histologically the progressive development and underlying 

mechanisms of chronic TMP in a rat model using two weeks VT treatment combined 

with topical application of M/D (VT-M/D), compared with normal TM and acute TMPs. 

In this comparison, the perforation edges at the later time points illustrated thickened 

stratified squamous epithelium rimming around the edges, significant increase in keratin 

and collagen deposition, raised macrophage infiltration as well as reduced cellular 

proliferation. Three phases of TMP failing to heal were identified - the acute healing 

phase (3–17 days), the transition phase (3–4 weeks) and the chronic phase (6–10 weeks). 

 

In summary, the results of this thesis indicated that topical M/D, paper insertion into 

MEC or re-myringotomy were ineffective in creating chronic TMP in a rat model. 

However, a successful chronic TMP rat model was created based on short-term VT 

treatment with or without topical M/D application. This model may be utilised for 

further investigation of pathogenic factors and testing of bioengineered grafts or 

therapies.
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ABBREVIATIONS 

The following abbreviations are used throughout this thesis: 

ABR Auditory brainstem responses 

ANOVA Analysis of variance 

AOM Acute otitis media  
oC Celsius 

EAC External auditory canal 

EDTA Ethylenediaminetetraacetic acid 

EGF Epidermal growth factor 

g Gram 

H&E Haematoxylin and eosin 

h Hour 

IHC Immunohistochemical 

Kg Kilogram 

Ltd Limited  

M Mole 

MEC Middle ear cavity 

min Minutes 

M/D Mitomycin C/dexamethasone 

ml Millilitre 

mm Millimetre 

n Number 

PA Plasminogen activator 

PBS Phosphate buffer solution 

PCR Polymerase chain reaction 

Plg Plasminogen 

RT Room temperature 

SEM Standard error of the mean 

STWS Scott tape water solution 
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TM Tympanic membrane 

TMP Tympanic membrane perforation 

UK The United Kingdom 

uPA Urokinase-type plasminogen activator 

US The United States 

UWA University of Western Australia 

VT Ventilation tube 

VT-M/D Ventilation tube in conjunction with topic application of 

mitomycin C/dexamethasone 

µm Micrometre
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1.1 TYMPANIC MEMBRANE PERFORATION 

Tympanic membrane perforations (TMPs) are common, usually resulting from trauma 

and infection. Most TMPs heal spontaneously in 7–10 days [1, 2] by a complex series of 

events with lots of gaps in knowledge but likely including epithelial migration, 

fibroblastic activity and vascular proliferation. However, some TMPs fail to heal within 

3 months and are associated with conductive hearing loss and recurrent infection. The 3 

months duration is the common clinical definition of chronic TMP, however there are 

rare instances where chronic TMPs can heal after the 3 months period. These chronic 

TMPs attract surgical interventions (e.g. myringoplasty), typically with a human 

autograft (e.g. temporalis fascia). With the advent of modern biomaterials, new options 

are being considered to increase efficiency or to reduce cost for repair of chronic TMPs, 

such as possibly performing the surgical repair under local anaesthetic. Many novel 

materials have an unknown safety and efficacy profile so need to undergo evaluation 

(i.e. animal models) prior to clinical trial [3]. A variety of animal models have been 

used, including rat [4, 5], mouse [6], chinchilla [7], guinea pig [8, 9] and dog [10]. 

However, their relevance has been hampered by the acute nature of most TMP animal 

models rather than the chronic TMPs we treat in patients. Up to 94% of acute TMPs [1, 

2] heal spontaneously without intervention, potentially reducing their clinical relevance 

[11]. Testing interventions on sub-optimal or unreliable chronic TMP animal models 

could provide inaccurate and misleading interpretations, with increased risk when 

transitioning treatments to clinical trials. 

 

Our research group reviewed the literature on TMP in 2007 and identified the need for 

chronic TMP animal models [12]. Similar conclusion was made in a recent review by 

Hong et al. [11]. Since 2007, there have been 18 additional studies attempting to 

produce chronic TMPs, with both positive and negative outcomes. Importantly, there 
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have been studies where the concept of chronicity was only weakly developed and 

whether the methods used do create a ‘true’ chronic TMP is still controversial [13-16]. 

In a recent commentary [17,18], we further highlighted this need for standardised 

experimental design and evidence for chronic TMP. Currently, there is no consensual 

definition for a chronic TMP animal model published. There is a need for criteria to 

classify a TMP animal model as ‘chronic’, including otoscopic images and histological 

evidence of perforation, a minimum duration of TMP patency of 8 weeks and a 

reasonable success rate for testing effective interventions. Testing interventions on sub-

optimal or unreliable chronic TMP animal models would provide inaccurate and 

misleading interpretations, with increased risk and safety compromise when 

transitioning treatments to clinical trials. 

 

In this review [19], we update our literature review on the topic, discuss the 

mechanisms of chronic TMP formation, evaluate the evidence of different methods and 

identify limitations in experimental design and methodology for chronic TMP animal 

models. We aim to provide a standardised protocol for future studies. 

 

1.2 MECHANISM OF CHRONIC TYMPANIC MEMBRANE 

PERFORATION IN HUMANS 

The mechanism resulting in persistent patency of chronic TMP in man is poorly 

understood. It is believed that the spontaneous healing capability of the TM has been 

impeded by numerous factors [20]. According to previous literature, we have classified 

hypotheses into structural, histological, infectious and growth factor-related 

mechanisms. In terms of structural factors, a large sized perforation might have 

insufficient structural support to allow bridging epithelium to span the defect [21]. 

Nonetheless, some argued [4, 22] against structural deficits given that many large 
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traumatic perforations heal spontaneously, while other small sized TMP persist. In very 

large TM defects, the epithelial germinating centres on the remnant TM and middle ear 

might be disrupted resulting in impaired re-epithelialisation. From a histological point 

of view, instead of the epithelium migrating across the perforation edge to bridge the 

defect, as in normal TMP healing, in chronic TMP a mature epithelial rim is formed 

around the edge of the perforation to meet with the medial mucosal layer of TM, even in 

both marginal and perforation abutting the mallues [23]. This epithelialisation pattern 

has been suggested to be a barrier to further healing [7, 20]. Infectious factor such as 

otitis media are closely associated with many of the chronic TMP, however exactly how 

infection hinders or promotes healing of TM is poorly understood. Presumably 

epithelial proliferation or migration is inhibited leading to epithelial rim formation [4]. 

Others believe that infection causes growth inhibition by promoting epithelialisation of 

TMP edge [20, 24, 25], inadequate supply of growth factors at TMP edge [24, 26] or 

deficient blood supply in central area of TM [27]. In addition, during healing many 

growth factors regulate inflammation, angiogenesis, re-epithelialisation and tissue 

regeneration [28]. Impairment of growth factor pathways may be involved in chronic 

TMPs. Animal studies have shown that growth factor receptor inhibitors delay healing 

of TMPs [29-31] while exogenous growth factors (e.g. basic fibroblast growth factor) 

may enhance the rate of healing [32-34]. 

 

1.3 EFFICACY OF CHRONIC TMP ANIMAL MODEL 

METHODS 

In current literature, various methods have been used to create chronic TMP animal 

models (Table 1.1, 1.2) and a broad range of efficacy has been reported. We have 

categorised these into three groups according to a reported level of efficacy, from the 

weakest delayed perforation healing outcomes to the most promising chronic 
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perforations. These methods are summarised in Table 1.1 (reported successful) and 

Table 1.2 (delayed). 



 32 

Table 1.1  Studies with reported success in the creation of chronic TMP in animal models 

Animal model Methods Animal no.  (N) Observation time  (weeks) Success rate  (%) Author, year 

Chinchilla I + TH + R 19 6–8 84 Amoils et al., 1992  

Chinchilla I + TH + R 51 8 80 Dvorak et al., 1995  

Chinchilla I + TH + R NR 8 NR Amoils et al., 1992 

Chinchilla I + TH + R NR 6–8 NR Lee et al., 1994  

Chinchilla I + TH 17 6 65 Downey et al., 2003 

Chinchilla I + R 30 6 100 Weber et al., 2006 

Chinchilla I + R 11 8 100 Parekh et al., 2009  

Chinchilla I 10 3–4 100 McFeely et al., 2000 

Chinchilla I 10 8 100 Spiegel & Kessler, 2005  

Chinchilla I 50 4 55 Ramalho & Bento, 2006  

Chinchilla TH + R 43 10 83 Soumekh et al., 1996  

Chinchilla TH + R 16 8 69 Wieland et al., 2010  

Chinchilla TH + R NR 8 NR Sundback et al., 2012  

Chinchilla R 28 5–8 85 Laidlaw et al., 2001  

Guinea pig I + TH + R 20 8–10 100 Ozkaptan et al., 1997  

Guinea pig I + R 85 8 89 Deng et al., 2009  

Guinea pig M & H (T) + TH + R 20 6 95 Jang et al., 2013  

Rat H (T) NR 12 33 Spandow & Hellström, 1993 

Rat H (T) NR 4 NR Rahman et al., 2008 

Rat M & D (T) 15 1 100 Seonwoo et al., 2013  

Rat M (T) 

M & D (T) + TH 

70 8 68 

72 

Choi et al., 2011 

Dog G (T) 14 15 57 Truy et al., 1995  

Mice Plg -/- NR 1.3 NR Shen et al., 2014 [61] 

I: infolding technique; TH: thermal injury; R: re-myringotomy; NR: not reported; M: mitomycin C; H: hydrocortisone; (T): topical application; D: 

dexamethasone; G: glutaraldehyde; Plg -/-: plasminogen gene deficiency. 
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Table 1.2  Studies with reported success in the creation of chronic TMP in animal models 

Animal model Methods Animal no.  (N) Mean time of TMP patency   (Days) Maximum time of TMP patency  (Days) Author, year 

Chinchilla I + TH 8 33 42 Emami et al., 2014 

Guinea pig M (T)      40 7 (0.05 mg/ml) 

31 (0.2 mg/ml) 

47 (0.4 mg/ml) 

22 (2.0 mg/ml) 

14 

NR 

84 

56 

Jassir et al., 2003 

Guinea pig 5F (T) 30 NR 21 Cakir et al., 2002 

Rat 5F (T) 

M (T) 

70 15 

46 

25 

70 

Cincik et al., 2005 

Rat M (T) 24 NR 44 O’Reilly et al., 2001 

Rat D (T) 12 30 30 Cho et al., 2010 

Rat C (T) 13 15 21 Haim et al., 2011  

Rat FGFRI (T) 12 10 (LD) 

21 (HD) 

14 (LD) 

27 (HD) 

Kaftan et al., 2012  

Rat EGFRI-E (T) 13 12 14 Kaftan et al., 2008  

Rat EGFRI-E (T) 

EGFRI-CE (T) 

12 12 

9 

14 

12 

Kaftan et al., 2010  

Rat EGFRI-E (S) 20 7 (LD) 

9 (HD) 

8 (LD) 

12 (HD) 

Kaftan et al., 2007  

Rat Mensa 22 6 7 Karli et al., 2014  

Mice Plg -/- 34 NR 143 Li et al., 2006  

Mice uPA -/- 38 NR 15 Shen et al., 2012  

MC: mitomycin C; (T): topical application; 5F: 5-fluorouracil; NR: not reported; D: dexamethasone; C: colchicine; FGFRI: fibroblast growth factor 

receptor inhibitor; LD: low dose; HD: high dose; EGFRI: epidermal growth factor receptor inhibitor; E: erlotinib; CE: cetuximab; (S): systemic 

application; Plg -/-: plasminogen gene deficiency; uPA -/-: urokinase-type plasminogen activator gene deficiency.  
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1.3.1 Delaying Healing of TMP 

Mitomycin C is an alkylating anti-neoplastic antibiotic which prevents replication of 

fibroblast and epithelial cells by interrupting DNA replication and inhibiting protein 

synthesis and mitosis. Five animal studies have evaluated topical application of 

mitomycin C [4, 8, 35-37]. O'Reilly et al. [4] applied mitomycin C (0.2 mg/ml) to TMP 

in rats resulting in a maximum patency period of 6 weeks. Mitomycin C at 0.4 mg/ml 

produced TMP with a mean patency time of 46 days [35]. A dose response study (0.05–

2.0 mg/ml) found that 0.4 mg/ml demonstrated the longest patency period of 47 days [8]. 

Another study tested numerous techniques including mitomycin C alone for 10 min and 

mitomycin C with gelfoam for 7 days [37]. In the former group, all TMPs healed by 8 

weeks while the later group produced a patency rate of 65% at 8 weeks. Taken together 

all these studies, mitomycin C seems to delay healing but does not produce chronic 

TMP. Ototoxicity from mitomycin C in high concentration has been reported in the 

literature [38] with hearing loss shown on auditory brainstem response (ABR) and 

otorrhea.  

 

5-fluorouracil is a pyrimidine analogue with anti-proliferative effects by inhibiting 

DNA synthesis. Topical application of 5-fluorouracil in guinea pigs [39] delayed 

healing for up to 3 weeks. Cincik et al.[35] compared topical application of mitomycin 

C and 5-fluorouracil on TMP in rats. The 5-fluorouracil group was only postponed to a 

short mean period of 15 days. 

 

Topical steroid alone (hydrocortisone or dexamethasone) seems to delay healing but not 

sufficient to induce chronicity. Topical hydrocortisone in rats [40] produced one third of 

TMP patent at 12 weeks mark. In another study [41], topical hydrocortisone was applied 



 35 

for 10 days in which 10 rats had persistent TMP at 4 weeks. Topical dexamethasone 

was also assessed [42] with result suggestive of delaying patency of TMP up to 30 days.  

 

Colchicine acts as a mitotic inhibitor by impeding microtubule polymerisation by 

binding to tubulin. Topical colchicine delayed TMP up to 3 weeks in rats [43]. 

Ototoxicity was suspected as high concentrations (> 0.1%) gave an elevated ABR 

threshold.  

 

Epidermal growth factor (EGF) has been shown in animal studies to support epithelial 

proliferation and migration [24, 44]. It was hypothesised that eliminating effects of EGF 

might create chronic TMP. Four studies [30, 31, 45, 46] assessed growth factor receptor 

inhibitors on rats after either systemic [31] or topical application [30, 45, 46] delaying 

TMP healing from 12–30 days but not satisfactory in length to be chronic.  

 

Mensa is known as sodium-2-mercaptoethanesulfonate, a mucolytic substance and 

utilized for chemically assisted tissue dissection during otologic surgery. A recent study 

[47] on rats found mensa treatment delayed TMP patency up to a maximum of 7 days. 

 

1.3.2 Methods Reported to be Successful but with Uncertain Efficacy & 
Reproducibility 

1.3.2.1 Infolding Technique 

A technique based on medial infolding of the perforation edge was first developed by 

Amoils et al. using chinchilla [7]. Perforation was by thermal cautery, then the mucosal 

surface of perforation edge was abraded circumferentially and several short radial 

incisions made at the margin. The edge between each radial incision was medially 

infolded to create micro-flaps and re-myringotomised when required on follow-up 
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otoscopy. This technique has been widely utilized with success rates from 55–100% 

[48-57]. In three of these studies [48, 55, 57], both thermal injury and re-myringotomy 

were included with the infolding technique (i.e. exactly as per Amoils et al.) with a 

success rate of 80–100%. Other studies have utilised the infolding technique alone, 

combining with thermal injury or with re-myringotomy (Table 1.1). The lack of 

standardisation of the technique combination among studies makes comparisons 

challenging. 

 

A recent study [15] aiming to revalidate the infolding technique on chinchilla has 

disputed its reliability. All TMPs healed by week 6 with a mean closure time of 4.8 

weeks. Of note, one major disadvantage of this method is the requirement for animals 

with sufficient sized TM (i.e. chinchilla and guinea pig [56, 57]). Amoils et al. [7] 

proposed method was specifically for chinchilla which is only available in certain 

countries such as United States and Brazil.  

 

1.3.2.2 Thermal Injury and Re-myringotomy 

This method uses thermal cautery and repeat thermal cautery if TMP is found to have 

healed. Three studies utilised this method on chinchilla [58-60] with success rates 

ranging between 69–83%. These are encouraging results however it must be recognised 

that cautery damages tissues and introduces toxic elements into the wound, as well as 

changing the TM architecture beyond the initial perforation, so may introduce 

confounding factors for repair methods. 

 

1.3.2.3 Re-myringotomy Alone 

Re-myringotomy alone is not commonly used. Laidlaw et al. [61] applied the re-

myringotomy alone technique in chinchilla achieving 85% of patency after 5–8 weeks. 
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1.3.2.4 Glutaraldehyde 

Glutaraldehyde is a toxic organic chemical with ability to denature proteins. One study 

conducted on dogs [10] with a success rate of 57% after 15 weeks. The efficacy of this 

agent requires further studies to clarify and the potential for ototoxicity is relatively high. 

 

1.3.3 Methods Reported to be Convincingly Successful and Could Have Potential 

1.3.3.1 Gene-deficiency in Plasminogen/Plasminogen Activators 

The plasminogen activator (PA) system plays an essential role in wound healing by 

generating active plasmin from plasminogen (plg). Some hypothesised that knocking 

out genes of PA or plg might delay healing of TMP. Shen et al. [62] found that mice 

with gene-deficiency in urokinase-type PA (uPA), healing was delayed up to 12 days. 

Li et al. [63] demonstrated that TMP patency was prolonged for up to 143 days in plg-

deficient mice. Another study [64] produced chronic TMPs in plg-deficient mice and 

investigated injections of plg which significantly improved healing rates. This indicates 

plg’s important role in TMP healing. However, a short observation time of 9 days and 

scarcity of evidence (e.g. otoscopic & histological images) to confirm chronicity of 

TMP warrant further studies [17, 18]. 

 

1.3.3.2 Mitomycin C in Combination with Steroid (hydrocortisone or dexamethasone) 

Combining topical mitomycin C/dexamethasone (M/D) (0.5 mg/ml, 5 mg/ml) was 

trialed in rats with a success rate of 100% [65] but observed for only 1 week. Cui et al. 

