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CHAPTERI

GENERAL INTRODUCTION

Cholesteatoma: What is in a name ?

The name cholesteatomaor Fettgeschwiilst (Fatty tumor) wasintroduced by Miiller!”

in 1838. He found a multi-layered pearly tumor of fatty substance deep in the petrous

bone, which released an abundance of cholesterol-like crystals, when he dissectedit for

further investigation. The cholesterol was interspersed between fatty concentric layers.

Because he assumed that cholesterol and fat were the major components’ of the tumor

he named it cholesteatoma. This description was not correct, because cholesterol or

fat(stearin) are not essential components of this tumor. With improvementof the quality

of histological and morphological investigation in time, it became clear that the name

cholesteatoma was erroneous. It became evident that the active tissue of this disease

resembled the epidermis, consisting of a squamousstratified epithelium with a varying

amount of keratin production. Therefore many otologists tried to introduce a more

adequate namefor this pathological entity. The best-known of these are:

Molluscous tumor (Toynbee””’) 1841
Perlgeschwiilst (Virchow*") 1863
Margaritoma (Graigie'*) 1889

Cholesteatosis (Young**’) 1950
Epidermosis (Tiimarkin**) 1958
Squamous cholesteatosis (Birrel™*) 1958

Squamousepitheliosis (Birrel™) 1958
Epidermoid cholesteatoma(Friedmann”) 1959

Inactive/Active cholesteatosis (Harris!!) 1962

Keratoma (Marquet,!”! Broekaert™)1980,1982
Epidermoid cyst (Kavanagh'*) 1986

The term molluscous tumor of Toynbee”was based on his conviction that he believed
that the origin of the process was located in the ceruminal glands of the external ear

canal, which secondarily invaded the middle ear. A few years after the name

cholesteatoma had been put forward by Miiller,!°? Virchow*!! remarked that this
description was inadequate, because he had found a strong resemblance to existing

epidermis. He advised re-introduction of the term Perlgeschwiilst. Graigy’* proposed a

Greek name,calling it a margaritoma, probably hoping that this more scientific name

would persist, but no one adopted this term afterwards.



Much confusion was raised by the introduction of terms such as cholesteatosis*” and

squamous cholesteatosis™ as a relation with cholesterol was suggested. The same holds

for the term cholesterol granuloma?which concerns a completely different histological

entity. Nevertheless many cholesteatoma were called cholesterol granuloma.'’! New

names were introduced whichtried to indicate the histological resemblance or origin with

epidermis, i.e., epidermosis,™ epidermoid cyst'*® or keratoma'”' However, noneof these
descriptions managed to replace the misnomer cholesteatoma, although keratomaisstill

occasionally used by some authors(Broeckaert,Marquet). So the possibility that the name

cholesteatoma will be changed after 150 years does not seem verylikely.

DEFINITION

Aninteresting and unresolved problem is to formulate an adequate definition of the

entity cholesteatoma, especially since the pathogenesis is still not known. Toillustrate

the problem ofa correct definition, we will present an overview of the discussion about

this matter. It is not enoughfor the otologist to have a histo-pathological definition, since

there are clinically divergent cholesteatoma, and the pathogenesis of the process may

differ between these varieties. For instance, a residual cholesteatoma develops out of

incompletely removed cholesteatoma in the middle ear, whereas a primary or recurrent

cholesteatoma, probably arises due to an active ingrowth of epidermis into the middle

ear cleft. Furthermore, the presence ofa stratified squamous cornifying epitheliumin the

middle ear cleft can not always be considered pathologic. On the contrary, in a

(modified) radical cavity a healthy epidermal lining is even favorable. The ingrowth of

epidermis along the borders of an eardrum perforation into the middle ear cannot be

called cholesteatoma wherethere is no local damage, and an adequate keratin clearance

into the external ear canal. The first three definitions discussed here, have in common

that all assume that the cholesteatomaoriginates from existing epidermis:

-l- Epidermosis of the tympano-mastoid cavity is a pathological process by which

squamous epithelium of epidermal!origin grows into that cavity (Timarkin™).

-2- Cholesteatoma is an accumulation of cellular debris and exfoliated keratin in the

middle ear, derived fromectopic basalcells of the stratified pavementepithelium(Ars’).

-3- A cholesteatoma or keratomaconsists of a matrix that originates from the basal cells

or malpighian layer of keratinizing squamous epithelium, which envelops an

accumulation of exfoliated keratin and dead squamousepithelial debris. This mass of

desquamated material, which may becomeinfected, is situated at an ectopic site within

the middle ear cleft (Marquet!”).

