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Abstract 
Cholesteatoma is the keratinized stratified squamous epithelium in the middle ear and mastoid, which has the ability of osteoclastic activity and bone resorption. Although there are theories about its genesis, exact reason is unknown. Still studies are going on for finding exact reason of cholesteatoma formation and new molecules are studied for its treatment.In this review we summarized all types of experimental models of cholesteatoma.
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Core tip: Cholesteatoma is the keratinized stratified squamous epithelium in the middle ear and mastoid, which has the ability of osteoclastic activity and bone resorption. Although there are theories about its genesis, exact reason is unknown. Still studies are going on for finding exact reason of cholesteatoma formation and new molecules are studied for its treatment. Since each model of cholesteatoma formation exhibits a different way in pathogenesis; way of cholesteatoma formation and molecules to prevent its genesis must be chosen carefully. In this review we summarized all types of experimental models of cholesteatoma.
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INTRODUCTION 

Cholesteatoma is the keratinized stratified squamous epithelium in the middle ear and mastoid, which has the ability of osteoclastic activity and bone resorption. Under the epithelium there is subepithelial connective tissue called as perimatrix and characterized by chronic inflammatory reaction. Resorption of bone occurs in the area neighbouring perimatrix and is mediated by osteoclasts. Bone resorption may lead to hearing loss, vestibular dysfunction, facial paralysis and even lethal intracranial complications[1]. Its diagnosis is based on otoscopic examination, audiological findings and radiolgical examination. Its only immediate treatment is surgery; but after surgery follow-up is mandatory due to recurrence risk up to 15%[2].

Exact reason of cholesteatoma formation is unknown; but there are four different theories regarding its genesis:[3] (1) Metaplasia theory; Metaplasia of middle ear epithelium into stratified squamous epithelium causes forming of cholesteatoma; (2) Immigration theory; Squamous epithelium of the external ear canal migrates to middle ear through the perforation in the tympanic membrane; (3) Hyperplasia theory; In Shrapnell’s membrane basal cell hyperplasia of keratinized epithelium due to inflammation leads to cholesteatoma formation; (4) Retraction pocket theory; Retraction in the Shrapnell’s membrane due to chronic Eustachian dysfunction leads to cholesteatoma formation. 

Since the exact known mechanism is unknown several animal models have been devised for cholesteatoma through years regarding both its pathogenesis and treatment. With the light of these theories each animal model of cholesteatoma formation indicates a different way of formation. In this review; we firstly summarized animals used in experimental models. Different ways of cholesteatoma formation in animal models and molecules to prevent or treat it are also discussed with current literature. We think that this review will highlight authors who think to study cholesteatoma in experimental models.  

ANIMALS USED IN EXPERIMENTAL CHOLESTEATOMA MODELS

Chincillas, guinea pigs, Mongolian gerbils ( Meriones unguiculatus) and rats have been used in experimental models of cholesteatoma. Chincillas have auditory apparatus which is similar to human, pigs have a mastoid like human mastoid, ultrastructure of epithelial and subepithelial lining of gerbilline middle ear mimics human middle ear, osteoclastic and bone resorption characteristics of gerbilline cholesteatoma is similar to human[3]. In the Mongolian gerbils Meriones unguiculatus and fat sand rat Psommomys obesus cholesteatoma can form spontaneously; so especially gerbils are widely used in experimental cholesteatoma models[1]. With increasing age, formation incidence and severity of cholesteatoma increases in gerbils[3].
METHODS USED FOR DEVELOPMENT OF CHOLESTEATOMA