[66] tested mitomycin C (0.2 mg/ml) with hydrocortisone (5 mg/ml) producing a 

success rate of 87% after 8 weeks. Another study [67] applied hydrocortisone with 

ciprofloxacin and mitomycin C (0.2 mg/ml) in guinea pigs with a success rate of 80% at 
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6 weeks. Mitomycin C and steroid seems to have synergistic effects to extend period of 

patency which could be a promising prospect in establishment of chronic TMPs. 

 

1.4 CATEGORISING METHODS IN THE CREATION OF 

CHRONIC TMP ANIMAL MODEL 

We have categorised the wide range of methods used in creating chronic TMP animal 

models into traumatic, physical alteration of epithelium, chemical, immunological and 

genetic (Table 1.3). 

 

 

Table 1.3  Classification of methods in the creation of chronic TMP animal model 

Category Methods 

Traumatic Thermal injury  

Re-myringotomy 

Physical alteration of TM epithelium Infolding technique  

Chemical Mitomycin C 

5-fluorouracil 

Hydrocortisone 

Dexamethasone 

Colchicine 

Mensa 

Glutaraldehyde 

Immunological Fibroblast growth factor receptor inhibitor 

Epidermal growth factor receptor inhibitor 

Genetic Gene-deficient of plasminogen / plasminogen activators 

 

 

1.5 CRITERIA OF CHRONIC TMP IN ANIMAL MODELS 

The current literature indicates the need for a universally established definition of 

chronic TMP animal model. Many studies have ‘labeled’ their animal models as chronic 

with little supporting evidence. We believe animal models should satisfy strict criteria 

to be defined as chronic, which will ensure standardisation and reliability. Table 1.4 

summarises these recommended criteria which include duration of TMP patency of at 
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least 8 weeks, success rate, macroscopic evidence (otoscopy) & microscopic 

verification (histology) and re-myringotomy details. 

 

 

Table 1.4  The six recommended elements of experimental designs in the creation 

of chronic TMP animal model 

Day 0: To perforate TM and apply 

methods to create chronic TMP 

(1) Providing total number of ears/animal initially attempted to create chronic TMP   

(for calculation of success rate) 

 

Week 8: To validate chronic TMP via 

various means 

(2) Minimum observation duration of 8 weeks for TMP patency before intervention 

(3) If  re-myringotomy technique used, provide proportion of animals requiring re-

myringotomy & total number of re-myringotomy performed per animal 

(4) Providing number of ears/animal with TMP staying patent at week 8 before 

intervention (for calculation of success rate) 

(5) Providing otoscopic images of chronic TMP at week 8 before intervention 

 

(6) Providing histological evidence of chronic TMP at week 8 before intervention 

 

After week 8: Interventions to repair 

chronic TMP 

 

 

End of experiment  

 

 

1.5.1 Duration of TMP Patency 

Duration of chronic TMP in patients (3 months or greater) is defined more stringently 

than in animals [68]. The most popular consensus in animal models defines the 

minimum duration of chronic TMP patency to be at least 8 weeks [12, 50, 53, 55, 56, 

61]. Many studies have conservatively defined their TMP failing to reach 8 weeks as 

delayed healing rather than chronic [4, 30, 31, 39, 45, 46, 54, 62]. Numerous studies had 

short observation periods of less than 8 weeks, ranging from 1–6 weeks but still labelled 

their animal models as chronic [4, 41, 49, 51, 52, 64, 65]. In these studies, it is certainly 

debatable and questionable whether the TMP are truly chronic. In Ramalho and Bento’s 
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study [54], the TMP were named as ‘subacute’ after an observation period of 4 weeks 

which is more scientifically appropriate. 

 

1.5.2 Success Rate 

The success rate is important to assess reliability of a method [17]. The success rate is 

defined as numbers of patent TMP at a defined time point (e.g. 8 weeks) and expressed 

as a percentage of the total number of TM initially perforated. Some studies failed to 

provide total number of animal/ears initially attempted [22, 41, 55, 60, 64] and therefore 

success rate cannot be calculated which impedes assessment of reliability and stability 

of methods in creation of chronic TMP. 

 

1.5.3 Macroscopic Evidence (Otoscopy) 

Otoscopic examination is essential to evaluate patency and observe features of 

chronicity. The chronic TMP margin appears thickened and opaque (Fig. 1.1) compared 

to an acute TMP with ‘clean-cut’ edge. Out of 23 studies indicating success in creation 

of chronic TMP, only 12 studies provided otoscopic evidence of chronic TMP before 

repair intervention. 
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Figure 1.1  Otoscopic photo of a chronic TMP (black arrowheads) in rat patent at 10 

weeks depicting opaque thickening around the perforation edge. 

 

 

1.5.4 Microscopic Evidence (Histology) 

Histology should be an essential outcome to evaluate features of chronicity. 

Histologically, a chronic TMP is defined as having squamous epithelium growing 

around edge of perforation to join with the medial mucosal layer of TM [7, 69] as 

illustrated (Figure 1.2). Some studies fail to demonstrate any histological evidence [4, 8, 

59]. Others provide histology of healed TMP after repair, but no histological evidence 

before repair intervention to prove chronic TMP was achieved. Only four studies [7, 10, 

50, 56] offered histological figures illustrating squamous epithelium growing over the 

rim of perforation. 
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Figure 1.2  Photomicrograph of histological section of a chronic TMP in rat. The black 

arrowheads indicate the squamous epithelial rim growing over the edge of the 

perforation. External auditory canal (EAC); tympanic membrane perforation (TMP); 

tympanic membrane (TM); middle ear (ME). Haematoxylin and eosin (H&E) staining. 

Scale bar = 200 µm. 

 

 

 

1.5.5 Re-myringotomy Details 

Re-myringotomy is performed repeatedly over time the same animal over a period of 

time as per required basis if required. Thirteen studies applied this technique but only 

three studies [7, 50, 55] documented the proportion of animals requiring re-

myringotomy. The total number of re-myringotomy required per animal is also useful to 

gauge efficacy but only provided by two studies [50, 58]. 
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1.6 PROPERTIES OF AN IDEAL CHRONIC TMP ANIMAL 

MODEL 

An ideal chronic TMP animal model is yet to be identified but would satisfy criteria in 

Table 1.5. 

 

Table 1.5  Properties of an ideal chronic TMP animal model 

TMP characteristics - Patent for ≥ 8 weeks  

- Well-epithelialised around edge 

Method  - Simple with short learning curve 

- Minimally invasive route  

- Reproducible 

- High success rate  

- No ototoxic effect  

Anatomy - Mimic closely to human TM  

- Surgically accessible TM 

Accessibility - Readily available universally 

Cost - Inexpensive 

Housing & feeding - Simple 

 

 

Animal model 

Tolerance to anaesthesia - High tolerance  

 

1.7 IS MIDDLE EAR INFECTION A POTENTIAL METHOD FOR 

CHRONIC TMP ANIMAL MODEL? 

Even though infection commonly causes chronic TMPs in men, there is no animal 

model for creating chronic TMP via induction of middle ear infection. Numerous 

studies investigated acute otitis media (AOM) in which a myringotomy was performed 

and bacterial suspension was inoculated into the middle ear. Generally, induction of 

AOM was associated with faster healing of TMP (7–14 days) compared with non-

infected animals [70-73]. It is uncertain why TMP heals quicker in AOM animal models. 

Inflammatory cells or growth factors within the infected middle ear might enhance 
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regeneration and in contrast to the clinical setting, some of those other factors (e.g. 

eustachian tube dysfunction, cholesteatoma) are not present in AOM animal models. 

The literature has not yet shown evidence for the possibility of creating a relevant 

chronic TMP animal model based on the experimental middle ear inoculation with 

various strains of bacteria. 

 

1.8 IS TRAUMATIC INJURY A POTENTIAL METHOD FOR 

CHRONIC TMP ANIMAL MODEL? 

In patients, occurrence of chronic TMP post insertion of ventilation tube (VT) is 2–16% 

[74, 75] and particular evident where repeated injuries to TM (e.g. multiple sets of VT 

insertion) occur [76]. It has been hypothesised that re-myringotomy may create chronic 

TMP in an animal model. Re-myringotomy showed positive result as a single technique 

[61] with a success rate of 85% and in conjunction with infolding technique and/or 

thermal injury in other studies (Table 1.1). However, others [21] disputed re-

myringotomy as unfavorable due to a high spontaneous healing rate (almost 70%) 

within 30 days of acute/traumatic TMP. 

 

1.9 ARE HEARING TESTS ESSENTIAL IN CHRONIC TMP 

ANIMAL MODEL STUDIES? 

Hearing tests are valuable in assessing functional improvement of TM after repair 

interventions (e.g. scaffolds). An ideal chronic TMP animal model should be free of 

ototoxicity after success, in order to evaluate hearing function associated with an 

intervention. In current literature, out of 21 published studies creating chronic TMP 

animal models involving repair interventions, only three studies [51, 56, 67] measured 
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hearing function. Assessing hearing of animal models is frequently done via the ABR 

under general anaesthesia. The most common animal species evaluated using ABR in 

the literature are rat, guinea pig and mice, while other animals such as dog or cat are 

less often conducted. There are numerous confounding factors that may affect the ABR 

readings. Surrounding noise should be minimal and a sound-proof room used where 

available. Any obstructing materials (e.g. wax) in the external auditory canal should be 

removed before ABR evaluation. Animal species also needs to be considered as a factor.  

From our experience, guinea pig is more suitable for ABR due to its consistent baseline 

hearing threshold, whereas inbred rats can have an unstable baseline hearing threshold 

from one animal to another. 

 

1.10 SELECTING A SUITABLE ANIMAL SPECIES 

For otological TM research an appropriate animal model is essential. Knowing the 

advantages and disadvantages of each animal and comparative TM anatomy relative to 

human are vital. The most common animal utilised is chinchilla, followed by rat, guinea 

pig and dog. Chinchilla (Figure 1.3B [59]) has similar TM diameter to human (Figure 

1.3A) of about 8.5 mm [77] and has a short, straight and wide external auditory canal 

(EAC) [15]. It is particularly suitable for models where excellent access is required such 

as the infolding technique [7]. Canine (Figure 1.3C [78]) EAC has been described as 

tortuous [10] and difficult for transcanal visualisation. Cost-benefit issue also arises for 

large and expensive animals. The rat model (Figure 1.3D) is inexpensive, easy to house 

and feed, readily available universally and have common anatomical features with 

human TM. One disadvantage of rat is the small diameter of TM (2 mm) which is 

challenging for the infolding technique. Guinea pig (Figure 1.3E) has similar ear 

anatomy to human with a robust temporal bone compared to rat. The mongolian gerbil 
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has been utilised for otological research but no chronic TMP animal model experiment 

has been published on gerbil as yet. It has a relatively large TM (greater than rat) 

despite small body size of around 80 g. Mice are advantageous from genetic 

manipulation point of view [62-64] but has the smallest TM of those considered (Figure 

1.3F) and may prove difficult for myringoplasty materials development. The average 

TM surface area of various animals are listed in descending order: human 65–85 mm2, 

chinchilla 56 mm2, dog 30–55 mm2, mongolian gerbil 14 mm2, rat 11 mm2, mouse 3.9 

mm2 [2, 77, 79]. 

 

 

 

Figure 1.3  Otoscopic image of a normal intact (A) human TM, (B) chinchilla TM [59], 

(C) dog TM [78], (D) rat TM, (E) guinea pig TM, and (F) mouse TM. Tympanic 

membrane (TM), pars tensa (PT), pars flaccida (PF), annulus (A), malleus (M), external 

auditory canal (EAC).   

 



 47 

1.11 FUTURE RESEARCH & DIRECTION 

A number of novel tissue engineering therapies including bio-scaffolds and bioactive 

molecules have recently been developed for repair of TMP. However, the values of 

these experimental studies have been limited by lack of a suitable chronic TMP animal 

model. Numerous methods have been trialed but an ideal chronic animal model is yet to 

be created. 

A significant feature of this area of research is that the mechanism(s) underlying chronic 

TMP is poorly understood. Further probing of molecular pathways, such as those 

recently identified in transcriptome studies of acute TMP [28], might be useful to 

identify mechanisms of chronicity. Gene deficient mice also provide some mechanistic 

insight. Two studies [63, 64] utilising plg-deficiency have shown promising results 

indicating that plg likely plays a significant role in TMP healing. The relevance of null 

mutant mice to clinical events may rightly be questioned, however the plg system 

certainly has substantial role in wound healing which deserves further attention in 

chronic TMP. Further mechanistic studies in this system are likely to prove fruitful. 

The combination of topical mitomycin C and steroid [65-67] seem efficacious according 

to current evidence. The underlying mechanism is likely through synergistic effects of 

mitomycin C interrupting DNA replication and mitosis, dexamethasone delaying 

macrophage chemotaxis and cellular proliferation while gelfoam prolongs delivery of 

agents or mechanically prevents healing. 

In the clinical setting, patients with chronic TMP are often associated with eustachian 

tube dysfunction, otorrhea and mucosal change. Therefore, creating solely a patent 

chronic TMP animal model is inadequate. Further developments are warranted to 

imitate all disease characteristics of chronic suppurative otitis media such as mucosal 

disease and discharge. 
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Out of all the proposed techniques in creating chronic TMP animal model, the infolding 

technique was most prevalent followed by combinations of mitomycin C and steroid. 

However, even these methods have recently been questioned [13-16]. We believe it is 

possible that none of the methods currently available produce ‘true’ chronic TMP. If 

this is the case, the validity and value of all repair interventions that have been 

investigated by chronic TMP animal models previously would require further 

evaluation. It is probable that some or all of TMP animal models ‘labelled’ as chronic 

were acute/sub-acute/delayed. Creation of chronic TMP animal models will be a 

challenging hurdle to overcome in order for potential repair interventions to be 

accurately assessed before clinical trials. 

Despite the numerous animal models and techniques reported, the question of how to 

create a ‘true’ chronic TMP animal model remains uncertain. The infolding technique 

on chinchilla is the most popular method but the reliability is recently questioned. The 

most promising methods identified are gene-deficiency in plg/PA and combination of 

topical mitomycin C and steroid. There are significant research methodology limitations 

identified from existing literature requiring future standardisation. Further studies are 

warranted to determine an ideal chronic TMP animal model which will assist evidence-

based evaluation of new therapeutic interventions for repair of chronic TMP in patients. 

 

1.12 HYPOTHESIS AND AIMS 

1.12.1 Hypothesis 

This study was based on two hypotheses, namely that: 

1. We hypothesise that the methods of topical M/D, paper insertion into middle ear 

cavity (MEC) or re-myringotomy will create chronic TMPs in a rat model 
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2. We hypothesise that the methods of VT treatment only and VT in conjunction 

with topical application of M/D (VT-M/D) will create chronic TMPs in a rat 

model 

3. We hypothesise that the underlying mechanisms of chronic TMP in a rat model 

involves increased collagen deposition, keratin deposition & macrophage as well 

as reduced cellular proliferation. 

 

1.12.2 Aims 

The aims of this study were therefore: 

1. To evaluate production of chronic TMPs in a rat model using topical M/D, paper 

insertion into MEC or re-myringotomy. 

2. To evaluate the efficacy of VT treatment alone and VT-M/D for the creation of 

chronic TMP in a rat model.  

3. To longitudinally evaluate histologically the underlying mechanisms of chronic 

TMP in a rat model utilising VT-M/D, compared with normal control and acute 

TMPs.
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2.1 MATERIALS 

2.1.1 Animals 

Animal experimental protocols were approved by The University of Western Australia 

Animal Ethics Committees (No. 100/1239). Animals were obtained from Animal 

Resources Centre (Murdoch, Western Australia, Australia) and were housed in the 

experimental animal facility of the University of Western Australia at Sir Charles 

Gairdner Hospital campus, M-Block. Animals were provided with food and water ad 

libitum in a room with 12-hour light/dark cycles. Experiments were performed in 

accordance with National Health and Medical Research Council of Australia Code of 

Practice for Care and Use of Animals for Scientific Purposes. Prior to the study, all 

animal ears were inspected using a Stative S3 model otomicroscope (Zeiss, Sydney, 

Australia) to ensure they were free of middle ear pathology. 

 

2.1.2 Surgical Instruments 

Surgical instruments used for the animal experiments are listed in Table 2.1. 

 

Table 2.1  Details of surgical instruments used for animal experiments 

Instruments Manufacturer 
Farrior ear speculum (size 1, 4.0 × 4.8 mm, length 4.3 cm) Karl Storz Ltd., Germany 

Baron suction tube (diameter 1 mm, length 7.5 cm) Karl Storz Ltd., Germany 

Fisch-Hartmann ear forceps (1.2 × 8 mm, length 8 cm) Karl Storz Ltd., Germany 

Fisch scissor (length 10.5 cm) Karl Storz Ltd., Germany 

Wullstein needle (length 16.5 cm) Karl Storz Ltd., Germany 

Scissor (straight, length 13 cm) Karl Storz Ltd., Germany 

Scissor (curved, length 13 cm) Karl Storz Ltd., Germany 

Adson tissue forceps (length 12 cm) Karl Storz Ltd., Germany 

Needle holder (length 15 cm) Karl Storz Ltd., Germany 

Halstead mosquito artery forceps (curved, length 12.5 cm) Karl Storz Ltd., Germany 

Fisch-Harmann ear forceps (1.2 × 8 mm, length 8 cm) Karl Storz Ltd., Germany 

Wullstein ear forceps (0.9 mm, length 8 cm) Karl Storz Ltd., Germany 
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2.1.3 Ventilation Tubes 

Table 2.2  Details of ventilation tubes used for animal experiments 

Ventilation tubes Manufacturer 

Collar Bobbin VT (fluoroplastic)  

- Inner diameter of 0.75 mm 

Olympus Pty Ltd., Australia 

Moretz Tytan VT (titanium)  

- Inner diameter of 0.76 mm 

Medtronic Xomed, Inc., USA 

 

 

Figure 2.1    (A) Photograph of the Collar Bobbin VT, made of fluoroplastic, 

manufactured by Olympus, with an inner diameter of 0.75 mm. (B) Diagram of Moretz 

Tytan VT, made of titanium, manufactured by Medtronic, with an inner diameter of 

0.76 mm. 