The first of these definitions lacks the important information that the squamous

epithelium in the middle ear cleft must be cornifying, or that this epithelium will damage

the anatomical integrity of the region. Definition two (Ars) focuses attention on the

accumulation of debris, whereas the presenceof the cornifying epitheliumitself is a much

more important factor. Furthermore, the term stratified pavement epithelium does not

indicate whether this epithelium is cornifying or not, or that this epithelium is located

in the middle ear cleft. The Marquet’s definition seems to give full information if we

consider the origin to be existing epidermis. However,it fails to assign the accumulation

of debris to the matrix itself, and does not indicate that the pathological process will

become locally destructive in due time. The following two definitions do not refer to the

pathogenesis. The authors have tried to give a histo-pathological description.

-4-Cholesteatamais stratified squamous epithelium trapped and growing in foreign sites

within the temporal bone,resulting in the production of a progressively expanding tumor

mass, consisting of new growth of epithelium, various stages of degenerating epithelium

and abundant keratin andis usually associated with cholesterol and chronic inflammatory

cells (Cody*),

-5-Aural cholesteatomais usually a cystic structure produced by keratinizing squamous

epithelium; the laminated keratin fromits inverted surface accumulates in the cyst-like

cavity and may contain an admixture of purulent and necrotic matter. The epidermoid

cholesteatoma rests on a fibrous stroma of variable thickness, and the stratified

squamous epithelium shows hyperkeratosis (Friedmann”).

Cody’s definition refers to existing epithelium having become "trapped" in the temporal

bone, suggesting that the epithelium itself had no intention to be there. The strong

association with cholesterolis risky because this correlation hardly exists. Several studies

have revealed only occasional concurrence of cholesteatoma and cholesterol granuloma.”

Histologically and morphologically, Friedmann’s definition seems quite correct, since

he describes a keratinizing squamousepithelium accumulating its keratin in the cyst-like

cavity, The statement that cholesteatoma shows hyperkeratosis is too strong, because the

rate of keratin production cannot be determinedby light microscopy, the mass of keratin

is not an indicator. Of course this histological definition has the disadvantage that the

location of the disease, aural cholesteatoma, is vague. The definition of Sadé combines

clinical and histological characteristics of cholesteatoma:

-6-Cholesteatoma is a middle ear condition (disease) presenting stratified squamous

epithelium, which produces macroscopic amounts of keratin, which are not self-cleansing.

Histopathologically, all cholesteatoma resemblea classic epidermoid cyst (Sadé™).



This definition does not include a possible mode of pathogenesis and all known

theories can fit into this concept. The description that it must produce macroscopic

amounts of keratin is vague and incorrect. Cholesteatoma can be clinically destructive

without a macroscopic accumulation of debris. The addition that all cholesteatoma look
like an epidermoid cyst rightly excludes the epithelial lining of a radical cavity, but not
all cholesteatomaare cyst-like since they have generally an open communicationwith the
outer environment. The definition given by Gristwood™is probably the most practical:

-7-Cholesteatoma is a non-malignant destructive ear disease due to the presence within
the middle ear cleft of keratinizing stratified squamous epithelium.

The above mentioned problems associated with the definition of this chronic middle
ear disease and the diversity of names used for cholesteatoma, can be considered as a
reflection of the basic problem that the pathogenesis of most cholesteatoma is not
known. The aim of the studies reported in this thesis was to shed some light on the
pathogenesis of cholesteatomainorder to increase our understanding ofthis destructive

middle ear disease.

AIM OF THE STUDY

The earliest concepts concerning the origin of cholesteatoma were published in the
middle of the nineteenth century. In those first articles it was assumed that the tumor

arose in the petrous or temporal boneitself. At present, the possibility of "de novo

synthesis" of cholesteatoma in the middle ear cleft, is not very popular but is still

supported by a group of otologists, who believe that middle ear mucosa can change by

metaplasia into a cornifying epithelium. A more accepted view of "de novo synthesis"is
that embryonic inclusion of ectodermal tissue can lead to cholesteatoma.

At the end of the nineteenth century, the origin of this pathological entity was more
and more oftenascribed to the existing epidermis of the external ear canal or ear drum.

This theory is at present, without any doubt, the most popular one. If we look at the
morphological and histological features of the cholesteatoma, we see in generala tissue
having all of the characteristics of a stratified squamous cornifying epithelium like the
existing epidermis. Furthermore, there is in most cases a direct connection of the
cholesteatoma with the epidermal lining of the tympanic membrane or external ear
canal, The conceptthat the middle ear mucosaitself can be transformed into a stratified
squamous cornifying epithelium, and will result in a true cholesteatoma, may seem
farfetched, especially because clinically its pathogenesis seems to be so obvious.