There have been several ways to form or study pathogenesis of cholesteatoma in animal models:
Ligation of external auditory canal
This method was firstly popularized by McGinn in 1982 with retroauricular skin incision and ligation of the canal near the bony external auditory canal with 4.0 silk suture[4]. This method of cholesteatoma formation is very effective since occurs in 100% of ligated mongolian gerbils. But disadvantage of this method is mongolian gerbils are expensive animals for study[3,5]. After formation of cholesteatoma Chole et al[3] staged the development of cholesteatoma into 5 groups: (1) Accumulation of keratin debris on the outer surface of tympanic membrane; (2) Medial displacement of tympanic membrane without contact with bulla; (3) Cholesteatoma is in contact with prominence of cochlea; (4) Cholesteatoma fills the bulla. (5) Intracranial extension. By using external canal ligation method Park et al[4] studied the reversibility of cholesteatoma with ofloxacin ear drops and saline irrigation. They concluded that with conservative mechanisms such as control of inflammation and maintenance of normal clearance mechanisms early stage cholesteatomas can be managed. After ligation technique Choufani et al[2] studied differentiation and growth regulatory markers such as retinoic acid receptors, galectins, macrophage migration inhibitory factors in cholesteatoma. They compared immunohistochemical staining levels of markers in gerbils and human. They found that only macrophage migration inhibitory factors had similar staining compared to human; so they concluded that animal models can differ with clinical situation in human. Another study with canal ligation technique was done by Park et al[6] in 2001. They studied phospholipase C-ɣ1 levels in gerbil cholesteatoma. They concluded that phospholipase C-ɣ1 may play a role in signaling pathways on genesis of cholesteatoma. Again Park et al[7] studied proliferative activity markers such as cytokeratin 13/16, proliferating cell nuclear antigen, epidermal growth factor receptor and thrombomodulin in gerbilline cholesteatoma with canal ligation. They found that cholesteatoma proliferates at a higher rate than retroauricular and deep meatal skin. In 2010 Yamamoto-Fukuda et al[8] combined ligation of ear canal with a new hybridization approach to find the origin of cells in the cholesteatoma. After making a perforation in the tympanic membrane of male gerbils, they made myringoplasty using female gerbils’ tympanic membranes as grafts; they ligated external auditory canal to form cholesteatoma. After using in situ Polymerase Chain Reaction, they found epithelium in the cholesteatoma was female origin in the male gerbil; so they concluded that tympanic membrane epithelium is the probable source of epithelium associated with cholesteatoma[8]. Authors using canal ligation technique are summarized in Table 1.
Eustachian tube blocking model with ligation or electrocauterization
Dysfunction of eustachian tube leads to pars flaccida retraction pocket and subsequent cholesteatoma. This method was popularized by Chloe and Wolfmann in 1986. With this technique, cholesteatoma formation occured in three quarter of animals[3,5]. Eustachian tube blockage can be achieved with trans-neck or trans-oral way surgically. In the trans-neck approach Eustachian tube can be seen below the facial nerve and digastric muscle. In the trans-oral approach Eustachian tube orifice is found 5 mm posterior to junction of hard and soft palates[5].

  In 2001 Kim et al[9] used unilateral electrocauterization of Eustachian tube and formation of retraction pocket cholesteatoma to investigate cytokeratins in the cholesteatoma. They staged the retraction pocket cholesteatoma as Stage 1: mild retraction of tympanic membrane with or without middle ear effusion. Stage 2: retraction pocket surrounds ossicular chain. Stage 3: Deep retraction pocket with bone erosion and keratin formation. Stage 4: Total adhesion of the tympanic membrane.  The expression of Creatinine Kynase (CK) 13/16 with advancing stage of cholesteatoma suggested that epithelium of retraction pocket cholesteatoma proliferates increasingly with stage. Wilmoth et al[10] used bilateral Eustachian tube obstruction method for cholesteatoma formation. They studied matrix metalloproteinases and tumor necrosing factor alpha in the atelectatic tympanic membranes. Elevation of these markers with progression of retraction pocket stage indicated the possible role in cholesteatoma formation. In 2009 Unge and Dircks[11] used repeated pressure loads to tympanic membrane and Eustachian tube with simulated habitual sniffing to form retraction pocket cholesteatoma similar to Eustachian tube blocking model. They used gerbils in their study. Gerbils were kept in a cabine with a vacuum; negative pressure was applied via the vacuum to simulate sniffing model. They found that with Moire inferogram gerbil tympanic membrane retains its stiffness 7 to 12 d of repeated pressure loading, there were retraction pocket formation but no cholesteatoma was formed[11]. Combination of ear canal ligation and Eustachian tube obstruction can be used to form cholesteatoma in the studies. Tinling et al[12] made 3 groups with gerbils: ear canal ligation, Eustachian tube obstruction and both of them. They found that in gerbil tympanic membrane and external auditory canal with cholesteatomas rate of cell division of basal cell keratinocytes was seven times higher than gerbils without cholesteatomas (control group). There was no statistically significance between the groups regarding different methods of cholesteatoma induction. In Table 2 authors using eustachian tube blockage for cholesteatoma formation are summarized.