 

 

2.1.4  Drugs, Reagents and Other Materials 

Drugs and reagents used for the animal experiments are listed in Table 2.3. 

 

Table 2.3  Detail of drugs and reagents used for animal experiments 

Drugs Manufacturer 
Buprenorphine Hydrochloride (0.3 mg/ml) Reckitt Benckiser Ltd., Australia 

Cigarette Paper Tally Ho, Imperial Tobacco Australia, Australia 

Dexamethasone Sodium Phosphate Solution  

(5 mg/ml) 

Ilium, Australia 

Gelfoam Ethicon Inc., Somerville, USA 

Isofluorane (Attane®; 250 ml) Bomac, New Zealand 

Mitomycin C (5 mg powder) Sigma-Aldrich, USA 
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Pentobarbitone Sodium Virbac, Australia 

Povidone Iodine Solution (10%; 100 ml) Orion Laboratories Pty Ltd., Australia 

Water for injections (100 ml) Ilium, Australia 

 

2.1.5  Commercially Purchased Kits 

All commercially available kits that were used are listed in Table 2.4. 

 

Table 2.4  Detail of commercially purchased kits 

Kits Manufactory 
Picrosirius Red Stain Kit (Catalogue No. 24901-250) Polysciences, Warrington, USA 

Rodent Block R  Biocare Medical, California, USA 

Diaminobenzidine Solution Abcam, Australia 

 

2.1.6 Chemical Reagents 

All chemical reagents used during the course of this experiment were of analytical grade 

and were obtained from the manufacturers listed in Table 2.5. 

 

 

Table 2.5  Detail of chemical reagents 

Reagent Manufactory 
DPX Mountant Sigma-Aldrich, USA 

Ethylenediaminetetraacetic Acid (EDTA) Sigma-Aldrich, USA 

Eosin Sigma-Aldrich, USA 

Ethanol (100%) Amber Scientific, Australia 

Glutaraldehyde (25%) Sigma, St Louis, MO., USA 

Mayer’s Haematoxylin Amber Scientific, Australia 

Neutral Buffered Formalin (10%) Amber Scientific, Australia 

Hydrogen Peroxide (30%) Sigma-Aldrich, USA 

Methanol Amber Scientific, Australia 

Paraffin Wax Leica, Richmond, IL, USA 

1× Phosphate Buffered Saline (PBS) Amber Scientific, Australia 

Scott’s Tap Water Substitute (STWS) Amber Scientific, Australia 

Tween Amber Scientific, Australia 

Xylene Rowe Scientific, Australia 
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2.1.7 Buffers and Solutions 

The recipes of all buffers and solutions are provided in Table 2.6. 

 

Table 2.6  Detail of buffers and solutions 

Buffers and Solutions Composition and Preparation 
14% Aqueous EDTA (pH 7.2) Add 140 g EDTA to 800 ml dH2O. Measure pH and 

adjust to 7.2 where necessary with NaOH, then make up 

to a final volume of 1000 ml with dH2O. Solution mixed 

and used fresh. 

1% Eosin Dissolve 1g Eosin Y disodium salt in 20 ml dH2O and 80 

ml of 95% ethanol to make 1% stock solution. For 

working solution dilute 1:2 with 80% ethanol and add 0.5 

ml glacial acetic acid per 100 ml before use. 

10% Neutral Buffered Formalin Dissolve 4.0 g NaH2PO4 and 6.5 g Na2HPO4 in 100 ml 

formaldehyde (37-40%) and 900 ml dH2O. Mixed and 

stored at RT. 

1× PBS-Tween Buffer (0.1%) Add 0.5 ml Tween-20 in 500 ml 1× PBS. Mixed and 

stored at RT. 

Phosphate Wash Buffer Add 100 ml phosphate buffer (1.33M) to 200 ml dH2O. 

Mixed and stored at 4°C. 

 

2.1.8 Laboratory Instruments 

Laboratory instruments used are listed in Table 2.7. 

 

Table 2.7  Detail of laboratory instruments 

Reagent Manufactory 
Aperio ScanScope XT Automated Slide Scanner Aperio Technologies Inc., Canada 

MedRX Digital Video Otoscope MedRX, Largo, FL, USA 

Microwave oven, Sharp Carousel (Model R-7280; 650 Watt)  Sharp, Australia 

Motic B1 Advanced Series - Microscope Motic, Hong Kong 

Leica TP1020 Tissue Processor Leica Biosystems, Germany 

Leica EG1150H Heated Paraffin Embedding Module Leica Biosystems, Germany 

Leica EG1150C Cold Plate Modular Tissue Embedding System Leica Biosystems, Germany 

Labec Water Bath for Paraffin Sections Labec, Sydney, Australia 
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Leica Reichert-Jung 2040 Autocut Microtome Leica Biosystems, Germany 

Pump Suction Carrivac Portable High Suction Clements Medical Equipment Ltd., 

Australia 

WB-4MS Stirred water bath Biosan, Latvia 

Zeiss Model Stativ S3 Surgical Microscope Carl Zeiss Surgical Inc., Sydney, 

Australia 

 

2.1.9 Software 

Software that was used is listed in Table 2.8. 

 

Table 2.8  Detail of software 

Description Supplier 
Adobe® Acrobat® 9 Pro Version 9.3.0 Adobe Systems Inc., USA 

Aperio ImageScope Viewer software Aperio Technologies Inc., Vista, CA 

Aurisview Software Ear Science Institute Australia, Australia 

EndNoteTM Version X5 Thomson Reuters Co., NY, USA 

Image J National Institutes of Health, Bethesda, Maryland, USA 

Microsoft® Office 2003 Microsoft Corporation, USA 

SPSS Version 22 for Windows SPSS Inc, Chicago, Illinois, USA 

 

2.2 GENERAL METHODS 

2.2.1 Otoscopic Observation 

Animals from each group at each time point regularly underwent otoscopic observation 

using a digital video otoscope (MedRX, Largo, FL).  Under general anaesthesia using 

isoflurane (duration of 10–20 min), each animal was placed on the operating table in 

prone position. After connecting the digital video otoscope to a computer, the tip of the 

otoscope was gently inserted into the external auditory canal of the animal while 

looking at the computer monitor for accurate positioning. Five digital images were 

captured per animal each time by stepping on a foot paddle connected to the computer. 
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Images were recorded using Aurisview software (Ear Science Institute Australia, 

Subiaco, Australia).  

 

The TMs were viewed by two independent observers with respect to perforation closure, 

infection, myringosclerosis, granulation tissue, and thickening. Each TMP was graded 

as either completely closed or open. Only TMs that had completely closed were 

considered healed. 

 

2.2.2 General Surgical Details 

Animals were placed under general anaesthesia by inhalation of isoflurane via a nose 

cone (Bomac, New Zealand) (4% induction, 2% maintenance in 100% oxygen) for all 

surgical procedures. 

 

Prior to surgery, the weight of animal was measured and recorded. On the operating 

table, placing the animal on prone position, the ear canals and surrounding skin were 

swabbed and cleaned with povidone iodine solution. Under aseptic conditions, 

unilateral right myringotomy was performed via a transcanal approach under direction 

vision through the Zeiss Model Stativ S3 Surgical Microscope using a Wullstein needle. 

The posterior half of the pars tensa was perforated to a diameter of 0.8 mm. The tip of 

the Wullstein needle (0.2 mm diameter) was used as a gauge to ensure that the diameter 

of the TMP was consistently 0.8 mm. 

 

Immediate post-operatively, each animal was transferred to a separate cage for 

recovery. Upon full recovery, each animal was transferred back to its original cage. 
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2.2.3 Tissue Preparation for Histology and Immunohistochemistry 

Immediately after sacrifice, both left and right external ears were separated at the 

osteocartilaginous junction, and the TMs along with the bony annulus were removed 

from the tympanic bulla as tissue blocks approximately 2 × 2 mm. Harvested specimens 

were fixed in 10% neutral buffered formalin for 24 h, followed by decalcification in 

14% EDTA solution (pH 7.2) at 40oC for 10 days under constant shaking. Decalcified 

TMs were then processed into paraffin wax using an automated tissue processor 

(TP1020, Leica, Germany) on an overnight cycle (Table 2.9), embedded in wax blocks 

(approximately 15 × 15 × 3 mm) and transversely sectioned at a thickness of 5 µm with 

Leica Reichert-Jung 2040 Autocut Microtome at roomt temperature (RT) on microscope 

slides (25 × 75 × 1 mm, Superfrost Ultra Plus, Thermo Scientific, Australia). 

 

Table 2.9  Automated processing procedures for rat TM tissues 

Sequence Reagent Time Temperature (°C) 
Cylinder 1 70% Ethanol 1.0 h 30 

Cylinder 2 70% Ethanol 1.0 h 30 

Cylinder 3 80% Ethanol 1.0 h 30 

Cylinder 4 95% Ethanol 1.0 h 30 

Cylinder 5 100% Ethanol 1.0 h 30 

Cylinder 6 100% Ethanol 1.0 h 30 

Cylinder 7 Xylene 1.5 h 30 

Cylinder 8 Xylene 1.5 h 30 

Cylinder 9 Wax 1.0 h 60 

Cylinder 10 Wax 2.0 h 60 

Cylinder 11 Wax 2.5 h 60 

 

2.2.4 Haematoxylin & Eosin Staining 

Slides from each group were stained for general histology by Haematoxylin & Eosin 

(H&E) using the protocol described in Table 2.10. 
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Table 2.10  Detailed protocol for H&E staining 

Reagent Time (times) Reaction 
100% Xylene 3 min (×3) Dewax 

100% Ethanol 3 min (×3) Hydrate 

95% Ethanol 3 min (×1) Hydrate 

70% Ethanol 3 min (×1) Hydrate 

Distilled water 3 min Wash 

Mayer’s haematoxylin 3 min Nuclear stain (purple/blue) 

Distilled water 3 min Wash 

Scott’s Tap Water Substitute 4 min Bluing agent 

Distilled water 3 min Wash 

70% Ethanol 1 min (×1) Dehydrate 

95% Ethanol 1 min (×1) Dehydrate 

1% Eosin in Ethanol 1 min Cytoplasm stain (pink) 

100% Ethanol 2 min (×3) Dehydrate 

100% Xylene 2 min (×3)  

Mount in DPX Mountant   

 

2.2.5 Histochemistry Staining 

Histochemical staining was used to characterise fibrous collagens, macrophages, 

cellular proliferating cells, cytokeratins of rat TM tissues. The primary antibodies used 

for immunohistochemistry are listed in Table 2.12. 

 

2.2.5.1  Picrosirius Red Stain 

Picrosirius Red Stain Kit (Polysciences, Warrington, USA) was utilised to stain 

collagen I and III according to the manufacturer’s protocol described in Table 2.11. 

 

Table 2.11  Detailed protocol for picrosirius red staining 

Reagent Time (times) Reaction 
100% Xylene 3 min (×3) Dewax 

100% Ethanol 3 min (×3) Hydrate 

95% Ethanol 3 min (×1) Hydrate 

70% Ethanol 3 min (×1) Hydrate 

Distilled water 3 min Wash 
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Solution A 2 min Picrosirius red staining 

Distilled water 3 min Wash 

Solution B 60 min Picrosirius red staining 

Solution C 2 min Picrosirius red staining 

Distilled water 3 min Wash 

70% Ethanol 1 min (×1) Dehydrate 

95% Ethanol 1 min (×1) Dehydrate 

100% Ethanol 2 min (×3) Dehydrate 

100% Xylene 2 min (×3)  

Mount in DPX Mountant   

 

 

2.2.5.2  CD68 Immunofluorescence & Ki67 Immunohistochemistry 

Macrophages (CD68+) and proliferating cells (Ki67+) were stained in two sections. 

Following rehydration, sections were treated in 3% H2O2 in methanol for 5 min to 

reduce endogenous peroxidase activity and Rodent Block R (Biocare Medical, 

California, USA) for 30 min at RT to reduce non-specific antibody binding. The 

sections were then incubated with anti-CD68 antibody (AbD Serotec, Oxford, UK; 

1:100) or anti-Ki67 antibody (Biocare Medical, California, USA; 1:100) at RT 

overnight to detect macrophages or cellular proliferation respectively. Negative control 

sections received only diluent (Renoir Red, Biocare Medical, California, USA). After 

washing, sections for CD68 were incubated for 1 h in fluorescent labelled secondary 

antibody at 1:500 (anti-IgG–Alexa488; Abcam, Australia), then counterstained with 

DAPI (Life Technologies, Australia; 0.005 mg/mL). For Ki67 staining, the secondary 

antibody, Mouse-On-Rodent HRP-polymer (Biocare Medical, California, USA) was 

applied to sections for 30 min at RT. Diaminobenzidine (1 drop of Concentrated DAB 

Chromogen Substrate with 1 ml of DAB/Plus Substrate Buffer) (Abcam, Australia) was 

applied for ten min and then counterstained with haematoxylin.  
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2.2.5.3  Pancytokeratin & CD68 Immunohistochemistry  

Pancytokeratins and macrophages (CD68+) were stained in two sections. Following 

rehydration, sections were treated in 3% H2O2 in methanol for 5 min reduce 

endogenous peroxidase activity and Rodent Block R (Biocare Medical, USA) for 30 

min at RT for 30 min at RT to reduce non-specific antibody binding. The sections were 

then incubated with mouse anti-pancytokeratin antibody (Biocare Medical, USA; 1:100) 

at RT for 1 h or mouse anti-CD68 antibody (AbD Serotec, UK; 1:100) at RT for 2 h to 

detect cytokerains or macrophages respectively. Negative control sections received only 

diluent (Renoir Red, Biocare Medical, California, USA). After washing, a secondary 

antibody, Mouse-On-Rodent HRP-polymer (Biocare Medical, USA) was applied to 

sections for 30 min at RT. Diaminobenzidine (1 drop of Concentrated DAB Chromogen 

Substrate with 1 ml of DAB/Plus Substrate Buffer) (Abcam, Australia) was applied for 

ten min and then counterstained with haematoxylin.  

 

Table 2.12  Detail of primary antibodies used in immunohistochemical staining 

Antibody Origin 
Target 

species 
Isotype Dilution 

Supplier 

(Cat #) 

Antigen 

Retrieval 

CD68 Mouse Rat IgG1 1:100 AbD Serotec Heat 
(Citrate Buffer) 

Ki67 Mouse Rat IgG1 1:100 Biocare 
Medical 

Heat 
(Citrate Buffer) 

Pancytokeratin Mouse Rat IgG1 1:100 Biocare 
Medical 

Enzyme 
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2.2.6 Statistical Analysis 

Duration of TMP patency was determined by otoscopic observation was analysed 

statistically with one-way ANOVA, followed by pair-wise comparisons by t test (SPSS 

version 22). A p value < 0.05 was considered statistically significant. 
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3.1 INTRODUCTION 

TMP is a common clinical presentation worldwide, caused mainly by trauma, infections 

(e.g. otitis media) or VT removal/extrusion. Although the majority of acute TMPs heal 

spontaneously without intervention [80], those which fail to heal within three months 

are defined as chronic TMP. Chronic TMPs often stay permanently patent and are 

considered unlikely to close spontaneously. In these cases, surgical grafting is an option 

for treatment. Currently, the most preferred graft materials are autologous temporalis 

fascia, cartilage and perichondrium. 

 

During development of novel graft materials for TM repair, extensive in vitro and in 

vivo (i.e. animal models) evaluations are often conducted prior to clinical trials. In order 

to fully examine the efficacy of a novel graft, a chronic TMP animal model that mimics 

the clinical condition of chronic TMPs in patients is important. In the current literature, 

various animal models have been reported, including rat [5], mouse [62], chinchilla [7], 

guinea pig [9] and dog [10]. However, these models are mostly of acute TMPs and not 

useful for assessment of materials for myringoplasty or tympanoplasty on chronic TMPs. 

Up to 94% [1, 2] of acute TMPs heal spontaneously without intervention, thus 

accelerating the healing of acute TMPs is of less practical value than for chronic TMPs. 

In contrast, a chronic TMP animal model would have more direct clinical relevance. 

Currently, the most popular definition for chronic TMP animal models defines a 

minimum duration of patency to be at eight weeks [11, 12, 17, 19] and so we look to 

evaluate published models to test for TMP of eight weeks duration in rats. 
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The combination of mitomycin C and steroid (dexamethasone or hydrocortisone) has 

been shown recently to be efficacious in creating chronic TMP animal models. 

Seonwoo et al. [65] utilised topical M/D (0.5 mg/ml, 5 mg/ml) in rats with a reported 

chronic TMP success rate of 100% after one week. Cui et al. [66] tested topical 

mitomycin C (0.2 mg/ml) with hydrocortisone (5 mg/ml) in rats having a success rate of 

87% after eight weeks. A recent study [67] applying topical hydrocortisone with 

ciprofloxacin antibiotic and mitomycin C (0.2 mg/ml) on guinea pigs achieved a success 

rate of 80% at six weeks.  

 

Shen et al. from our laboratory [81] conducted a biocompatibility study of numerous 

materials by inserting paper, silk fibroin, collagen and Gelfoam® into MEC of rats. In 

the paper group, six of nine ears (66.7%) were found with persistent patent TMPs with 

serous otorrhea in two ears at each of the three time points - 2, 4, and 12 weeks post-

operatively. Paper insertion into MEC involved inserting cigarette paper strips through 

myringotomy into the MEC. On the basis of his 12 week animal data, in this study we 

hypothesised that the incorporation of paper into MEC could create a chronic TMP 

animal model, by inducing a local inflammatory response to delay closure of TMPs and 

modeling suppurative otitis media. 

 

A re-myringotomy model entails re-perforation of an initial myringotomy site upon 

closure at follow-up otoscopy. Laidlaw et al. [61] applied re-myringotomy in chinchillas 

and reported chronic TMP in 85% of animals after a period of five to eight weeks. 