10

As mentioned before, most cholesteatoma have a direct connection with the epidermis

of the external ear canal, suggesting ingrowth of this epidermis into the middle ear. The

mucosallining of the middle ear belongs morphologically to the respiratory epithelium

of the lower and upper respiratory tracts. In the upper part of the lower airways the

phenomenon of metaplasia is a well known process which may lead to a complete

morphological change of the mucosainto a stratified squamous epithelium. Whetherthis

metaplastic squamous epithelium can differentiate into a cornifying epithelium is still a

matter of discussion. Whether this metaplastic shift of the respiratory epithelium might

also occur in the middle ear, is discussed in chapter II.

Several in vitro and in vivo studies have suggested that one of the factors which can

influence the histology and morphology of middle ear mucosa, is the extracellular

concentrations of carbon dioxide and oxygen, This conclusion is partially based on

clinical observations, which will be reviewed in chapter Il, indicating a possible

relationship between the extracellular gas composition in the middle ear cleft and the

morphology ofits epithelial lining. The gas composition in the middle ear differs greatly

from that of the ambient air. The CO, concentration in the middle ear is about 5%, and

high compared to the concentration of 0.03% in the open air. The O, concentration

amounts to about 10%, which is a twofold lower than is the case in the ambient

air(21%). lf there is a direct connection of the middle ear cavity with the outer environ-

ment, a dramatic shift in the physiologic gas composition will occur. This change in the

CO,/O, ratio may influence the morphology of the middle ear mucosa, in view of the

following clinical observations:

1) In cases of tympanic membrane perforation we occasionally see a cornifying

epithelium,particularly on the promontory, which macroscopically has no connection with

the epidermis of the tympanic membrane.”

2) The morphology of the middle ear epithelium is usually altered after the insertion of

ventilation tubes to treat otitis media with effusion.“°*

3) In most cases of cholesteatomathere is a defect in the external ear canal or tympanic

membrane permitting direct communication with the outer air,

4) Many otologists have reported that patches of cornified epithelium which could not

be removed during eradication of a cholesteatoma, had disappeared, by the time of the

second look operation. In those cases a healthy middle ear lining was found, usually with

an intact tympanic membrane.*”
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These observations suggest that there might be a correlation between a possible

change in the environmental gas concentration of the middle ear epithelium, and a

related change in the morphology of the middle ear mucosa. For this reason, the main

questions posed in this study are:

1) Will the morphology and cell metabolism of the middle ear epitheliumbe influenced

by changes in the extracellular CO, and O, concentration?

2) Is there a relationship between any influence exerted on the middle ear mucosa by

CO, and O, and cholesteatoma pathogenesis?

We performed in vitro and in vivo studies to investigate a possible influence of the

CO,/0, ratio. In Chapters III, IV, and V the results are reported of the in vitro

experiments. Middle ear epithelium of the rat, cultured in serial cultivation, was exposed

to different concentrations of CO, and O, during a period of two weeks, to detect any

changes in proliferation rate, degree of terminal differentiation, and morphology during

this period.

Chapter V1 discusses the histology and morphology of two clinically different types of

cholesteatoma, The primary acquired and recurrent cholesteatoma considered as one

group, and the residual type. These two groups of cholesteatoma are expected to

encounter different extracellular gas concentrations.In this study, the residual type repre-

sents the outgrowth of incompletely removed cholesteatoma, during an intact canal wall

operation, and the outgrowth of the cornifying epithelium occurred in the gaseous

environment of the intact middle ear cleft. The primary acquired and recurrent

cholesteatoma were, however, in direct communication with the ambient air via defects

in the tympanic membraneor bony wall of the external ear canal. Of course the part of

the cholesteatoma facing the middle ear cleft may be exposed to the middle ear gas

composition, which may, or may not, be altered.

Another method to find out whether an epithelium is basically influenced by

environmentalfactors is to study its cytokeratin pattern, Cytokeratins are water insoluble

proteins belonging to the intermediate filaments. All tissues of epithelial origin are

characterized by the presence of cytokeratins. In all, 19 cytokeratins, each with its own

molecular weight and isoelectric value, are known. In general, it can be said that each

type of epithelium has its own set of cytokeratins differentiating, for instance, a

cornifying- from a non-cornifying epithelium, The cytokeratin composition is furthermore

determined by the type ofcell, the stage of histologic differentiation, the growth environ-

ment and the disease state of the tissue. Chapter VII deals with cytokeratin expression

of middle ear mucosa, cholesteatoma matrix, and epidermis of the auditory canal wall.