Chemical reagant injection
Chemical substance injection to middle ear or bulla of animals is another widely used method for cholesteatoma formation. Materials that can induce cholesteatoma formation are talcum powder, dimethylbenzanthracene, propylene glycol and latex[5,13-17]. Among these propylene glycol is the most widely used substance. After application of topical eye drops containing propylene glycol (Cortisporin) to middle ear of chincillas epithelial migration and cholesteatomatous chronic otitis media formation occured and experimental usage of propylene glycol for cholesteatoma induction started via this way. With increasing dose of propylene glycol, cholesteatoma formation percentage increases as 100% with 90% concentration of propylene glycol application[3]. Application of propylene glycol can be with intratympanic injection or via trans mastoid way through a small hole in the bulla[14-18]. After application of propylene glycol in cholesteatoma models different chemicals are used to inhibit formation of cholesteatomas. 5-fluorouracyl, transretinoic acid, mitomycin-c and systemic prednisolone seem to inhibit cholesteatoma in experimental models whereas results were not statistically significant with hyalouronic acid and cyclophosphamide[3,14,16-18]. In 2005, Massuda and Oliveira used different application of propylene glycole. They used two experimantal groups of rats. They formed a posterosuperior perforation in the tympanic membrane of animals. In group 1 they used latex biomembrane with 50% propylene glycol and in group 2 they used naturel latex biomembrane introduction into the orifice of tympanic membrane with one end in the middle ear and the other in the external auditory canal. In group 1 cholesteatoma occured in 80% of ears and in group 2 90% of ears. They concluded that both methods are effective in experimental cholesteatoma formation[13]. Application of propylene glycol method can be combined with canal ligation and Eustachian blockage technique. Kim et al[19] studied proliferation and migration states of experimental cholesteatomas. They made 3 groups with Mongolian gerbils: canal ligation, Eustachian blockage (retraction pocket) and propylene glycol group. Expression of CK 13/16 was mostly persistent in retraction pocket group, whereas CK 5/6 and CK 1/10 were mostly expressed in canal ligation group. They stated that there was a complex alteration in epidermal maturation pathway in the cholesteatoma according to pathogenesis. Authors and articles using chemical substance injection for cholesteatoma formation are summarized in Table 3.