Numerous studies have evaluated re-myringotomy in combination with thermal injury 

and/or infolding technique showing success rates ranging from 69–100% [7, 22, 48, 50, 

51, 55-59]. 
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Hence, the aim of this study was to evaluate and validate the efficacy of three 

techniques in creating chronic TMP in a rat model: 1. Combination of topical M/D, 2. 

Paper insertion into MEC, and 3. Re-myringotomy. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Materials 

Mitomycin C from Streptomyces caespitosus in 5 mg powder (Sigma-Aldrich, St Louis, 

USA) was dissolved in sterile water for injection (Ilium, Australia) to a concentration of 

0.5 mg/ml. Dexamethasone sodium phosphate solution (5 mg/ml) was purchased from 

Ilium, Australia. Gelfoam® (absorbable gelatin sponge) was purchased from Ethicon 

Inc (Somerville, USA) and supplied sterile in original packaging. Paper strips were 

prepared from cigarette paper (Tally Ho, Imperial Tobacco, Australia) packaged and 

sterilised with ethylene oxide gas prior to use. Microsurgical instruments (Karl Storz 

Ltd., Tuttlingen, Germany) were autoclaved routinely before use. The otomicroscope 

was Stativ S3 from Zeiss (Sydney, Australia) and digital video-otoscope was from 

MedRX (Largo, USA). 

 

3.2.2 Animals 

Forty male Sprague-Dawley rats (Rattus norvegicus), weighing 250–300 g, seven to 

eight weeks old, were obtained from Animal Resources Centre (Murdoch, Western 

Australia, Australia) and allowed to acclimate in on-site animal facilities for seven days. 

The experiments were approved by Animal Ethics Committee of The University of 

Western Australia (UWA) (approval number: 100/1239). Experiments were performed 
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in accordance with National Health and Medical Research Council of Australian Code 

of Practice for the Care and Use of Animals for Scientific Purposes. Dedicated barrier 

animal resources facility located on Sir Charles Gairdner Hospital was used to house 

animals. Twelve-hour light/dark cycles were used and animals were provided with 

commercial rat chow and water ad libitum. 

 

3.2.3 Experimental Design 

A total of 40 rats were randomly assigned to four treatment groups: control (initial 

myringotomy only) (n = 10), topical application of M/D (n = 10), paper insertion into 

MEC (n = 10) and re-myringotomy (n = 10). The right TM of each animal underwent 

procedures while the left TM was untouched and used as normal control. 

Postoperatively, all 40 rats were observed via otoscopy on a regular basis throughout 

the total duration of eight weeks. All animals were sacrificed at the end of eight weeks 

for histology. 

 

3.2.4 Surgical Procedures 

Prior to commencing the experiment, both of the rats ears were examined with an 

otomicroscope to exclude any middle ear disease. Debris from EAC was removed using 

a 1.0 mm Baron suction tube and 4.0 mm aural speculum when needed.  

 

Animals were placed under general anaesthesia by inhalation of isoflurane (Bomac, 

New Zealand) (4% induction, 2% maintenance in 100% oxygen) for all surgical 

procedures. Prior to surgery, ear canals and surrounding skin were swabbed and cleaned 

with povidone iodine solution. Under aseptic conditions, unilateral right myringotomy 
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was performed via a transcanal approach using a Wullstein needle. The posterior half of 

the pars tensa was perforated to a diameter of 0.8 mm. The tip of the Wullstein needle 

(0.2 mm diameter) was used as a gauge to ensure that the diameter of the TMP was 

consistently 0.8 mm. The primary investigator (AYW) performed all the animal 

surgeries in this experiment to further ensure consistency. 

 

3.2.4.1 Control Group 

Following myringotomy there was no further intervention, allowing TMPs to close 

spontaneously. 

 

3.2.4.2 Mitomycin C/dexamethasone Group 

Immediately following myringotomy, a Gelfoam soaked with mitomycin C (0.5 mg/ml) 

was placed on the perforation margin for ten min and was then removed. Subsequently, 

a second Gelfoam soaked in dexamethasone (5 mg/ml) was placed on the TMP and left 

in-situ before removal on day seven. This method has been reported to be efficacious by 

Seonwoo et al. [65]. Upon examination by routine otoscopy during the first week, if 

dexamethasone soaked Gelfoam was found to be absent from the TMP (10-20%), a new 

Gelfoam soaked with dexamethasone was re-applied. 

 

3.2.4.3 Paper insertion into middle ear cavity group 

Cigarette paper was cut into small strips (1.5 mm width × 50 mm length) which were 

then inserted through TMPs into MEC with assistance of a needle and ear forceps. A 

total of five paper strips were inserted into each ear, completely emerged and folded 
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into the middle ear space. The amount of implanted material was standardised for each 

animal. 

 

3.2.4.4 Re-myringotomy group 

After initial myringotomy, no immediate intervention was conducted. Thereafter, upon 

routine otoscopy throughout the eight weeks study period, if the TMP was found to 

have closed, re-myringotomy with a needle was performed to surgically perforate the 

closed TM. No intervention was performed on patent TMPs. Re-myringotomy was 

repeated multiple times as required, up to 10 times throughout the eight weeks period. 

 

3.2.5 Otoscopic Observation 

To assess TMP patency, all 40 rats underwent otoscopic observation under general 

anaesthesia on post-operatively days 0, 1, 3, 5, 7, 9, 11, 14, 17, 21, 28, 35, 42, 49 and 56 

using an otomicroscope and digital video-otoscope. The TMPs were assessed for 

closure. TMPs were considered either as closed completely or staying patent when a 

perforation was still visible by otoscopic imaging. Digital images were recorded using 

Aurisview software (Ear Science Institute Australia, Subiaco, Australia). All the digital 

video-otoscopic images were evaluated independently by two investigators (AYW, LJL) 

and patency outcomes were consistent between assessors. 

 

3.2.6 Tissue Harvest 

Animals were euthanised by intra-peritoneal administration of pentobarbitone (160 

mg/kg) and death was confirmed by lack of heartbeat, respiration and pain response. 
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Immediately after sacrifice, both left and right external ears were separated at 

osteocartilaginous junctions and TMs, along with their bony annulus, were removed 

from the tympanic bulla. Harvested specimens were fixed in 10% neutral buffered 

formalin for 24 h, followed by decalcification in 14% EDTA solution (pH 7.2) at 40oC 

for seven days under constant shaking. Decalcified TMs were dehydrated in a series of 

graded alcohols, embedded in paraffin wax and transversely sectioned with Leica 

Reichert-Jung 2040 Autocut Microtome at 5 µm thickness. Sections were collected onto 

slides and dried overnight at 56oC. All slides were dewaxed with xylene and rehydrated 

in ethanol to water before staining. 

 

3.2.7 Histological Evaluation 

Sections were stained with H&E for routine light microscopy and digitally scanned 

using an Aperio ScanScope XT (Aperio Technologies, Inc.; 20×/0.75 Plan Apo 

objective). Images were evaluated using Aperio ImageScope Viewer software.   

 

3.2.8 Histochemistry 

3.2.8.1 Picrosirius Red Stain 

Picrosirius Red Stain Kit (Polysciences, Warrington, USA) was used to stain collagen 

according to manufacturer’s protocol. The slides were initially dewaxed and rehydrated 

to water, followed by staining of Solution A for 2 min, Solution B for 60 min, Solution 

C for 2 min and then dehydration (Refer to Table 2.11 for detailed methods). 
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3.2.8.2 CD68 Immunofluorescence & Ki67 Immunohistochemistry 

Refer to Section 2.2.5.2 for detailed methods. 

 

3.2.8.3 Swab Microscopy & Culture 

Swab microscopy and culture was conducted in the paper insertion group to investigate 

the white otorrhea from TM and EAC. An ear swab of the discharge was taken from the 

TM surface on day 18 via transcanal approach and sent to the pathology laboratory for 

formal evaluation. 

 

3.2.9 Statistical Analysis 

The duration of TMP patency determined by otoscopic observation was analysed 

statistically with one-way analysis of variance (ANOVA)and post hoc Tukey’s test 

(SPSS version 22). Data was considered statistically significant at a level of p < 0.05. 

 

3.3 RESULTS 

3.3.1 Otoscopic Observation 

All animals survived to the end of eight weeks. None of the TMP achieved patency at 

that time. Table 3.1 summarises patency data from day 0 to eight weeks. Figure 3.1 

illustrates the otoscopic findings. The cumulative numbers of closed TMP for the four 

groups are shown in Figure 3.2. 
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In the control group, TMPs had a mean patency duration of seven days with a maximum 

patency duration of nine days (Table 3.2). The closed pars tensa of TMs appeared 

opaque on the previously perforated side but remained transparent on the unperforated 

side (Figure 3.1). In the M/D group, mean patency duration was 18.9 days (Table 3.2) 

which was statistically significantly different compared to control group (p < 0.01). Via 

otoscopy, Gelfoam soaked with dexamethasone was observed in place on TMPs on day 

three and was removed on day seven (Figure 3.1). The edge of TMPs in particular 

appeared thickened and opaque after day seven, and one out of the ten TMPs was still 

patent at seven weeks (Table 3.1). In the paper insertion group, TMPs had a mean 

patency duration of 9.4 days and a maximum duration of 17 days (Table 3.2), which 

was not statistically significantly different when compared to control group (p = 0.74). 

Routine otoscopy found that all ten TMs in the paper insertion group were associated 

with localised erythema, oedema and white mucopurulent otorrhea from MEC into EAC 

(Figure 3.1). In the re-myringotomy group, all ten animals required re-myringotomy. 

The number of re-myringotomies per animal ranged from seven to ten, with a mean of 

8.9 throughout the 8 weeks period. TMs undergoing re-myringotomy were frequently 

associated with haemorrhage, thickening and opacity (Figure 3.1). 
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Table 3.1 Number of patent tympanic membrane perforations at different time points 

Group (n = 40) 0 d 1 d 3 d 5 d 7 d 9 d 11 d 14 d 17 d 21 d 28 d 35 d 42 d 49 d 56 d 

Control (n = 10) 10 10 10 10 1 0 0 0 0 0 0 0 0 0 0 

M/D (n = 10) 10 10 10 10 10 9 9 6 2 1 1 1 1 0 0 

Paper insertion in MEC (n = 10) 10 10 10 10 7 2 1 1 0 0 0 0 0 0 0 

Re-myringotomy (n = 10) 10 10 10 10 4 3 1 0 1 1 1 0 0 1 1 

       No. of closed TMP requiring re-myringotomy 0 0 0 0 6 7 9 10 9 9 9 10 10 9 9 

D: days; M/D: mitomycin C/dexamethasone; MEC: middle ear cavity; TMP: tympanic membrane perforation. 
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Figure 3.1 Otoscope images of rat TMs from day 0 to 56. Treatment groups are 

presented in columns and otoscopy times in rows. Asterisks indicate TMPs at day 0 

post-myringotomy. M/D treatment produced one TMP patent on day 35 and 42 but 

closed on day 49 (white arrowhead). Paper group had inflamed TM with ongoing white 

otorrhea (white arrow) arising from the MEC. TM from the re-myringotomy group was 

closed at almost every time point necessitating re-myringotomy which was associated 

with thickening of TM (black arrowhead) and haemorrhage (black arrow).
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Table 3.2 Summary of tympanic membrane perforation patency duration 

Group a Minimum TMP patency 

duration (days) 

Maximum TMP patency 

duration (days) 

Mean TMP patency duration 

(days ± SEM) 

Post hoc Tukey’s test 

Control 7 9 7.2 ± 0.2 ____ 

M/D 9 49 18.9 ± 3.5  p < 0.01b 

Paper insertion in MEC 7 17 9.4 ± 0.9 p = 0.74c 

a p < 0.01, One-way ANOVA 
b p < 0.01, control vs. M/D (post hoc Tukey’s test) 
c p = 0.74, control vs. paper insertion (post hoc Tukey’s test) 

 

TMP: tympanic membrane perforation; SEM: standard error of the mean; M/D: mitomycin C/dexamethasone; MEC: middle ear cavity. 
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Figure 3.2  Line graph illustrating the cumulative number of closed TMP for each of the 4 experimental groups over 56 days duration. M/D treatment 

(purple) delayed closure with the last patent TMP closed on day 49. In the re-myringotomy group (green), despite the numerous re-myringotomies over 

time, there was rapid closure with no sign of delayed closure.
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3.3.2 Histological Evaluation 

H&E at eight weeks demonstrated significant morphological differences between the 

four treatment groups (Figure 3.3A–J). The TMs from control (Figure 3.3B,G) showed 

a well-organised trilaminar membrane, morphologically very similar to the normal left 

ear TMs (Figure 3.3A, F) and the unperforated side of pars tensa in right TMs indicating 

re-organisation has been substantially completed by eight weeks. In the M/D group, 

TMs appeared thickened in the middle fibrous layer but the outer epidermal layer had 

normal thickness of around 2–3 µm (Figure 3.3C, H). In comparison, the paper insertion 

group had prominent neoangiogenesis, cellularity & infiltration of inflammatory cells 

including neutrophils, macrophages and multinucleated giant cells within the MEC, 

reflecting a chronic granulomatous response. The significant chronic 

granulomatous/inflammatory tissues on the MEC side were often seen closely adhered 

to and incorporated in the healed TM, which meant demarcation of the TM border from 

the granulomatous tissue was difficult to identify. The paper remnants were still present 

in the MEC, with masses of chronic inflammatory and granulomatous tissue (Figure 

3.3D, I). Hyperplasia of TM keratinocytes was evident in TM of the re-myringotomy 

group and increase in overall TM thickness, with abundant middle fibrous tissue in 

circular looking bundles (Figure 3.3E, J). 

 

3.3.3 Histochemistry to Evaluate Cellular Responses 

3.3.3.1 Collagen Accumulation 

Using Picrosirius red staining, the amount of collagen present was qualitatively less in 

the left normal (Figure 3.3K), right control groups (Figure 3.3L) and unperforated side 

of right TMs. We confirmed moderate collagen deposition at the TMP site in both M/D 

(Figure 3.3M) and paper insertion groups (Figure 3.3N). In comparison, TMs of the re-
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myringotomy group had the most abundant collagen (Figure 3.3O). The thickened TMs 

where multiple surgical myringotomies were performed, had striated multi-layered 

collagen fibres throughout.  
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Figure 3.3  Histological sections of closed TMs at 8 weeks postoperatively (A–J) - left normal TM, right control TM (spontaneous closure), TM with 

topical application of M/D, TM with paper inserted into MEC and multiple re-myringotomy of TM. The thin trilaminar TM morphology was seen in 

both the left normal (A, F) and right control groups (B, G). Thickened TM was seen in the M/D group (C, H). The paper group showed masses of 

chronic granulomatous response encompassing paper remnants in the MEC (asterisks in D, I). The re-myringotomy group had substantially thickened 

TM with epithelial hyperplasia and collagen deposition (E, J). Picrosirius red staining of histological sections of closed TMs for collagen (K–O). In the 

re-myringotomy treatment group (O), multi-layered collagen deposition was observed. MEC, middle ear cavity; TM, tympanic membrane; M, handle 

of malleus; EAC, external auditory canal. Haematoxylin and eosin (H&E) staining. Scale bars: 500 μm at 5× magnification, 200 μm at 20× 

magnification.
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3.3.3.2 Cell Proliferation 

Cellular proliferation in TMs was evaluated by Ki67 immunostaining. As expected, the 

positive liver tissue control (Figure 3.4A) depicted a high level of cellular proliferation. 

Normal to low level of cellular proliferations was seen in the left normal, right control 

and M/D groups (Figure 3.4B, C, D). In comparison, high levels of proliferation were 

evident in the keratinocytes of basal layer, middle fibrous layer of TMs and in both 

paper insertion and re-myringotomy groups (Figure 3.4E, F). 
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Figure 3.4  Ki67 immunohistochemical staining of the TMs from the various groups including - liver control (A), left normal (B), right control (C), 

mitomycin C/dexamethasone (D), paper insertion (E), re-myringotomy (F). Normal to low level of cellular proliferations were seen in the left normal 

(B), right control (C) and mitomycin C/dexamethasone (D) groups. High levels of cellular proliferation were indicated in keratinocytes of superficial 

epithelial layer of TMs from the paper insertion and re-myringotomy groups (E, F). Scale bars: 100 μm at 40× magnification. 
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3.3.3.3 Macrophage Infiltration 

CD68 staining of macrophages in TMs from the left normal control (Figure 3.5A–C), 

right control (Figure 3.5D–F), M/D and re-myringotomy groups showed very few 

macrophages present. In comparison, CD68 staining in the paper insertion group 

(Figure 3.5G–I) revealed substantial macrophage infiltration within MEC. The 

macrophages predominantly infiltrated behind closed TMs and surrounded paper 

remnants. Multiple cellular clusters were visualised (Figure 3.5H, I) and likely to be 

granulomatous giant cells.
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Figure 3.5   Immunofluorescent staining for macrophages (CD68) in TMs from the left 

normal control group (A, B, C), right control group (D, E, F) and in MEC of paper 

insertion group (G, H, I) showing DAPI only (1st column), CD68 (2nd column) and 

merged image (3rd column). White arrowheads indicate TMs. Asterisks indicate the 

position of the handle of malleus. Keratin produces a faint background fluorescence on 

the TM (arrow head in images B, E). A substantial number of macrophages in the MEC 

of paper insertion group was evident (H, I) in granulomatous tissue with white arrows 

indicating giant cells. Scale bars: 500 μm at 10× magnification, 100 μm at 40× 

magnification, 200 μm at 20× magnification.
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3.3.4 Swab Microscopy and Culture 

In the paper insertion group, all 10 ears developed localised inflammation with dullness, 

erythema of TM (myringitis and otitis media) and ongoing white discharge (otorrhea) 

throughout the eight weeks. Cytological assessment described occasional bacteria (cocci 

and bacilli) seen with mildly degenerate neutrophils, indicating very mild neutrophilic 

inflammation with evidence of bacterial infection. All the swab cultures grew 

staphylococcus aureus with no resistance.
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3.4 DISCUSSION 

In this study we show delayed closure of TMP with M/D treatment but not with paper 

insertion or re-myringotomy. Mitomycin C is an alkylating antineoplastic agent that 

inhibits DNA synthesis, fibroblast replication and epithelial proliferation [82]. 