12

It is conceivable that the cytokeratin expression of a cholesteatoma resembles the

cytokeratin pattern ofits tissue of origin. Furthermore, the results of this investigation

were used as a reference for the cytokeratin study reported in Chapter VII. In this

experiment small biopsy specimens of human middle ear mucosa were taken from

patients with and without a tympanic membrane perforation. So middle ear mucosawas

examined which had been exposed,in vivo, either to a gas composition similar to that of

the ambient air, or to one occurring normally in the intact middleear. In this context the

environmental gas concentrations in this study may be compared to those of the in vitro

experiment as mentioned in Chapters II-V. An alteration in the cytokeratin pattern may

indicate a shift in the degree of terminal differentiation of the epithelium.

The aim of this experiment was to find out whether a difference in the extracellular

CO,/O, ratio would influence the cytokeratin expression of the human middle ear

mucosa in vivo. Chapter LX discusses the overall results of the experiments and studies

in relation to current knowledge. A review of current knowledge is given in Chapter I.
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CHAPTERII

REVIEW OF CURRENT LITERATURE

Epidemiology of cholesteatoma

Incidence:

The incidence of cholesteatomaisstill a disputed subject: not only are there differences

in the percentages within similar groups, but also the incidence is influenced by age,race,

ethnic background, and clinical type of the cholesteatoma.

Incidence in general population:

Publications on the overall occurrence in an urban population are sparse; Harker!

reported an incidence of 0.006%, Ruben™' estimated that 0.004%, and Tos”? that
0.015% of a general populationsuffer from cholesteatoma. Lastly, Podoshin”™' found an
incidence of 0.27%. With respect to the percentage given by Ruben and Podoshin, only

individuals older than 10 years were investigated. Sadé™° estimated that aboutfive
million people in the world are afflicted with cholesteatoma.

Incidence tn children:

Some large-scale studies reported the incidence of cholesteatomain children before the

age of 16. Karma! concluded that 0.07% of children would develop cholesteatoma

before this age with an annual incidence of 0.0045%. Cohen® found the same

percentage, 0.07%, as Karma before the age of 16. Harell!”’ reported the prevalencein

North American children to be 0.5%, 35% of their group was black. Tos” reported an

incidence of 0.4% in children; however, children treated for chronic OME

(adenoidectomy and/or grommets) had a higher risk, 2.0%, of acquiring cholesteatoma.

Kokko” and McKinnon’ also showed a possible relation between OME and

cholesteatoma, since they found anincidence of 0.7% and 1.0% in the OMEgroup.

Karma™ and van Cauwenberghe*! found an incidence of 0.2 and 0.5%, respectively, in

their treated OME groups.

Age:

There is no general agreementin theliterature about the age at which there is a greater

incidence of cholesteatoma. Tschopp™! found the highest incidence at 15 years of

age(12%). Harker!® found three peak occurencesi.e., between 10-19 years, 20-29 and

40-49 years. Palva*”® reported that 10% of his cholesteatoma patients were under 16

years of age.
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He concluded that cholesteatoma occurs not as frequent in children as in older people.

However, Shatz* reported 33% of cholesteatoma under 13 years, Cody™ 22% under 16

years and Sheehy’ 18% under the ageof 15.

Sex distribution:

Several authors have reported that males are more often afflicted by this chronic ear

disease, as 60 to 75% of the cholesteatoma patients belong to the maleP 5
population $3,63,155,216,242,266,305

The contra-lateral ear:

Sadé*? found that the incidence of cholesteatoma in the contra-lateral ear varied

between 5.6 and 13.2% and was related to the stage of the cholesteatomain the other

ear, Most publications mention a prevalence of about 10% for the contra-lateral
ear,701199305

Racial and ethnic prevalence:

Harrel'™”reported the prevalence of chronic otitis media and cholesteatomain black
Americansto be statistically significantly lower compared with the caucasian population.

Only 12% of the cholesteatoma group were black in a population composed of 389%

blacks and 48% whites. The risk of developing cholesteatoma for those contracting a

chronic otitis media did not differ between the two racial groups. Similar conclusions

were drawn by Griffith." Concerning the ethnic differences all reports discussed in the
following section concern juvenile populations. The highest incidence has been found in

an Eskimo(Alaskan) population, Beal’? recorded 19% chronic otits media(COM) and

13% of this group were diagnosed as having cholesteatoma. Tschopp™! recorded an

incidence of 12% in a similar group but 13 years later he found a prevalence of 2.6% in

the same age group. According to Tschopp, this was the result of an improved health

care system. In contrast Baxter’® found an incidence of 0.06% in another Eskimo group

in Alaska. Johnson’ diagnosed COM in 14% of Navajo Indian children and
cholesteatoma in 6.4% of this group. McCafferty!” found a high incidence(11.7%) of

COMin Aboriginal children, but cholesteatoma occurred very rarely in 0.05%.