Skin graft transfer to middle ear of animal 
Another method used to form cholesteatoma is full thickness skin graft transfer in experimental cholesteatoma models. After skin graft implantation with superimposed infection cholesteatoma could occur with 89.3% success but bone resorption was not observed in these studies[3]. However in another study in 2013 Si et al[20] formed cholesteatoma by autologous skin graft implantation and pseudomonas injection to middle ear of mice with 92% success. All cholesteatoma forming mice had hearing loss in auditory-evoked brainstem response and there was bone resorption demonstrated by computerized tomography. 
Dermal implant transfer to non-temporal bone
To form cholesteatoma and show the bone resorption pattern of it, dermal implants can be transferred to calvarium or femoral bone of mice. Sudhoff et al[1] transferred dermal implant consisting of skin and underlying cartilage of mice to calvaria of them. They showed localized inflammation and bone resorption at the site of calvarium which dermal implant was transferred; so they concluded that this method of cholesteatoma bone resorption model would be a useful device in a genetically well defined animal like mice. Chole et al[21] used keratin and polymethymethacrylate implantation to mice calvaria to form a bone resorption model similar to cholesteatoma. They implanted human keratin particles from volunteers fingernail fillings. They also used murine keratin from nails and hairs of mice. They showed chronic inflammatory response with angiogenesis, mononuclear cell recruitment and osteoclastic bone resorption in calvaria of mice similar to cholesteatoma. Similar way of bone resorption model was used by Jung et al[22]. They studied nitric oxide synthase levels after implantation of keratin to calvarium of rats. They found that nitric oxide synthase especially type II levels were upregulated in response to keratin. In 2005, Magalhaes et al[23] formed cholesteatoma after implantation of full thickness skin graft to femoral bones of rats; they concluded that a trapped keratinized epithelium (skin) causes epithelial cyst formation like cholesteatoma to expel this foreign tissue. 
Bone marrow samples of mice for osteoclastogenic activity and cell cultures 
This method is not used for forming cholesteatoma but used for determining bone resorption pathways of cholesteatoma. Nason et al[24] collected osteoclastic cell precursors from bone marrow of mice and after usage of pseudomonas aeruginosa lipopolysaccharide as a reagant they showed transformation of osteoclast precursors to bone-resorbing osteoclasts with cell cultures. Since the most cultured organism in infected cholesteatomas is Pseudomonas aeruginosa; this study postulated that this microorganism may have a role in osteoclastic activity of cholesteatoma.

As a conclusion; since exact reason of cholesteatoma formation is not known, still debates exist for its pathogenesis and way of treatment. To understand cholesteatoma pathogenesis and findout new molecules for prevention or treatment of it, experimental animal models will help us till the problem is solved. For studying molecules in experimental cholesteatoma models way of cholesteatoma formation is important since each method delineates a different pathogenesis.  
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Table 1 Canal ligation technique cholesteatoma formation articles
	Ref.
	Year
	Result

	Park et al[4] 
	2005
	Control of inflammation with ofloxacin and maintenance of normal clearance mechanisms can manage early stage cholesteatomas

	Choufani et al[2]
	2007
	Animal model cholesteatomas can differ from human cholesteatoma regarding growth regulatory markers

	Park et al[6]
	2001
	Phospholipase C-ɣ1 may play a role in signaling pathways on genesis of cholesteatoma

	Park et al[7]
	2001
	Cholesteatoma proliferates at a higher rate than retroauricular and deep meatal skin

	Yamamoto-Fukuda et al[8]
	2010
	Tympanic membrane epithelium is the probable source of cholesteatoma epithelium


Table 2 Articles using eustachian tube blocking model for cholesteatoma formation
	Ref.
	Year
	Result

	Kim et al[9]
	2001
	Cytokeratin expression increases with advancing stage of retraction pocket cholesteatoma

	Wilmoth et al[10]
	2003
	Matrix metalloproteinases and tumor necrosis factor alpha may have a role in retraction pocket cholesteatoma

	Tinling et al[12] (with combination  of canal ligation 
	2006
	Basal cell keratinocytes’ cell division rate is much more in cholesteatoma


Table 3 Articles using chemical reagant injection technique for cholesteatoma formation
	Ref.
	Year
	Result

	White et al[14]
	1995
	Hyaluronic acid doesn’t inhibit cholesteatoma formation in experimental model

	Kayhan et al[16]
	2006
	Prednisolone may inhibit cholesteatoma formation.

	Antunes et al[17]
	2008
	Trans-retinoic acid may inhibit cholesteatoma formation

	Melo et al[18]
	2013
	Mitomycin-C may inhibit cholesteatoma formation

	Massuda et al[13]
	2005
	Latex biomembrane is as effective as propylene glycol injection in cholesteatoma formation in experimental model

	Kim et al[19] (With combination of canal ligation and Eustachian tube blocking)
	2002
	Expression of different types of cytokeratins increases according to cholesteatoma formation way 