Dexamethasone is a glucocorticoid with anti-inflammatory and immunosuppressant 

effects [83]. Despite previous reports on the high success rate of using mitomycin C 

with steroid [65-67] in the creation of a chronic TMP animal model, we were unable to 

replicate the previous reported efficacy of this method. One TMP out of ten stayed 

patent for seven out of eight weeks, however, this near success rate of 10% is 

unsatisfactory from a reproducibility and efficiency point of view to model chronic 

TMP in rats. The delayed TMP closure with M/D was certainly observed but not 

adequate to be defined as a chronic TMP (i.e. at least eight weeks patency). While this 

is a different outcome to previous studies with topical mitomycin C, Seonwoo et al. [65] 

only made observations for 1 week and Jang et al. [67] for 6 weeks. Further animal 

experiments are warranted to clarify the efficacy of this M/D technique in order to 

resolve opposing views developing in the literature [13, 14]. We speculate that the short 

duration of 10 min of topical mitomycin C was not adequate to prevent healing of TMP 

which may be due to insufficient diffusion & exposure to cells or inadequate transfer 

from gelfoam to TMP. A longer duration of mitomycin C treatment should be examined, 

but kept below the dose which produced ototoxicity when applied directly to gerbil 

cochlea [84]. In this regard it is important to acknowledge a limitation of this study was 

the single dose of mitomycin C treatment trialed rather than testing a range of doses. 

The use of Gelfoam to deliver dexamethasone for seven days may also be reviewed as it 

can act as a scaffold allowing migration of keratinocytes rather than delaying closure [5]. 

In addition, the action of removing the Gelfoam on day 7 could have disrupted the TMP 

edge inducing trauma as well as activating inflammatory and healing processes. 
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The paper insertion method induced chronic otorrhea (i.e. from otoscopic and 

bacteriological observations) and chronic granulomatous inflammation in the MEC 

observed histologically, but the overall closure of TMPs was not delayed according to 

otoscopic and histological analysis. The paper insertion method induced a prominent 

localised foreign body inflammatory response with multinucleated giant cells shown on 

CD68 immunofluorescence (Figure 3.4G–I) and bacterial infection within MEC 

confirmed with swab culture and microscopy of otorrhea. Given that swab culture was 

not conducted in other experimental groups, it cannot be ruled out that this positive 

culture might be a normal contaminant in rat ears. However, the presence of Ki67 

positive keratinocytes seen in the epithelial layer of the TM was suggestive of an 

ongoing active healing process as late as eight weeks (Figure 3.4E, F). We previously 

hypothesised that the foreign body inflammatory response against paper could 

potentially halt the closure of TMPs, which would create a chronic TMP mimicking 

chronic suppurative otitis media in a clinical setting [81]. However, our otoscopic and 

histological evidence in this larger study showed that paper insertion did not 

significantly delay healing with a mean TMP patency duration of nine days. 

Inflammatory cells or growth factors within the infected MEC induced by paper might 

enhance regeneration by proliferation rather than delaying it. Similar outcomes with 

accelerated closure of TMPs have been observed in previous studies on AOM animal 

models [70-73].   

 

The re-myringotomy technique in our study was convincingly ineffective in delaying 

TMP closure. In the literature, re-myringotomy was rarely performed as a single method 

but commonly used in combination with other methods such as thermal injury &/or 
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infolding techniques. Laidlaw et al. [61] conducted re-myringotomy alone in chinchilla 

and achieved 85% patency after five to eight weeks. In this study, we were not able to 

reproduce this efficacy in a rat model. All TMPs were closed on routine otoscopy and 

even multiple re-myringotomies failed to reduce the rate of closure. The rising number 

of closed TMPs seen over time indicated that repeated trauma to TMs may in fact have 

accelerated closure rather than delayed it. Trauma to TMs was associated with 

significant haemorrhage (Figure 3.1), prominent fibrous thickening, hyperplasia and 

collagen formation in TMs under histological evaluation (Figure 3.3E, J). A high level 

of proliferation was evident in the keratinocytes of epithelial layers & middle fibrous 

layer of TM in the re-myringotomy group (Figure 3.3 F) suggestive of ongoing active 

healing processes. A histological study by Somers et al. [85] performed on perforated 

human TMs found similar excessive fibrosis and hyperplasia in 97% and 83% of TMs 

respectively. Instead of the quiescent state in a normal intact TM, we believe that this 

repeated physical trauma to TMs may induce either activation of a chronic proliferative 

state or a deactivation of inhibition of proliferation in which TM keratinocytes continue 

to proliferate without inhibitory signal. Thus, re-myringotomy should not be used as a 

method alone in creating chronic TMP animal model. This finding is also consistent 

with Griffin’s observation in a clinical setting [21] that despite re-myringotomy, high 

spontaneous closure rates can still occur. We speculate that combining multiple 

techniques such as the frequently used infolding technique with thermal injury and re-

myringotomy [7, 55, 57] may be more likely effective than re-myringotomy alone.   

 

A recent study by Emami et al. [15] evaluating the use of infolding techniques on 

chinchilla found negative results and could not re-validate the previous reported high 

success rate [7, 48, 50, 51]. We agree with the authors' speculation that negative results 
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are often not reported, which may give a false impression of the overall high success 

rate in the literature.  

 

The mechanism(s) leading to formation of chronic TMPs in humans is poorly 

understood. It is unclear why certain TMPs close spontaneously while some fail to close 

and stay patent to become chronic TMPs. Santa Maria et al.’s microarray study [39] 

dealt extensively with the mechanisms of acute TMPs healing up to seven days post-

myringotomy, however, similar mechanistic studies on chronic TMPs of successful 

animal models have not yet been done. Both fibroblast and epidermal growth factor 

receptor inhibitors have been evaluated by Kaftan et al. [30, 31, 45, 46] in numerous rat 

model studies showing only delaying effects on TMPs. The blocking of a single growth 

factor receptor seemed incapable of achieving a chronic TMP, suggesting that the 

underlying mechanisms of chronic TMPs are complex and involving multiple pathways 

and growth factors [28].
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3.5 CONCLUSION 

Based on the results of this study, topical M/D was effective in delaying TMP closure 

but inadequate to produce chronic TMPs in a rat model. The reliability and 

reproducibility of modeling chronic TMP with M/D is questionable and requires further 

investigation. Despite the localised inflammatory and infective response induced in 

MEC by the paper insertion method, it is not an effective method for creating a chronic 

TMP animal model. By the re-myringotomy method, closure of TMPs appeared to be 

accelerated rather than delayed.
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4.1 INTRODUCTION 

TMP is a common pathology often as a result of middle ear infections, trauma, or VT 

insertion. Most TMPs heal spontaneously without intervention within 7–10 days [1, 2] 

but a minority fail to heal within three months and are classified as chronic TMPs. The 

pathogenesis of chronic TMPs is not well understood, although there is an increasing 

knowledge base of healing mechanisms with studies on growth factors and effects of 

interventions [3, 5, 9, 86, 87]. For this purpose, a chronic TMP animal model which has 

clinical relevance is required [11, 12, 19].  

 

Our research group has recently reviewed the evidence for chronic TMP animal models 

in the literature [19]. A variety of species have been used including rat [40, 41], mouse 

[64], chinchilla [7, 48], guinea pig  [56, 57] and dog [10]. Amongst these studies, 

various techniques have been applied to create chronic TMP animal models (e.g. 

infolding technique [7, 48, 56, 57], thermal injury [48, 57, 59], re-myringotomy [48, 56, 

57, 59, 61], steroid only [41], mitomycin C + steroids [65, 67], genetic modification [64] 

and growth factor receptor inhibitor [46]) with variable success rates. With few studies 

using conditions pertinent to clinical mechanisms and their controversial reproducibility 

[13-18], an ideal chronic TMP animal model has not been universally established. 

 

Previous studies showed that a combination of M/D or hydrocortisone could be 

effective in producing chronic TMP animal models with high success rates of 80–100% 

[65-67]. However, our research group recently found that topical M/D was inadequate 

to produce chronic TMP in rats [16]. 
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Numerous clinical studies have found that long-term VT insertion may increase 

likelihood of chronic TMP development in patients. A meta-analysis by Kay et al. [74] 

indicated that 17% of patients undergoing long-term (i.e. several years) VT insertion 

had a chronic TMP, significantly higher than short-term (i.e. 8–14 months) VT insertion 

of 2.2%. In clinical settings, the overall rates of persistent TMPs in long-term VT 

insertion range between 10–30% [74, 88-96]. We could find no reports in the literature 

on chronic TMP animal models using VT. Thus, we hypothesised that VT insertion may 

act as an effective method for creation of a chronic TMP rat model.  

 

The aim of this study was to evaluate the efficacy of VT insertion or VT-M/D in 

creating a chronic TMP rat model. 
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4.2 MATERIALS AND METHODS 

4.2.1 Materials 

Two types of VTs were utilised - (1) Collar Bobbin VT, Fluoroplastic (Product number: 

145288, Inner diameter: 0.75 mm, Manufacturer: Olympus, Cardiff, United Kingdom) 

(Figure 4.1 A) and (2) Moretz Tytan Pediatric VT, Titanium (Product number: 1066108, 

Inner diameter: 0.76 mm, Manufacturer: Medtronic, Jacksonville, Florida, USA) 

(Figure 4.1B). Mitomycin C in 5 mg powder (Sigma-Aldrich, USA) was dissolved in 

sterile water to a concentration of 0.5 mg/ml. Dexamethasone solution (5 mg/ml) was 

purchased from Ilium, Australia. Gelfoam® was purchased from Ethicon Inc 

(Somerville, USA). Microsurgical instruments (Karl Storz Ltd., Germany) were 

autoclaved routinely before use. The otomicroscope was Stativ S3 from Zeiss (Sydney, 

Australia) and digital video-otoscope was from MedRX (USA). 

 

 

Figure 4.1  (A) Photo of the Collar Bobbin VT, made of fluoroplastic, manufactured by 

Olympus, with an inner diameter of 0.75 mm. (B) Diagrammatic figure of Moretz Tytan 

VT, made of titanium, manufactured by Medtronic, with an inner diameter of 0.76 mm. 
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4.2.2 Animals 

Thirty male Sprague-Dawley rats, weighing 250–300 g, were obtained from the Animal 

Resources Centre (Murdoch, Western Australia, Australia). Experiments were approved 

by the Animal Ethics Committee of The University of Western Australia (No. 

100/1239). Experiments were performed in accordance with the National Health and 

Medical Research Council of Australia Code of Practice for Care and Use of Animals 

for Scientific Purposes. Rats were maintained in a room with twelve-hour light/dark 

cycles and provided with food and water ad libitum. 

  

4.2.3 Experimental Design 

A total of thirty rats were randomly assigned to three treatment groups: myringotomy 

control (initial myringotomy, allowed to heal spontaneously) (n = 10), VT (n = 10) and 

VT-M/D (n = 10). Only the right TM of each animal underwent procedures while the 

left TMs were untouched and used as normal controls. Post-operatively, all ears were 

observed with otoscopy regularly throughout ten weeks duration. All animals were 

sacrificed for histology at end of ten weeks.  

 

We initially had two types of VT material in mind for the experiment - titanium 

(Medtronic) and fluoroplastic (Olympus). However, as we were unsure which material 

type would provide a better outcome in the creation of chronic TMPs, half the TMs 

were inserted with titanium VTs and the other half inserted with fluoroplastic VTs. This 

approach minimises the effect of VT material as an additional factor. A total of thirty 

rats were randomly assigned to three treatment groups: myringotomy control (initial 

myringotomy, allowed to heal spontaneously) (n = 10), VT (n = 10) and VT-M/D (n = 

10). Only right TM of each animal underwent procedures while left TMs were 
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untouched and used as normal controls. Post-operatively, all ears were observed with 

otoscopy regularly throughout the ten weeks duration. All animals were then sacrificed 

for histology at end of ten weeks. VT and VT-M/D groups had half of the ears (n = 5) 

implanted with fluoroplastic VTs (Olympus) and the other half (n = 5) implanted with 

titanium VTs (Medtronic). 

 

4.2.4 Surgical Procedures 

Before commencement of experiments, both ears were examined with an otomicroscope 

to exclude middle ear disease. Debris from the external auditory canal was removed 

when needed. Animals were placed under general anaesthesia with isoflurane (Bomac, 

New Zealand) (4% induction, 2% maintenance in 100% oxygen) throughout all surgical 

procedures. Unilateral right side myringotomy was performed via a transcanal approach 

using a Wullstein needle. The posterior half of pars tensa was perforated to an 

approximate diameter of 0.8 mm, gauged using tip of Wullstein needle. The primary 

investigator (AYW) performed all surgeries to ensure consistency. 

 

4.2.4.1 Myringotomy Control Group 

After myringotomy, there was no further intervention, allowing the TMPs to close 

spontaneously. 

 

4.2.4.2 Ventilation Tube Group  

After myringotomy, a VT was inserted into the TMP using a Wullstein needle. 

Thereafter, the VT was removed at two weeks using a Wullstein needle and care was 

taken to minimise re-injury to perforation edge. 
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4.2.4.3   Ventilation Tube & Mitomycin C/Dexamethasone Group  

Immediately following myrinogtomy on day zero, a small piece of Gelfoam soaked with 

mitomycin C (0.5 mg/ml) was placed over the TMP for ten minutes and then removed. 

A second small piece of Gelfoam soaked with dexamethasone (5 mg/ml) was placed 

over the TMP for ten minutes and then removed. Immediately after, a VT was inserted 

into TMP as described above. As the VT was removed at two weeks, a second dose of 

M/D was topically applied on TMP according to the same protocol. 

 

4.2.5 Otoscopic Observation 

All rats underwent regular otoscopic observation under general anaesthesia post-

operatively on days 1, 3, 5, 7, 9, 14, 15, 17, 19, 21, 23, 25, 28, 35, 42, 49, 56, 63 and 70 

using an otomicroscope and digital video-otoscope. End of experiment was set at ten 

weeks, taking into account the initial two weeks for VT insertion followed by eight 

weeks observation post-removal of VT. The TMPs were judged either as closed or as 

patent. Aurisview software is a proprietary video-otoscopy program for recording 

digital images. It was designed at our institution (Ear Science Institute Australia). 

Unfortunately, we have not yet made it available online for public use. All digital video-

otoscope images were evaluated independently by two investigators (AYW, LJL) to 

ensure consistency in patency evaluation. In order to compare the TMP sizes between 

day 0 and ten weeks, the diameter of the TMP relative to TM diameter in otoscope 

images were measured using Image J software (National Institutes of Health, USA) and 

expressed as percentages (%) using the formula: (ten weeks TMP diameter / TM 

diameter) / (0 day TMP diameter / TM diameter) × 100%. A percentage greater than 

100 indicates an increase in the TMP size through ten weeks, while a percentage less 
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than 100 indicates a decrease in size. Three otoscopic images of each TMP were 

captured at each time point. When measuring TMP diameter of each image, 3 repeated 

measurements were made separately using image J software (National Institutes of 

Health, USA) and then an average of the 3 measurements of 3 images was calculated to 

minimize test-retest variability. In the occasional circumstance where a perforation was 

not round in shape, a longest possible straight line was drawn and measured over the 

perforation using Image J software. This line would be considered as the TMP diameter. 

 

4.2.6 Tissue Harvest 

Animals were euthanised by intra-peritoneal pentobarbitone injection (160 mg/kg). 

After sacrifice, external ears were separated at the osteocartilaginous junction, and TMs 

along with bony annulus were removed from tympanic bulla. Harvested specimens were 

fixed in 10% neutral buffered formalin for 24 h, followed by decalcification in 14% 

EDTA solution (pH 7.2) at 40oC. Decalcified TMs were dehydrated in a series of 

graded alcohols, embedded in paraffin wax and transversely sectioned at a thickness of 

5 µm. 

 

4.2.7 Histological Evaluation 

Sections were stained with H&E for light microscopy and digitally scanned using an 

Aperio ScanScope XT (Aperio Technologies, Inc.; 20×/0.75 Plan Apo objective). 

Images were evaluated using Aperio ImageScope Viewer software.   
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4.2.8 Histochemistry 

4.2.8.1 Picrosirius Red Stain 

Picrosirius Red Stain Kit (Polysciences, Warrington, USA) was used to stain collagen 

according to manufacturer’s protocol. The slides were initially dewaxed and rehydrated 

to water, followed by staining of Solution A for 2 min, Solution B for 60 min, Solution 

C for 2 min and then dehydration (Refer to Table 2.11 for detailed methods). 

 

4.2.8.2 Pancytokeratin & CD68 Immunohistochemistry 

Refer to Section 2.2.5.3 for detailed methods. 

 

4.2.9 Statistical Analysis 

Duration of TMP patency as determined by otoscopic observation was analysed 

statistically with one-way analysis of variance, followed by pair-wise comparisons by t 

test (SPSS version 22). A p value < 0.05 was considered statistically significant.  

 

4.3 RESULTS 

4.3.1 Otoscopic Observation 

All thirty animals survived the ten weeks observation with no post-operative 

complications. In the myringotomy control group, TMPs had a mean patency duration 

of 7.2 days and a maximum patency duration of 9 days (Table 4.2, column 1 of Figure 

4.2).  
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In the VT group, three tubes extruded before the end of the intended two weeks 

insertion period. Overall, most TMPs in this group had closed between 15 and 19 days 

(i.e. 1–5 days after removal of tubes) (Table 4.1). A mean patency duration of 26.5 days 

was found with two out of ten TMPs (20%) staying patent up to ten weeks, significantly 

different to the myringotomy control group (p < 0.05) (Table 4.1 & 4.2). Out of seven 

ears with VTs in place during the full two weeks period (i.e. excluding three tubes 

extrusion), two (28%) remained patent throughout the full ten weeks. Otoscopically, the 

chronic TMPs had thickening around the perforation edge and the TMP size increased 

between day 21 and 70 (column 2 of Figure 4.2). The diameter of the two chronic TMPs 

in VT group at ten weeks were 71% and 107% relative to initial TMP size on day 0, 

indicating one of them had expanded over time and the other had contracted. 