Relation with congenital defects:

In this context the cleft palate has been considered an important concomitant congenital

defect. Severeid’® found an incidence of 9.1% in a group of 160 patients treated for
cholesteatoma, a relation with a malfunction of the Eustachian tube is suggested™.

Harker!” reported a frequency of 9.2% in 190 patients. De La Cruz® observed
cholesteatoma in ears with congenital atresia of the external ear canal in 14% ofcases,

usually localized lateral to the atretic plate.

16

Morphology of cholesteatoma.

Introduction

The first papers concerning the morphology of cholesteatoma were published in the

second half of the nineteenth century. The shiny pearly appearance of this tumor

attracted much attention, but the histological findings confused the authors. ‘

For example, a pathologist like the famous Virchow*’, wrote an extensive report on

cholesteatoma in 1863. He concluded that this pearly tumor originates from elements

belonging to connective tissue. It was built up of epidermoid cells, that produced

elements identical to those seen in true epidermis. So although he saw an epidermis he

did notrealize that he was looking at an epidermis. However, most of the cholesteatoma

he described were located at the apex of the petrous bone, far away from the existing

epidermis, and were probably primary cholesteatoma. A few years later he studied

cholesteatoma of the middle ear cleft and concluded that cholesteatoma could be

considered normal epidermis. Wendt*"’ (1873) too concluded that the tissue assumed
characteristics like those of the true epidermis, creating a rete Malpighii with

hyperkeratosis. As he said in his own words; "da8 Mucosa eine Oberhautartige

Beschaffenheit annehmen kann unter Bildung eines Rete Malpighii".

Lucae’® described in the sameyearthe histological characteristics of the cholesteato-
ma localized in the middle ear. He mentioned the basal and spinosal cell layers and the

production of keratin. He concluded that the tumorhadall the features of epidermis and

should be considered and treated as normal epidermis. All subsequent papers,

concerning the histopathology, up to the present, agree that what we are dealing with,

is a true epidermis located in the middle earcleft.

 
Fig. 1 Cholesteatoma matrix(M) and perimatrix(PM). The four cell layers of the matrix,
ie.; stratum basale(1), stratum spinosum(2), stratum granulosum(3) and stratum
corneum(4) can be distinguished.
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Light and electron microscopy

Morphologically the tumor may present as a cyst or have a_ pearl-like

appearance.”The wall of the cholesteatomaconsists of the epidermis or matrix,
and is formed bya typical keratinizing squamous epithelium, in which fourcell layers can

be recognized: The basal, spinosal(Malpighian), granular, and keratin layers.2?58:73%
Thus, the morphology of the matrix is identical to that of the epidermis(Fig. 1).

The pearl-like cholesteatoma, found in the middle ear cavity, often displays a very thin

matrix, in which no distinction can be made between the basal and spinosal cell

layers(Fig. 2a), however, the granular layer can always be detected, independentof the

thickness of the matrix'°(Fig. 2b). The matrix deposits the keratin in concentric layers

into the pearl (Fig. 2a). The tissue surrounding the matrix is called the perimatrix (Fig.1)

and is generally composed of connective tissue, but in cases with a pearly cholesteatoma

it will be only present where the process is attached to the middle ear lining. The

remainder of the matrix is covered in these cases with a thin layer of middle ear

mucosa.'** In a non-infected ear the perimatrix will be composed of loose connective

tissue containing collagen-fibers and fibrocytes.

The more common cyst-like variant of the cholesteatoma exhibits different

characteristics. The matrix is usually well developed and is sometimes composed of many

cell layers, the thickness can vary considerably within the same cholesteatoma.*’(Fig.3)
The morphology of the basal layers of the matrix,i.e. the spinosal and basal layers, can

be altered by such phenomenaas basalproliferation or micro-cholesteatoma formation.

 
Fig. 2a Very thin matrix of a residual cholesteatoma, the stratum basale and stratum
spinosum can not be differentiated, the matrix deposits concentric layers of keratin(K).
Fig. 2b Higher magnification of matrix, despite the thin matrix kerato hyalin granules can
be detected clearly.
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ie. 3 “tie variation in numberofcell layers within the same cholesteatoma matrix
arrows).