 

In the VT-M/D group, the mean patency duration was 57.9 days with seven out of ten 

TMPs (70%) patent up to ten weeks (Table 4.1 & 4.2) which was also significantly 

different compared to the myringotomy control group (p < 0.05). According to 

otoscopic observations, the chronic TMPs appeared much thickened around the 

perforation edge but without signs of local infection such as erythema or discharge. 

Figure 4.3 illustrates the variation in size of chronic TMPs. Measuring with Image J 

software, the diameter of the seven chronic TMPs in VT-M/D group at ten weeks 

ranged from 67–161% (mean of 112%) of initial TMP size on day 0. Five of the seven 

chronic TMPs at ten weeks were relatively larger than day 0 (> 100%). Figure 4.4 is a 

whisker-box plot illustrating the percentage of TMPs diameter in relation to the TM 

diameter, of the 9 successful chronic TMPs at both day 0 and week 10. The plot of week 

10 indicates similar median and lower quartile to day 0, but increase in both maximum 

and upper third quartile suggestive of some expansion of the TMPs size. Nevertheless, 
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the minimum of week 10 has decreased compared to day 0 showing some degree of 

closure. 
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Table 4.1  Number of patent tympanic membrane perforations at different time points 

Group 0 d 1 d 3 d 5 d 7 d 9 d 14 d 15 d 17 d 19 d 21 d 23 d 25 d 28 d 35 d 42 d 49 d 56 d 63 d 70 d 

Myringotomy control (n = 10) 10 10 10 10 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

VT (n = 10) 10 10 10 10 10 10 7 4 3 2 2 2 2 2 2 2 2 2 2 2 

VT-M/D (n = 10) 10 10 10 10 10 10 10 10 10 9 8 8 8 8 8 8 7 7 7 7 

D: days; VT: ventilation tube; M/D: mitomycin C/dexamethasone. 
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Table 4.2  Summary of tympanic membrane perforation patency duration 

Group† Minimum TMP patency duration  

(days) 

Maximum TMP patency duration 

(days) 

Mean TMP patency duration  

(days ± SEM) 

Myringotomy control  7 9 7.20 ± 0.2 

VT 14 70 26.50 ± 7.3‡ 

VT-M/D 19 70 57.90 ± 6.6§ 

 

†p < 0.05, Groups were compared by one-way ANOVA 
‡p < 0.05, Myringotomy control vs. VT (t test)                  
§p < 0.05, Myringotomy control vs. VT-M/D (t test)                

 

TMP: tympanic membrane perforation; SEM: standard error of the mean; VT: ventilation tube; M/D: mitomycin C/dexamethasone; ANOVA: one-way 

analysis of variance. 
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Figure 4.2  Otoscopic images of rat TMs from day 0 to 70. The three treatment groups 

are presented in columns, with one ear from each study group. Asterisks indicate TMPs 

day 0 post-myringotomy. The myringotomy control group had expected rapid closure of 

TMPs by day seven. For the VT and the VT-M/D groups, VTs were inserted into the 

TMPs on day zero, visible on day seven and were then removed at two weeks. VT and 

VT-M/D groups had half of the ears (n = 5) implanted with fluoroplastic VTs (Olympus; 

white arrows) and the other half (n = 5) implanted with titanium VTs (Medtronic; black 

arrows). In the VT group, the TMP stayed open but gradually reduced in size of patency 
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until three weeks. Thereafter, in this particular ear, the perforation started to expand and 

stabilized up to ten weeks (white arrow head). The VT-M/D group depicted a stable and 

large sized patency of TMP (black arrow head) throughout the ten weeks duration (i.e. 

eight weeks post-removal of VT). 

 

 

 

Figure 4.3  Otoscopic images of rat TMs specifically the seven chronic TMPs (A–G) 

obtained at ten weeks from the VT-M/D group (i.e. eight weeks post-removal of VT). 

The efficacy of chronic TMPs seemed not to be affected by the material of VT - out of 

the seven chronic TMPs, four were created from fluoroplastic VTs and three from 

titanium VTs. Asterisks indicate the actual perforation sites. There is an obvious 

variation in perforation size. A thickening is noted around the perforation edge but with 

no sign of infection such as erythema or discharge. 
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Figure 4.4  Whisker-box plots illustrating the percentage of TMPs diameter in relation to 

the TM diameter, of the 9 successful chronic TMPs (2 from VT + 7 from VT-M/D) at 

both day 0 and week 10. 
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4.3.2 Histological Evaluation 

The normal control TMs had a thin, trilaminar pars tensa membrane (Figure 4.5A, E). 

TMs of the myringotomy control group had a trilaminar membrane but with increased 

thickness on the posterior half of the pars tensa compared to its unperforated anterior 

half and the normal control TM (Figure 4.5B, F). The TMPs from both VT and VT-

M/D groups showed perforations on the posterior half of the pars tensa, prominent 

thickening of the perforation edges and with presence of macrophages (Figure 4.5C, G, 

D, H). The stratified squamous epithelium continued from the lateral surface around the 

perforation edge to join with the medial mucosal layer of TM. 

  

4.3.3 Histochemistry 

4.3.3.1 Cytokeratins 

Epidermal layer in both normal control and myringotomy control groups displayed a 

uniform thin keratin deposition (Figure 4.5I, J). The chronic TMPs of the VT group had 

a thickened keratinocyte layer rounding the perforation edge with increased keratin 

formation (Figure 4.5K). The VT-M/D group had a similar observation but with more 

accentuated epithelial layer thickness rimming the perforation edge and higher intensity 

of keratinocyte activity (Figure 4.5L). 

 

4.3.3.2 Collagen Accumulation 

The myringotomy control group showed a moderately increased collagen at the healed 

site as compared with the normal control group (Figure 4.5N, M). Both the VT and VT-

M/D groups showed significantly raised collagen deposition at the perforation edges 

(Figure 4.5O, P). 
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4.3.3.3 Macrophages 

Chronic TMPs of the VT group had increased CD68 positive macrophages around the 

perforation edge as well as within the lamina propria, compared with the normal control 

and myringotomy control groups (Figure 4.5S, Q, R). Chronic TMPs from the VT-M/D 

group also showed CD68 positive macrophages that were more numerous and dense 

around the perforation edge and malleus bone (Figure 4.5T).  
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Figure 4.5  Histological sections of the four experimental groups harvested at ten weeks 

arranged in each column from left to right - normal control, myringotomy control, VT 

and VT-M/D groups. Various stainings arranged in rows from top to bottom - H&E (A–

D, Scale bars: 2 mm at 2× magnification), H&E (E–H, Scale bars: 300 µm at 10× 

magnification), pancytokeratin stain (I– L, Scale bars: 300 µm at 10× magnification), 

picrosirius stain (M–P, Scale bars: 300 µm at 10× magnification) and CD68 stain (Q–T, 

Scale bars: 300 µm at 10× magnification). The asterisks indicate the actual perforation 

defects (C, D). The black boxes (A–D) indicate the locations of the higher 10× 

magnification correlating with E–H. The black arrowheads (G, H) indicate perforation 

edges. The black arrows (Q–T) indicate CD68 positive macrophages. MEC = middle 

ear cavity; TM = tympanic membrane; M = handle of malleus; EAC = external auditory 

canal; H&E = Haematoxylin and eosin staining. 
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4.4 DISCUSSION 

The primary goal of a chronic TMP animal model is to achieve long-term patency of 

perforations as confirmed by otoscopy and histology. We found that this novel method 

of VT insertion produced chronic TMP in rats, with a significant improvement in 

efficacy when used in conjunction with topical application of M/D. To our knowledge, 

neither model has been described previously.  

 

The choice of type and size of VT for this experiment was limited due to the small 

diameter (~ 2 mm) and surface area (~ 11 mm2) of rat TM [97, 98]. In terms of size, the 

T-tube (inner diameter of 1.14 mm) was too large to be inserted through the canal. We 

found that the paediatric VTs with an inner diameter of 0.75–0.76 mm could be easily 

manoeuvred into the TMP. The efficacy of chronic TMPs seemed not to be affected by 

the material of VT - out of the total 9 chronic TMPs (2 from VT + 7 from VT-M/D) 

created, 5 were titanium and 4 were fluoroplastic. Titanium VTs (Figure 4.1B) were 

somewhat heavier and more difficult to handle compared with the fluoroplastic VTs 

(Figure 4.1A), which were light and easy to insert and remove, but otherwise the 

materials produced similar outcomes. In addition, we chose flanged VTs to take 

advantage of their stability in the TMP for the 2 weeks duration. Even with flanged VTs, 

we had 3 out of 20 VTs extrude prior to the end of the two weeks insertion period and 

had to be excluded from the study. 

Despite previous reported high success rate of 80–100% of mitomycin C & 

glucocorticoids [65-67], our recent study [16] showed that topical M/D (0.5 mg/ml, 5 

mg/ml) was capable of delaying TMP healing, but the effect was not sufficiently long 

lasting to be considered as chronic. The findings of the current study indicated that a 

two-week VT insertion significantly enhanced the effects of topical M/D application to 
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prolong the patency of TMPs into chronicity. For these chronic TMPs, we measured an 

average increase in size of perforations at 10 weeks, up to 60% bigger than that at the 

initial myringotomy. It may be that the two-week VT insertion disrupts the anatomy of 

the healing wound, which relies on keratin spur formation and migration of 

keratinocytes, stopping healing of the TM epithelium in the early stages of the process 

(Figure 4.5G, H).  

 

A major proportion of acute TMPs in both human and rodents heal spontaneously 

without any intervention within a short duration of 7–10 [1, 2] and 5–7 days [99, 100] 

respectively. The VTs most likely have prolonged TMP patency beyond the initial acute 

healing ‘window’ of 5–10 days. From a mechanism point of view, mitomycin C is 

thought to act by interrupting DNA replication and mitosis [82] while dexamethasone 

delays macrophage chemotaxis and cellular proliferation [83] which may further disrupt 

the wound edge. However, on pancytokeratin staining we observed increased cellular 

activities in the keratinocyte layer of the chronic TMP edges (Figure 4.5K, L). Thus, 

whether these mechanisms are active in this model will require further study to clarify. 

 

The VT group was initially designed as an internal control as we had expected a rapid 

closure after tube removal. Interestingly, two out of ten TMPs (20%) stayed patent up to 

ten weeks as chronic TMPs. This has some resemblance to the clinical situation in 

which a small proportion of patients suffer from chronic TMPs after long-term VT 

insertion at a rate of around 10–30% [74, 88-96]. It would be worth exploring if there 

may be similar underlying mechanisms in clinical and experimental scenarios. 

Furthermore, the otoscopic finding of expanding perforation size over time in VT group 

is interesting (column 2, 3 of Figure 4.2). The precise mechanism behind changes in 
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perforation size is unclear. We speculate that it could be due to wound contraction, 

gradual separation of crust from TMP or progressive reduction of healing at the 

perforation edge. The status of wound healing mechanisms in this chronic TMP model 

is of great interest. 

 

Histologically, chronic TMPs from both the VT and VT-M/D groups showed similar 

stratified squamous epithelium grown around TMP edge to join with medial mucosal 

layer of TM (Figure 4.5G, H). This is a classic histological feature of a chronic TMP [7, 

10, 19, 50, 56]. Pancytokeratin (Figure 4.5K, L) and picrosirius histochemical staining 

(Figure 4.5O, P) suggest an increase in keratinocyte activity and collagen deposition 

respectively. This signified that there might be an ongoing effort of TMs to heal 

perforations but the physical barrier of VTs prevented this from happening. On CD68 

staining, the chronic TMP edges showed increased macrophages density (Figure 4.5S, T) 

compared to the normal control and myringotomy control groups, which could be 

indicative of a chronic inflammatory state as the defense against invading pathogens 

stays up-regulated. However, macrophage infiltration is not unique to chronicity, as 

acute TMPs are known to have increased macrophage numbers during the acute phase 

of healing [99, 101]. Macrophages can have altered function in chronic wounds and 

would be interesting to explore further in this model. 

 

Histological studies of TMs on VT insertion have been done on animals previously. 

Their observations were similar to the current histological findings but persistent TMPs 

were not reported. Söderberg et al. [102, 103] described histological changes of rat TMs 

after repeated VTs insertion. Connective tissue layer of TMs were found to be 
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hyperplastic and pars tensa grossly thickened with keratinising stratified squamous 

epithelium. 

 

Overall, the use of VT insertion combined with topical M/D application offers a chronic 

TMP model in rat with a reasonable success rate of 70% and the procedure is simple, 

reproducible and reliable. Most importantly, we now have a successful chronic TMP 

animal model for evaluating various graft materials for myringoplasty. This animal 

model may assist evidence-based evaluation of new therapeutic interventions for repair 

of chronic TMPs in patients. 

 

In the process of creating long-term TMP, we cannot predict for any individual TMP if 

it will continue to stay patent further down the track (i.e. true chronic) or close 

sometime in the future due to spontaneous closure mechanisms. However, our otoscopic 

evidence suggests that at the time measured they are reasonably categorised as chronic 

TMPs rather than delayed healing. For example, the TMP % diameter was maintained 

over time in relation to the total TM diameter and the % diameter of the patent TMPs at 

10 weeks relative to their initial TMP size on day 0 (> 100%) also suggests a level of 

stability and even expansion of TMP size over time consistent with chronic TMP. A 

limitation of this study was the relatively small number of animals trialed and thus 

studies with more animal numbers are warranted to clarify method efficacy and to 

improve statistical power. Further mechanistic studies such as transcriptome profiling or 

immunohistochemistry on this chronic TMP animal model would be valuable to explore 

the underlying mechanism(s) of chronicity [28]. 
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4.5 CONCLUSION 

This study describes a successful chronic TMP rat model based on short-term VT 

insertion with or without topical M/D application. After further studies, confirming the 

efficacy of the model, it may serve in evaluations of new TMP therapies and 

bioengineered graft materials, as well as in investigations of basic mechanisms behind 

the failure of TM to heal a perforation. 



 113 

 

 

 

Chapter 5 

 

Rat Model of Chronic Tympanic Membrane 

Perforation: A Longitudinal Histological 

Evaluation of Underlying Mechanisms* 

 

 

 

 

 

*Wang, AY et al. Rat Model of Chronic 
Tympanic Membrane Perforation: A 
Longitudinal Histological Evaluation of 
Underlying Mechanisms. International 
Journal of Pediatric Otorhinolaryngology. 
2017; 93: 88 - 96 



 114 

5.1 INTRODUCTION 

Tympanic membrane perforation (TMP) is a common clinical pathology worldwide, 

usually resulting from otitis media, trauma or ventilation tube (VT) treatment. A 

majority of acute TMPs heal spontaneously within 10 days [1, 2] but those that fail to 

heal and stay patent are defined as chronic. In cases of chronic TMPs, surgical grafting 

is an option for treatment. In order to evaluate novel graft or repair treatments, it is 

essential to develop a chronic TMP animal model that would mimic the clinical 

condition of chronic TMPs. 

The current level of evidence in the literature on chronic TMP animal models has been 

recently brought to attention [11, 12, 19]. Various animal species have been utilised in 

the creation of models for chronic TMPs including chinchilla [7, 48], guinea pig [56, 

57], rat [24, 65], dog [10] and mouse [13]. Numerous techniques have been trialed 

including infolding methods [7, 22], thermal injury [58, 59], re-myringotomy [50, 61], 

application of topical agents (e.g. mitomycin C [37, 65], steroids [40, 41]) and by 

genetic modification [64]. Controversies and discussions have been generated regarding 

both the reproducibility and validity of previously reported methods [13-18]. Topical 

applications of mitomycin C and dexamethasone (M/D) have been shown by another 

group [37, 65] in creating chronic TM perforations in a rat model. However, our 

research group recently found that topical M/D delayed healing but not enough to 

produce a chronic TMP in rats [16]. 

A strong association of increased chronic TMP incidence in patients with long-term VT 

treatment (i.e. several years) compared with short-term VT treatment (i.e. 8–14 months) 

has been reported in the literature. Previously reported rates of persistent TMPs in 

patients after long-term VT treatment ranged between 10 and 30% [74, 88-96]. Based 

on this clinical observation, our research group embarked on a rat study and found that 
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chronic TMPs staying patent for up to 10 weeks were successfully created by VT 

treatment only. The success rate, however, was only 20%.  When VT treatment was 

combined with topical application of M/D (VT-M/D) the success rate at 10 weeks was 

increased to approximately 70%, which is a rate suitable for experimental evaluation of 

potential preventions or remedies [105]. We also showed that these persistent TMPs 

depicted the classic histological features of chronic TMPs as described in the literature 

[7]. 

Acute TMPs have been investigated for healing mechanisms at histological [29, 42, 99, 

106, 107] and genetic levels [28, 108], however, the mechanisms involved in delayed or 

arrested healing of a TMP leading to the formation of chronic TMPs in patients are still 

not clear. Why do certain TMPs close spontaneously yet others stay patent as chronic 

TMPs? Twenty years ago, a pioneering study by Spandow et al. [24] investigated the 

perforation edges histologically in chronic TMP from 25 patients selected for 

myringoplasty. Nevertheless, further experimental mechanistic studies on the formation 

of chronic TMPs have not yet been described in the literature. 

The aim of this study was to evaluate longitudinally the histological development of 

chronic TMPs in a rat model utilizing VT-M/D at various time points to assess the 

underlying mechanisms in the progressive development of chronicity, in comparison 

with normal controls and acute TMPs 
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5.2 MATERIALS AND METHODS 

5.2.1 Materials 

Fluoroplastic Collar Bobbin VTs were utilized with an inner diameter of 0.75 mm 

(Olympus, Australia; Fig. 5.1A). Five mg of Mitomycin C (Sigma-Aldrich, USA) was 

dissolved in sterile water to a concentration of 0.5 mg/ml. Dexamethasone solution (5 

mg/ml) was purchased from Ilium, Australia. Gelfoam® was purchased from Ethicon 

Inc (Somerville, USA). Microsurgical instruments (Karl Storz Ltd., Germany) were 

autoclaved routinely before use. The otomicroscope was Stativ S3 from Zeiss (Sydney, 

Australia) and the digital video-otoscope was from MedRX (USA). 