Fig. 4 Papillary projections of the basal layers of the matrix into the perimatrix.

Basalproliferation can lead to papillary projections!'*3¥ of the matrix into the sub-
epidermal tissue(Fig. 4). Within this thickened basal layer small epithelial cysts or
‘whorls’ may develop.'” These phenomena will be further discussed in relation to the
pathogenesis. The aspect of the perimatrix depends on the presence and degree of

inflammationorinfection in the middle ear.'"®° 4 non-infected cholesteatomagenerally
displays a perimatrix consisting of a thin layer of connective tissue with fibroblasts and
poorvascularization’*”, In general, however, signs of chronic infection are encountered,
the perimatrix is thickened and round cell infiltration may be seen, with increased
vascularization, and degenerating cells.*°7'*? Occasionally, local hemorrhageis present,
andespecially in this tissue cholesterol granuloma and giantcells may be found.2!4502%
(Fig. 5). The ultrastructural studies underscore the fact that the matrix of the
cholesteatoma consists of stratified squamous cornifying epithelium. Thebasal cells rest
on a basement membrane,and are attached to it by hemi-desmosomes, whichare closely
related to bundlesof tonofilaments, located in the cytoplasm ofthe cell. The basement
membraneitself is anchored to the perimatrix by fine reticular fibres,'°81626
Depending onthe thickness of the matrix and the presence of inflammation, the basal

cells may have a squamous, cuboidal or columnar appearance.'’ The spinosalcell layer
shows the many intercellular desmosomes, which are related to tonofilaments.2477
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In the granular layer kerato-hyalin granules are abundant, and toward the stratum

corneum a thickeningof the cell membrane can be detected, representing whatis called

the cornified envelope.*’(Fig. 6) The appearance of kerato-hyalin granules and the
formation of the cornified envelope(CE) are important features in the process of

terminal differentiation leading to cell death. The cell nucleus and other structures

present in the cytoplasm are in a disintegrating state and are lost in the stratum

corneum. Thecells in this layer are extremely flat and filled with amorphous material.

This process of terminal differentiation will be discussed in more detail in the next

section,

Langerhans cells are seen frequently throughout the matrix and their incidence seems

to be higher compared to that in the epidermis of the tympanic membrane or external

ear canal.”* The presence of Merkel cells” has also been reported. The implication
of the above-mentioned cells and their role in cholesteatoma pathogenesis will be

discussed elsewhere.

 
Fig. 5 Cholesterol granuloma with cholesterol clefts(C) and giant cells(arrows).

Fig. 6 Transmission electron microscopic picture of the cholesteatoma matrix, displaying
the stratum spinosum(1), stratum granulosum(2), and stratum corneum(3). The
thickening of the cell membrane (arrows) represents the cornified envelope.
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Terminal differentiation

To describe the process of terminal differentiation we shall discuss the four cell layers

of the epidermis, proceeding from the basal cells up to the stratum corneum.In this case

the concomitant phenomenawill be observed by electron microscopy. The cells of the

basal layer are subdivided in two types™*:

1) The stem cell, which by cell division creates a new stem cell, and a transit-amplifying

cell, The stem cell itself will never enter the process of terminal differentiation.

2) The transit-amplifying cell, however, will after numerous cell divisions, undergo

terminal differentiation."

During terminal differentiation of the cell a cytosolic protein, called involucrin*’, can

be detected. This water-insoluble protein is the major precursor of the cornified

envelope. Involucrin is present in all stratified epithelia with or without a stratum

corneum’, and can be found only above the basal layers.'*** Involucrin, becomes more
and more concentrated at the cell periphery when it passes from the spinosal cell into

the granular cell layer.’ This protein will undergo cross-linking by the enzyme

transglutaminase*”?”localized in the upperspinosal- and granularlayers.*”"> This cross-
linking enzyme only hasactivity in the presence ofintra-cellular calcium ions.Histo-

chemical studies showed that the enzymeactivity shifted from the cytoplasm to the cell

membrane, during the process of CE formation.*”' The cross-linking of involucrine
together with membrane-associated proteins will create the insoluble cornified

envelope”, probably located on the inner side of the cell membrane. This structure is

seen by transmission electron microscopy as a thickening of the cell membrane. During

the terminal differentiation of the cell, increased filling of the cytoplasm, with keratin

filaments or tonofilaments can be seen as well. Meanwhile, the nucleus and cytoplasmatic

organelles are “digested” in the granular layer. The squames in the keratin layer are

packed with these tonofilaments,” and all cytoplasmic structures have disappeared.It is

assumed that transglutaminase is co-responsible for a stable embedding of the tonofila-

ments in the cytoplasm.”

It is not yet known which stimuli trigger terminal differentiation of cells. The process

is associated with increasing cell size?*?**"* and the starting point is probably
correlated with insufficient space for the enlarged cell on the substratum.'* The extra-

cellular calcium concentration can influence the degree of cornified envelope formation

in cultured cells.” Im vivo studies showed a calcium gradient throughoutthe cell layers

of the epidermis, the calcium concentration increasing during the process of terminal

differentiation.”

21



The process of homeostasis between proliferation and terminal differentiation, is not

known yet. The main theory is that during terminal differentiation the cell releases a

substance, called chalone, which suppresses proliferation of the basal cells. The loss of

differentiated cells by desquamation decreases the concentration of chalones and

stimulates proliferation. [t is important to keep in mind that tonofilaments, involucrin,

and transglutaminase can be found in non-cornifying epithelia, and that cornified

envelopes occasionally occur in these tissues.°*'3’ Tonofilaments are composed of

intermediate filaments or cytokeratins, as will be discussed in the following section.

Cholesteatoma and their divergent terminal differentiation

The cholesteatoma matrix show some differences in terminal differentiation, all

reflecting a disturbed and incomplete terminal differentiation:

1) Histochemical studies on the localization of transglutaminase in the cells of the

cholesteatoma miatrix revealed that the shift of this enzyme, from cytoplasm to cell

membrane becameretarded during terminal differentiation. This can be interpreted as

a reduced chemicalstabilization of the cornified envelope, because this enzyme, asis the

case in epidermis, should transfer its activity to the cell membrane.**?”
2) The process of cross-linking of the tonofilaments which mainly fill the dead cells of

the stratum corneumis incomplete in cholesteatoma.” This finding may explain why, as

some authors have reported, the stratum corneum of the cholesteatoma lacks any

structural integrity, displaying a disordered mass of corneocytes, as compared to healthy

epidermis.*!°5

3) The events of terminal differentiation lead to a gradual loss of DNA content in the

healthy epidermis, In cholesteatoma this process of nuclear degradation evolves more

slowly or is postponed.

4) Involucrin was found to occur in larger quantities in cholesteatoma than in the

external ear canal skin.This was considered an indication of a more active terminal

differentiation of the epithelial cells in cholesteatoma.

5) Cholesteatoma cells can show a very much higher level of dividing activity thanis

seenin the cells of normal skin."

Cytokeratins

Cytokeratins are intermediate filaments, representing a class of insoluble cytoplasmic

proteins. The diameter(10 nm) of these structures lies between those of microtubules(25

nm in diameter) and micro filaments (7 nm), hence their name intermediate filaments.
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These filaments occur in all cells and can be subdivided into five classes: 1) desmin in

myogenic cells, 2) neuro filaments in neuronal cells, 3) glial filaments in astroglia and

astroglia relatedcells, 4) vimentin in mesenchymal cells and 5) the cytokeratins or keratins

found in all epithelial tissues.” The cytokeratins constitute a group of aqueousinsoluble

proteins and 19 different subunits have been identified in humanepithelial tissues.”
They can be divided into acidic and basic groups and each epithelium hasat least one

doublet of one acidic and one basic cytokeratin. The different cytokeratins are further

distinguished by their molecular weight ranging between 40,000 and 70,000 kd.In

general, a simple epithelium express cytokeratins small of size, whereas the more

complex and differentiated epithelia contain a larger numberof different cytokeratins

with an overall heavier molecular weight.* The different epithelia are not only
characterized by their ownsetof cytokeratins, but these cytokeratins may also be related

to a specific place within this epithelium." They can be visualized, for instance,

immunologically with poly- and monoclonal antibodies.147819887.)
The cytokeratins are associated with other proteins located in the cytoplasm. In the

epidermis the best documented associated protein is filaggrin,”’*' which may cross-link
with the cytokeratins to create a flexible insoluble structure.”° The cytokeratins are
thought to have a more mechanical than dynamic or metabolic role. Microscopical

studies have shown that they are peri-nuclear located, radiating to the periphery of the

cell and terminate in intercellular junctions like desmosomesortight-junctions. For this

reason they are also called cytoskeletal keratins indicating an involvement with cell

shape, nuclearlocation andintercellular connections.™! The cytokeratins may aggregate

into tonofilaments,”' which have often been described in reports of fine morphological

studies.!""? However, cytokeratins have also been identified in cells where no

tonofilaments could be visualized by electron microscopy.’ Because each epithelium
has a characteristic set of cytokeratins (CK) a differentiation can be made between