 

 

Figure 5.1      (A) Photo of the Collar Bobbin VT, made of fluoroplastic, manufactured 

by Olympus, with an inner diameter of 0.75 mm. Otoscope images of a rat TM 

immediate post-myringotomy on day 0 (B), VT inserted into the TMP on day 0 (C) and  

immediately after removal of VT on day 14 (D). 

 

 

5.2.2 Animals 

Fifty male Sprague-Dawley rats, weighing 250–300 g, were obtained from Animal 

Resources Centre (Murdoch, Western Australia, Australia). Experiments were approved 

by Animal Ethics Committee of The University of Western Australia (No. 100/1239). 

Experiments were performed in accordance with National Health and Medical Research 

Council of Australia Code of Practice for Care and Use of Animals for Scientific 
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Purposes. Rats were maintained in a room with twelve-hour light/dark cycles and 

provided with food and water ad libitum. 

 

5.2.3 Experimental Design 

A total of fifty rats were assigned to three treatment groups: a normal control without 

any intervention (n = 5), an acute TMP group (n = 5) (i.e. day 3 post-myringotomy) and 

a VT-M/D group (n = 40). Only the right TM of each animal underwent a procedure 

while the left TM was untouched. Post-operatively, all ears were observed with 

otoscopy regularly. The normal control group animals were sacrificed on day 0 while 

the acute TMP group animals were sacrificed on day 3 post-myringotomy for 

histological and immunohistochemical evaluations. In the VT-M/D group, three to four 

animals with patent TMPs were sacrificed longitudinally at each of the various time 

points – 14 and 17 days, 3, 4, 6, 8 and 10 weeks. Animals with closed TMPs on routine 

otoscopy at each of various time points were excluded from the study. 

 

5.2.4 Surgical Procedures 

Before commencement of experiments, both ears were examined with an otomicroscope 

to exclude middle ear disease. Debris from the external auditory canal was removed 

when needed. The animals were put under general anaesthesia with isoflurane (Bomac, 

New Zealand) (4% induction, 2% maintenance in 100% oxygen) throughout all surgical 

procedures. Unilateral right side myringotomy was performed via a transcanal approach 

using a Wullstein needle. The posterior half of the pars tensa was perforated to an 

approximate diameter of 0.8 mm, gauged using the tip of the Wullstein needle. The 

primary author (AYW) performed all surgeries to ensure consistency. 
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5.2.4.1 Normal Control Group  

The TMs underwent no intervention at all and animals were sacrificed on day 0. 

 

5.2.4.2 Acute TMP Group  

After myringotomy, there was no further intervention (Gelfoam was not applied to the 

TMP), allowing the TMPs to start spontaneous healing. The animals were sacrificed on 

day 3 post-myringotomy. 

 

5.2.4.3 VT-M/D Group (Ventilation Tube & Mitomycin C/Dexamethasone) 

Immediately following myringotomy on day 0 (Figure 5.1B), a small piece of Gelfoam 

soaked with mitomycin C (0.5 mg/ml) was placed over the TMP for ten minutes and 

then removed. Next, a second small piece of Gelfoam soaked with dexamethasone (5 

mg/ml) was placed over TMP for ten minutes and then removed. Immediately thereafter, 

a VT was inserted into the TMP (Figure 5.1C) using a Wullstein needle. On day 14, 

immediately after removal of the VT (Figure 5.1D), a second dose of M/D was topically 

applied on TMP according to the same protocol as described above. The animals were 

sacrificed at various time points - 14 and 17 days, 3, 4, 6, 8 and 10 weeks.  

 

 

5.2.5 Otoscopic Observation 

All rats underwent regular otoscopic observation under general anaesthesia 

postoperatively until the time of sacrifice using an otomicroscope and a digital video-

otoscope. The TMPs were judged as either closed or patent. Digital images were 

recorded using Aurisview software (Ear Science Institute Australia, Australia). 

 

 



 119 

5.2.6 Tissue Harvest 

Animals were euthanised by intraperitoneal pentobarbitone injection (160 mg/kg). After 

sacrifice, the external ears were separated at the osteocartilaginous junction, and the 

TMs along with the malleus and the bony annulus were removed from the tympanic 

bulla. The harvested specimens were fixed in 10% neutral buffered formalin for 24 h, 

followed by decalcification in 14% ethylenediaminetetraacetic acid solution (pH 7.2) at 

40oC. The decalcified TMs were dehydrated in a series of graded alcohols, embedded in 

paraffin wax and transversely sectioned at a thickness of 5 µm. 

 

5.2.7 Histological Evaluation 

The sections were stained with haematoxylin and eosin (H&E) for light microscopy and 

digitally scanned using an Aperio ScanScope XT automated slide scanner (Aperio 

Technologies Inc., CA). 

 

5.2.8 Histochemistry 

5.2.8.1 Picrosirius Red Stain 

Picrosirius Red Stain Kit (Polysciences, USA) was used to stain collagen I and III 

according to the manufacturer’s protocol. 

 

5.2.8.2 Pancytokeratin, CD68 & Ki67 Immunohistochemistry  

Following rehydration, sections were treated in 3% H2O2 in methanol for five min and 

Rodent Block R (Biocare Medical, USA) for 30 minutes at room temperature (RT). The 

sections were then incubated with mouse anti-pancytokeratin antibody (Biocare Medical, 

USA; 1:100) at RT for 1 h or mouse anti-CD68 antibody (AbD Serotec, UK; 1:100) at 

RT for 2 h or anti-Ki67 antibody (Biocare Medical, California, USA; 1:100) at RT 

overnight to detect cytokerains, macrophages and cellular proliferation respectively. A 
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secondary antibody, Mouse-On-Rodent HRP-polymer (Biocare Medical, USA) was 

applied to the sections for 30 minutes at RT. Diaminobenzidine was applied for up to 

ten minutes, followed by counterstaining with haematoxylin. 

 

5.3 RESULTS 

5.3.1 Otoscopic Observation 

Table 5.1 illustrates number of patent and closed TMPs of different longitudinal groups. 

The otoscopic findings were consistent between the two evaluators. Figure 5.2, column 

(i)  illustrates the representative otoscopic images obtained at the end of each time point. 

The normal TM (Figure 5.2A (i)) showed an intact and transparent pars tensa. In the 

acute TMP group, harvested on day 3 post-myringotomy (Figure 5.2B (i)), the tissue 

surrounding the TMP appeared inflamed but the TMP size appeared smaller/reduced, 

indicative of a progressive healing process. In comparison, immediately after VT 

removal at 14 days (Figure 5.2C (i)), the large TMP could be seen with mild 

haemorrhage and erythema around it. By contrast, in the VT-M/D group harvested at 17 

days to 10 weeks post-myringotomy (Figure 5.2D-I (i)), no signs of local infection such 

as erythema or discharge was observed. 
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Table 5.1  Number of patent and closed tympanic membrane perforations of 
different experimental groups 

Groups Total No. of animal 

(N = 50) 

No. of TMP patent 

(N = 42) 

No. of TMP closed  

(N = 8) 

Proportion of patent TMP 

at each time point 

(%) 

Normal control 5 0 5 0 

Acute TMP (3 days) 5 5 0 100 

14 days (VT-M/D) 5 5 0 100 

17 days (VT-M/D) 5 4 1 80 

3 weeks (VT-M/D) 7 5 2 71 

4 weeks (VT-M/D) 7 5 2 71 

6 weeks (VT-M/D) 6 5 1 83 

8 weeks (VT-M/D) 5 4 1 80 

10 weeks (VT-M/D) 5 4 1 80 

TMP – tympanic membrane perforations; VT-M/D – ventilation tube in conjunction with mitomycin C/dexamethasone 
 

 

5.3.2 Histological Evaluation 

5.3.2.1 H&E Examination 

The normal control TMs had a thin, trilaminar pars tensa membrane (Figure 5.2A (ii & 

iii)).  Increased neutrophilic staining was observed at 3, 14 and 17 days (Figure 5.2B, C 

& D (ii & iii)).  Moderate increases in thickness of the epidermal layer between the 

vicinity of the handle of the malleus and the perforation could be seen at day 3 and 14 

days (Figure 5.2B, C (ii & iii), but not rimming around the edge. The later time points 

of 3 to 10 weeks (Figure 5.2E-I (ii & iii) showed significantly thickened lamina propria 

with prominent macrophage infiltration. Furthermore, the stratified squamous 

epithelium continued from the lateral surface growing around the perforation edge to 

join with the mucosal layer of TM on the medial side. In column 2 for 8-week, Figure 

5.2H (ii), the position of '*' indicates a clot/debris sitting right between the perforation 

gap which is separate entity on high power Figure 5.2H (iii). 
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Figure 5.2      Representative otoscope images (i) and corresponding H&E histology 

images (ii & iii) of 1 selected rat TMP from the nine different time points. A. Normal 

TM; B. 3-day TMP; C. 14-day TMP;  D. 17-day TMP; E. 3-week TMP; F. 4-week TMP; 

G. 6-week TMP; H. 8-week TMP; I. 10-week TMP. All images in (iii) are actual 

magnified images of the black boxes in (ii). Scale bars: 600 µm at 4× magnification and 

200 µm at 20× magnification. White asterisks on otoscope images indicate the actual 

TMP sites. Black asterisks on H&E sections indicate cross-sectional perforation defects. 

The black boxes correlate locations of the higher 20× magnification in third column. 

H&E = Haematoxylin and eosin staining, TMP = tympanic membrane perforation; VT-

M/D = ventilation tube insertion in conjunction with mitomycin C & dexamethasone, 

MEC = middle ear cavity; TM = tympanic membrane; M = handle of malleus; EAC = 

external auditory canal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 124 

5.3.2.2 Squamous epithelial layer and keratin accumulation (pancytokeratin stain) 

The squamous epithelial layer in the normal TM displayed a uniformly thin keratin 

deposition (Figure 5.3A (i)).  The perforation edges at 3, 14, 17 days (Figure 5.3B. C & 

D (i)) showed a thickened epithelial layer that eventually terminated in the vicinity of 

the handle of the malleus rather than rimming around the edges. From 3 to 10 weeks 

(Figure 5.3E-I (i)), an accentuated epithelial layer thickness was seen rimming around 

the perforation edges with increased intensity of keratinocyte activity. 

 

5.3.2.3 Collagen deposition (picrosirius red stain) 

The perforation edges at the earlier time points of 3, 14 and 17 days, 3 weeks (Figure 

5.3B-E (ii)) showed mildly increased collagen deposition in the fibrous layer close to 

the handle of malleus, as compared to normal TM (Figure 5.3A (ii)). From 4 to 10 

weeks (Figure 5.3F-I (ii) there was a dramatic increase of collagen deposition in the 

lamina propria that appeared structurally disorganised and disrupted. The deposition 

tended to increase somewhat from 4 weeks onwards. 
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Figure 5.3     Representative pancytokeratin (i) and picrosirius red (ii) histology images 

of rat TMP at different time points.  A. Normal TM; B. 3-day TMP; C. 14-day TMP;  D. 

17-day TMP; E. 3-week TMP; F. 4-week TMP; G. 6-week TMP; H. 8-week TMP; I. 

10-week TMP. Scale bars: 200 µm at 20× magnification. TMP = tympanic membrane 

perforation; VT-M/D = ventilation tube insertion in conjunction with mitomycin C & 

dexamethasone. 
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5.3.2.4 Macrophage infiltration (CD68 stain)  

The perforation edges at the earlier time points of 3, 14 and 17 days, 3 weeks (Figure 

5.4B-D (i)) showed a mild degree of macrophage infiltration surrounding the handle of 

the malleus.  At the later time points of 4 to 10 weeks (Figure 5.4F-I (i)), the perforation 

edges showed a dramatic increase in CD68 positive macrophage infiltration in a 

granulomatous pattern within the lamina propria at the perforation edges. 

 

5.3.2.5 Cellular proliferation (Ki67 stain) 

The earlier time points of 3, 14 and 17 days, 3 and 4 weeks (Figure 5.4B-F (ii)) showed 

raised cellular proliferations in the perforation edges in both the epithelial and fibrous 

layers. In comparison, the perforation edges at later time points from 6 weeks onwards 

(Figure 5.4G-I (ii)) showed an overall reduction in cellular proliferation in both the 

epithelial and fibrous layers. In a more close-up view, compared with the increased 

cellular proliferation in the acute phase of 3 and 17 days (Figure 5.5A, B), the chronic 

phase at 8 and 10 weeks (Figure 5.5C, D) showed an obvious reduction in cellular 

proliferation throughout. 
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Figure 5.4      Representative CD68 (i) and Ki67 (ii) histological images of rat TMP at 

different time points.  A. Normal TM; B. 3-day TMP; C. 14-day TMP;  D. 17-day TMP; 

E. 3-week TMP; F. 4-week TMP; G. 6-week TMP; H. 8-week TMP; I. 10-week TMP. 

Scale bars: 200 µm at 20× magnification. TMP = tympanic membrane perforation; VT-

M/D = ventilation tube insertion in conjunction with mitomycin C & dexamethasone. 
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Figure 5.5      Ki67 immunohistochemical staining of the TMPs from 3 and 17 days 

(acute phase) and 8 and 10 weeks (chronic phase) from top to down (A, B, C, D, Scale 

bars: 200 µm at 20× magnification). High levels of cellular proliferation are shown in 

stratified epithelial layer in 3 and 17 days (black arrowhead). In comparison, reduced 

level of cellular proliferation can be seen in 8 and 10 weeks. TMP = tympanic 

membrane perforation; VT-M/D = ventilation tube insertion in conjunction with 

mitomycin C and dexamethasone. 

 

 

 

 

 

Figure 5.6      Flow diagram illustrating the concept of the 3 chronological phases in the 

development of chronic tympanic membrane perforations. 
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5.4 DISCUSSION 

In 1965, Taylor and McMinn [109] stated “further work is needed to see whether 

chronic perforations can be produced experimentally, so that the cell behaviour at the 

margins of acute and chronic lesions can be compared.” Fifty years have passed and the 

mechanisms resulting in persistent patency of chronic TMPs remain poorly understood. 

We recently developed this chronic TMP rat model [105] as a valuable experimental 

platform for testing new remedies for chronic TMP. Here we used it to study 

mechanisms of TMP chronicity. 

 

The wound healing pathway is a complex multi-scale hierarchical system [110] that 

involves complex interplays between numerous cell types (e.g. epithelia, fibroblasts, 

neutrophils, macrophages), intercellular messengers (e.g. cytokines, chemokines, 

hormones, growth factors), synthesised matrix products (e.g. collagen, proteoglycans), 

and enzymes (e.g. matrix metalloproteinases, plasmin). However, it remains unclear 

why some TMPs escape the normal rapid healing seen in the majority of acute TMPs 

and turn chronic. Presumably, the chronic TMPs develop as a result of defective 

regulation of one or more of the complex molecular and biological events that occur in 

acute healing. 

 

The current model consists of three key elements - (1) 14-day (2 weeks) VT insertion 

and topical applications of (2) mitomycin C and (3) dexamethasone. The 14-day 

duration of VT insertion is most likely crucial in inducing chronicity because it prolongs 

the patency of the TMP beyond the initial acute healing ‘window’ of 5 to 10 days, a 

time interval well known for acute TMPs to spontaneously heal in humans [1] and 

rodents [99]. The VT insertion may also have disrupted the anatomy of the healing TMP 

by misdirecting epithelial growth medially into the middle ear rather than across the 



 133 

perforation to bridge the defect. Our previous study showed that a 14-day VT insertion 

alone was capable of creating chronic TMPs with similar histological features but at a 

lower success rate [16, 105]. Mitomycin C is an alkylating anti-neoplastic antibiotic 

which most likely acts by interrupting DNA replication and mitosis [82], leading to 

inhibition in the proliferation of fibroblasts and epithelial cells. This application may 

explain the relatively sparse Ki67 staining in the outer epithelial layer in the studied 

group soon after VT removal. Dexamethasone is a long-acting steroid that may disrupt 

the healing at the TMP edge by immunosuppression, delaying macrophage chemotaxis 

and cellular proliferation [83]. 

 

For the acute TMP group, we have selected 3 days as the timeline to sacrifice the animal. 

An acute TMP group needs to be in the situation of an ongoing healing process before 

closure. Acute TMPs in rats almost all closed by 7 days [99]. Thus, the acute time frame 

has to be less than 7 days. We eventually decided on a 'middle' time of day 3, which it 

has had a few days to allow acute healing response to be activated but not too late so 

that it has closed. For the VT-M/D group, we decided the various time frame of 

sacrifice from our previous publication developing this rat model [105].  The initial 

'acute phase' post VT removal is crucial, thus the initial time frame of 14 days, 17 days, 

3 weeks. Thereafter, we wanted regular time frame samples between the 3 weeks and 

the final time point of 10 week, thus the following time frame of 4, 6, 8, 10 weeks. The 

study was initially designed as purely a histological descriptive experimental studies so 

power was not calculated. Normal control and acute TMP groups were each assigned 

with 5 rats. The rest of the VT-M/D groups had 40 rats in total - 7 time points (14, 17 

days, 3, 4, 6, 8, 10 weeks). 
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In our previous study [16], a single topical application of M/D (without ventilation tube 

or second dose of M/D) only delayed TMP closure but not enough to create chronic 

TMPs. The healed TMs at 8-week histologically showed a mild thickening in the lamina 

propria but the outer epithelial layer had normal thickness with moderate collagen 

deposition. In comparison to the current study, the 8-week histology (Figure 5.2H (ii & 

iii)) showed a stratified epithelial layer around the perforation edge with prominent 

thickening and significant collagen deposition in the lamina propria. The histological 

disparities between the two models at the same time point of 8-week strongly suggest 

that the VT insertion plays a crucial role in producing a chronic TMP. 

 

The stratified squamous epithelium forming around the TMP edge is an important 

histological feature observed from 3 weeks onwards (Figure 5.2E-I (ii & iii)). This is a 

classic histological characteristic of a chronic TMP that has been described in the 

literature [7, 10, 19, 20, 24, 56, 104, 105]. In acute TMP healing the epithelium would 

migrate across the perforation edge to bridge the defect, whereas in a non-healing 

chronic TMP, a stratified epithelial rim forms around the perforation edge which seems 

to act as a structural barrier impeding the migration of keratinocytes [7]. The cessation 

of keratinocyte migration seen in chronic TMPs could be due to contact inhibition. It is 

defined as a reduction in mitotic rate and/or migration when epithelial cells at a wound 

healing front contact each other to form a monolayer [111]. When epithelial cells reach 

still higher densities, crowding can promote anoikis or cell death by loss of adhesion-

based cell-survival signaling. Other potential contributing factors to the crowding are 

the physical barrier created by the VT insertion as well as the anti-proliferative effect of 

M/D. 
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Increased collagen deposition with disorganised morphology of the TMP edges was 

seen at the later time frames toward chronicity (Figure 5.3F-I (ii)). Disordered and 

misoriented collagen seen within the residual lamina propria of chronic TMP edges 

appeared to be a form of scarring which is different from the subsequent collagen 

deposition of new lamina that usually occurs in healing of acute TMPs, although 

previous studies have shown that scar tissue after closure of acute TMP may prevail for 

a long time. In the current study, collagen deposition started to dramatically increase 

between 4 and 10 weeks, suggestive of increased collagen production by the fibroblasts 

causing excessive scar formation as part of the ‘becoming chronic’ process of TMPs. 

Similar findings of extensive fibrosis were exhibited in the histological study by 

Spandow et al. [24] of the edges of chronic TMPs in patients, where extensive fibrosis 

was seen. Studies of chronic skin wounds have shown that fibroblasts are altered [113] 

such that they exhibit premature senescence that disrupts normal functioning, with 

impaired migration capacity and reduced response to growth factors. Li et al. [114] 

described a chronic inflammatory response involving fibroblasts being attracted by 

macrophages and over time leading to an increase production of collagen and fibrosis 

that results in an altered structure and loss of function. 

 

In this study, increased level of macrophages were observed in the later time points of 4 

to 10 weeks (Figure 5.4F-I (i)), with the unique granulomatous pattern on CD68 

staining that is absent in the acute healing phase, indicating that a sustained chronic 

inflammation and infective process (e.g. bacterial colonisation) within the perforation 

edge is likely to play a role in the failed healing of chronic TMPs. The abundant 

macrophage infiltration seen could be responsible for the chronic inflammation of non-

healing chronic TMPs. A persistent chronic TMP is possibly locked into a state of 

chronic inflammation characterised by inflammatory cells such as macrophages and 



 136 

neutrophil infiltrations with associated reactive oxygen species and destructive enzymes 

[113]. 

 

The TMPs from the early acute healing time points (i.e. 3–17 days) have increased 

cellular proliferation (Figure 5.5A, B). In comparison, at the later time points of 6 to 10 

weeks, there was an overall reduction in the level of cellular proliferation within the 

perforation edges (Figure 5.5C, D) suggestive of an ‘under-healing’ response involving 

impairments in keratinocyte proliferation and migration leading to the chronicity of the 

TMP. For a chronic wound to heal, it needs to be forced to leave the chronic the 

inflammatory phase, enter a proliferative phase and eventually enter a remodeling stage. 

Due to the excessive amount of inflammation, it is possible that the chronic TMPs have 

failed to progress from inflammatory phase to a predominantly proliferative phase [110]. 

The anti-mitotic effect of mitomycin C and the anti-proliferative effect of 

dexamethasone might also play an important role. 

 

Overall, our histological results can categorise the progress of development of chronic 

TMP into three chronological phases illustrated by Figure 6 - (1) the acute healing 

phase (3, 14 and 17 days), (2) the ‘transition’/delayed healing phase (3 to 4 weeks) and 

(3) the chronic phase (6 weeks and onwards). The acute healing phase demonstrated an 

expected active healing process including inflammation, proliferation and re-

epithelialisation. The 3–4 week time frame appeared to be a ‘transition’/delayed healing 

phase where acute healing started to gradually transform into chronicity with a steady 

increase in keratinocyte layer thickening, collagen deposition and macrophage 

infiltration as well as a reduction in cellular proliferation of the middle fibrous layer. 

From 6 weeks onwards, the histological features are suggestive of becoming chronic, 

indicating that the healing of TMP edges has been halted with a dramatic increase in 
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keratinocyte thickness, disorganised collagen production, granulomatous macrophage 

pattern and overall ‘shutting down’ of cellular proliferative activities. 

 

While our current study found several chronological features of chronic TMP 

development, it is not without limitations. Firstly, the VT insertion method only mimic 

one of the causes of chronic TMP in clinical settings (i.e. VTs), but not other possible 

causes including Eustachian tube dysfunction and chronic middle ear infection. 

Nevertheless, valuable information can still be obtained utilising this model for studies 

on the genesis of TMP chronicity. A second limitation is the potential traumatic effect 

of the actual VT removal on day 14 which could have induced a certain degree of 

trauma disrupting the TMP edge and causing an inflammatory & healing processes. 

Another limitation is the solely histological point of view in the investigation. Santa 

Maria et. al [28] have identified a few potential markers of acute TMP healing such as 

Stefin A2 and Natriuretic peptide precursor type B. Therefore, further studies would be 

valuable to determine whether these genes are involved in chronic TMP development 

and to identify novel molecular markers. This would assist in the development of 

innovative therapies to improve the healing process of chronic TMPs. In addition, future 

studies should also look in depth of the traumatic effect of the VT removal and the 

different VT residency times have on the histology of TMPs. 
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5.5 CONCLUSION 

Based on the results of this study, progressive development of chronic TMPs appeared 

to be associated with various histological features. The formation of stratified squamous 

epithelium and thickened keratinocyte layer around the chronic TMP edges may act as a 

structural barrier to closure. The increased collagen deposition is indicative of excessive 

scar formation and fibrosis. The increased macrophage infiltration is suggestive of a 

chronic inflammatory response while the reduction in cellular proliferation portrays an 

overall slowing down of keratinocyte activities.   
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Chapter 6 

 

General Discussion and Future Directions 
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6.1 GENERAL SUMMARY 

TMP is a common pathology often as a result of middle ear infections, trauma, or VT 

insertion. Most TMPs heal spontaneously without intervention within 7–10 days [1, 2] 

with resolution of hearing loss and certain degree of myringosclerosis but a minority fail 

to heal within three months and are classified as chronic TMPs. 

 

These chronic TMPs attract surgical interventions (e.g. myringoplasty), typically with a 

human autograft (e.g. temporalis fascia, cartilage). With the advent of modern 

biomaterials, new options are becoming available to address deficiencies in autograft 

approaches for repair of chronic TMP, such as increased intra-operative time, general 

anaesthetic risks, need for harvest from donor sites, lack of harvest material at second 

revision, non-transparency of autograft (particularly cartilage) and failure rate [117]. 

Many novel materials have an unknown safety and efficacy profile so need to undergo 

evaluation (i.e. animal models) prior to clinical trial [3]. 

 

During development of novel graft materials for TM repair, extensive in vitro and in 

vivo (i.e. animal models) evaluations are often conducted prior to clinical trials. In order 

to fully examine the efficacy of a novel graft, a chronic TMP animal model that mimics 

the clinical condition of chronic TMPs in patients is important.  Various animal species 

have been utilized in the creation of models for chronic TMPs including chinchilla, 

guinea pig, rat, dog and mouse. Numerous techniques have been trialed including 

infolding methods, thermal injury, re-myringotomy, application of topical agents (e.g. 

mitomycin C, steroids) and by genetic modification. This thesis has investigated various 

methods for creating chronic TMPs in a rat model.  
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From the literature, we selected promising approaches relating to healing prevention by 

chemical treatment, foreign body response activation and multiple perforation. Topical 

application of M/D only delayed TMP closure in rats but the effect was not sufficiently 

long-lasting to be defined as a chronic TMP. Despite the localised inflammatory and 

infective response induced in MEC by the paper insertion method, it was not an 

effective method for creating a chronic TMP animal model. By the re-myringotomy 

method, closure of TMPs appeared to be accelerated rather than delayed (Chapter 3).  

 

Thereafter, we evaluated the efficacy of a novel method using VT insertion, either alone 

or in conjunction with topical application of M/D for the creation of chronic TMP rat 

model. Chronic TMP in a rat model was successfully created by VT insertion and the 

efficacy was increased in combination with topical application of M/D. The VT-M/D 

offers a chronic TMP model in rat with a reasonable success rate of 70% (Chapter 4). 

 

Lastly, we assessed histologically the progressive development and underlying 

mechanisms of chronic TMP in the rat model using VT-M/D, compared with normal 

tympanic membrane and acute TMPs. The progressive development of chronic TMPs 

appeared to be associated with maintenance of epidermal thickening, collagen & keratin 

deposition, macrophage infiltration and reduced cellular proliferation (Chapter 5). 

 

In summary, the results of this thesis suggest that VT-M/D is effective in creating 

chronic TMP in rat model, which potentially can be used as an in vivo platform for 

testing various TM repair interventions. 
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6.2 CLINICAL SIGNIFICANCE 

A variety of animal models have been used but their relevance has been hampered by 

the acute nature of most TMP animal models rather than the chronic TMP we treat in 

patients. Up to 94% of acute TMP in patients [1,2] heal spontaneously without 

intervention, but only chronic TMPs are treated, so the acute TMP animal models lack 

clinical relevance [11]. Testing interventions or graft materials on sub-optimal or 

unreliable chronic TMP animal models could provide inaccurate and misleading 

interpretations, with increased risk when translating treatments to clinical trials. 

 

Middle ear infection is a common cause of chronic TMP in patients. Numerous animal 

studies have investigated acute otitis media in which a myringotomy was performed and 

bacterial suspension was inoculated into the middle ear. Generally, induction of AOM 

was associated with faster healing of TMP (7–14 days) compared with non-infected 

animals [70, 73]. One of the experimental groups in Chapter 3 involved inserting strips 

of cigarette paper into the middle ear cavity [16] to induce a foreign body inflammatory 

response which we hypothesised would create a chronic TMP mimicking chronic 

suppurative otitis media in a clinical setting. However, the overall closure of TMPs was 

not delayed. A recent mouse study by Santa Maria et al. [104] achieved high success 

rate in creating chronic TMP using a topical metallomatrix proteinase inhibitor to 

inhibit wound healing (KB-R7785 (10mM)) via gelfoam. The model used in this study 

has been validated as mimicking the human condition in histological appearance, 

making it useful for testing potential treatments for chronic TMP but require further 

clarifications on other large sized animals such as rat.  

 

Numerous clinical studies have found that long-term VT insertion may increase 

likelihood of chronic TMP development in patients. A meta-analysis by Kay et al. [74] 
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indicated that 17% of patients undergoing long-term (i.e. several years) VT insertion 

had a chronic TMP, significantly higher than short-term (i.e. 8–14 months) VT insertion 

of 2.2%. In clinical settings, the overall rates of persistent TMPs in long-term VT 

insertion range between 10–30% [94, 96]. The chronic TMP rat model created with VT-

M/D certainly has similar resemblance to the clinical situation. We found that this novel 

method of VT insertion produced chronic TMP in rats, with a significant improvement 

in efficacy when used in conjunction with topical application of M/D. To our 

knowledge, neither model has been described previously. We now have a successful 

chronic TMP animal model for evaluating various graft materials for myringoplasty. 

This animal model may assist evidence-based evaluation of new therapeutic 

interventions for repair of chronic TMPs in patients. 

 

In the clinical setting, patients with chronic TMP are often associated with eustachian 

tube dysfunction, otorrhoea and mucosal change. Therefore, creating solely a patent 

chronic TMP animal model is inadequate. Santa maria et al. has recently developed 

chronic TMP mice model using eustachian tube occlusion and middle ear innoculation 

of bacteria [104, 118] . Further developments are warranted to imitate all disease 

characteristics of chronic suppurative otitis media such as mucosal disease and 

discharge. 
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6.3 LIMITATIONS OF THIS STUDY 

A limitation of this study was the relatively small number of animals trialled and thus 

studies with more animal numbers are warranted to clarify method efficacy and to 

improve statistical power. Bear in mind that the third/last experiment (Chapter 5) was 

designed as purely a histological descriptive experimental studies so power was not 

calculated. In addition, other animal species such as guinea pigs or mice could have 

been investigated. 

 

Hearing tests are valuable in assessing functional improvement of TM after repair 

interventions (e.g. scaffolds). Assessing hearing of animal models is frequently done via 

the ABR under general anaesthesia. One of the limitations of this study was that we did 

not assess hearing loss. The main rationale for us not conducting ABR on our chronic 

animal model was that a certain degree of conducting hearing loss would be expected 

from creating a ‘pathological state’ of TMP. Looking through the literature of chronic 

TMP animal model, measuring hearing function was rarely conducted, unless if repair 

interventions were done [5, 19, 104]. In the future when testing this chronic animal 

model with various interventions (e.g. scaffold) would certainly warrant ABR to 

evaluate pre and post-treatment hearing function. In addition, using tympanogram on 

the rat model could also be an option to evaluate the compliance of TM and EAC 

volume. 

 

In addition, the chronic TMPs created in the rat model using VT-M/D do not exactly 

resemble the cause in the actual clinical cases of chronic TMP in patients, and thereby 

other mechanisms may be activated or inhibited. An animal model can never completely 

replicate the clinical situation. Our current rat model using VT-M/D only addressed one 

part of the spectrum of chronic TMP in human conditions. There are other aspects that 
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this model did not address which including middle ear infection, Eustachian tube 

dysfunction, otorrhoea as well as mucosal changes. However, the current proposed 

animal model would be useful in testing proposed treatments for chronic TMPs before 

translation to human clinical trials. In addition, in our chronic model, we solely used a 

one duration of 2 wks VT insertion. Future studies would warrant looking into various 

VT insertion duration to see whether longer VT insertion would enhance the rate of 

chronic TMP. 

 

The outcome measures of the current rat model were solely limited to otoscopic 

observation and histological evaluations. Further mechanistic studies such as 

transcriptome profiling or additional immunohistochemistry on this chronic TMP 

animal model would be worthwhile to explore the underlying mechanism(s) of 

chronicity which would add value for future treatment regimes against development of 

chronic TMPs. 

 

6.4 FUTURE DIRECTIONS 

Overall, the use of VT insertion combined with topical M/D application offers a chronic 

TMP model in rat with a reasonable success rate of 70% and the procedure is simple, 

reproducible and reliable. Most importantly, we now have a successful chronic TMP 

animal model to test various graft materials for myringoplasty in vivo. In this study, we 

have only tried one set duration of VT insertion (i.e. 2 weeks). It would be interesting to 

try longer duration of VT insertion (e.g. 3 or 4 weeks) which potentially could enhance 

the success rate in creating chronic TMPs. The literatures has shown that long-term VTs 

in patients have an increased risk of developing chronic TMPs compared with short-

term VTs [74]. In addition, both the dosing and pharmacokinetics of mitomycin C 
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should be investigated further to investigate what dose would be optimal to create 

chronic TMP 

 

In 1965, Taylor and McMinn [109] stated that the factors preventing chronic TMPs 

from healing in the absence of infection are not known with certainty. Since then, fifty 

years has gone by and the mechanisms resulting in persistent patency of chronic TMPs 

has been neglected to some extent and are still poorly understood. Future studies 

evaluating gene expression profiling using polymerase chain reaction (PCR) 

technologies such as microarray and proteomics assessments would expand our insight 

into the key molecular players in the development of chronic TMPs. This would assist 

in the development of innovative therapies to improve the healing process of chronic 

TMPs. 

 

The histological findings of this thesis suggest that macrophage infiltration likely to 

play a role in chronic TMP. In chapter 4, the chronic TMP edges on CD68 staining 

showed increased macrophages density compared to the normal control and 

myringotomy control groups. In chapter 5, at the later time points of chronic TMPs, 

significantly raised macrophage infiltration was observed. Further macrophage staining 

can be considered in the future to look into sub-class of macrophages (e.g. M1, M2) in 

chronic TMPs to differentiate functions of macrophage subsets. 

 

Chronic TMP in-vitro model is also an emerging field in the literature that would worth 

investigating into. A trans-well model was recently published [119], created using a cell 

culture insert with a round hole made at the centre of a polycarbonate membrane. Cells 

were cultured on the fenestrated culture insert, and the desired myringoplasty graft was 

placed at the centre of the window and observed by microscopy under staining. This 
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trans-well-based cellular model might be a useful pre-evaluation platform for the 

evaluation of TM repairing materials. Our group is currently in progress of developing a 

modified version of this model. 

 

Despite the increased awareness of the importance of the chronicity of TMP in animal 

model, there are still few published studies adding to the literature investigating 

therapeutic repair methods on acute TMP animal model [120-122]. The majority of (up 

to 94%) acute TMPs heal spontaneously without any interventions, so there is limited 

benefit to accelerate healing of an acute or traumatic perforation. The future trend 

should be focusing on chronic TMP animal model rather than acute. 
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6.5 CONCLUSION 

In summary, we now have a successful chronic TMP animal model for evaluating 

various graft materials for myringoplasty and exploring healing mechanisms. This 

animal model may assist evidence-based evaluation of new therapeutic interventions for 

repair of chronic TMPs in patients. Despite our longitudinal histological study of 

chronic TMP in rat model, the exact mechanism(s) leading to formation of chronic 

TMPs in humans is still poorly understood. It is unclear why certain TMPs close 

spontaneously while some fail to close and stay patent as chronic TMPs.  The future 

will tell whether studies of ventilation tube-related mechanisms may also provide 

insight to treatment of other mechanisms that produce chronic TMPs. 
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