(simple) non-stratified epithelia,stratified non-cornifying, and cornifying epithelia. '7""*’
For example CK 1,2,10, and CK 11 are only found in a cornifying epithelium, whereas

CK 19is detected inall epithelia except epidermis.*’ CK 14 and CK 5 are expressed in
all stratified epithelia thus, the following simplified scheme can be composed™!*’:

Simple non-stratified epith. : CK19 CKI7 CKS CK6

Stratified non cornifying epith. : CKI9 C€k&ITY CES CKO

~ CK 14. CK5

Cornifying epithelium i CK 14 CK5

+ CK 1 CK2 CK10 CKi1

Of course, more keratins can be detected in, for instance, the epidermis. This schemeis

thus incomplete, it only serves as an example to show the specificity of the cytokeratins.
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The different cytokeratin numberscorrelated with the molecular weight in combination

with the isoelectric pH value, as can be determined by two-dimensional gel

electrophoresis. On this basis cytokeratins have been numberedfrom 1 to 19, according

to Moll. Numbers 1-8 corresponded with basic CK, number 9-19 with the acidic CK.

In both groups the lower number represents the "heavier" CK. The cytokeratin

composition of the cells is dependent not only on cell type or degree of differentiation,

but can also be changed by the growth environmentor the diseased state.°”15°"7!* For
instance, non-cornifying epithelia, will express CK 1 and 10 if they become cornified due

to a vitamin A deficiency.”’ Cells grown in vitro have a different CK composition than

those grown in vivo.*! Keratinocytes in culture assumed a cytokeratin expression

resembling the epidermis in fetal life, which is completely different than the CK

expression of epidermis in adults.™* Wild et al.2® noted an inter-individual variation in
CK expression in squamous non-cornifying epithelium of the upper respiratory tract. All

epithelia showed an identical basic set of CK, as well as an additional composition of

varying CK. It was postulated that these differences were due to local environmental

factors in the upper respiratory tract, such as hydration, inflammation, and desiccation.

Because we used rat middle ear mucosa in our culture experiments and in the

cytokeratin experiments biopsy specimens of human middle ear epithelium, a short

review of the morphology of these epithelia is given in the following section.

Morphology of human and rat middle ear mucosa

The morphologyof the non-infected middle ear mucosa of man’and the rat >! has
been extensively studied by both light and electron microscopy. Since no essential

differences were found between these two kinds of middle ear mucosa,>!8 no
distinction will be made here in the discussion of their morphology. In general, it can be

said that the major part of the middle ear cleft and adjacent pneumatized bone is

covered by a simple squamous or cuboidal non-ciliated epithelium."
The meso- and hypotympanum show a more complex epithelium containing ciliated

and secretory cells,*'** Some studies*?55**5 have dealt with the distribution of the

ciliated and non-ciliated cells in the middle ear. The findings indicated that most of the

ciliated cells are located in and neartheorifice of the Eustachian tube.'“’ Furthermore,
two or three tracts of such cells lead to the tubal orifice, one starting in the hypo-

tympanum, the other at the border of the meso- and epitympanum, and the third, a

minor one, on the promontory itself. The ciliated cells are cuboidal or resemble a

pseudo-stratified columnar epithelium, and are intermingled with secretory cells contai-

ning varying numbers of granules.*
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Ultrastructural studies revealed that, basically, three types of cell can be distinguished

in mucosalbiopts of material from the promontory." The characteristics of these cells
will be briefly discussed, because in our studies, biopsy specimens were taken from the

human promontory. The three cell types in question are: Ciliated cells, non-ciliated cells,

and basal cells."4° From the apical surface of the ciliated cells, ciliae and microvilli
protrude into the middle ear cavity. Above the nucleus which is located in the center of

the cytoplasm there are granules varying in size. The ciliated cell has all the

characteristics of those located in the respiratory tract.

The non-ciliated cell, whether squamousor cuboidal in appearance, is always covered

at the luminal surface by variable numberof microvilli, and may occasionally contain a

mono-cilium. Thecells are in direct contact with adjacentcells via desmosomes.'”° The

non-ciliated secretory cell occurs in two or three types, depending on the kind of granules

they contain. Lim!distinguished three types of secretory cells; the goblet cell, the most
active type, containing large lightly stained granules, and the dark granulated cell. The

third type is the intermediate cell containing a mixture of both types of granule.

The basal cells are connected byfinger like cytoplasmic processes, and are located on

the basement membrane. The cytoplasm has a dark appearance due to large numbers

of tonofilaments, and the nucleus is more irregular.'** The subepithelial lining of the

middle ear mucosa is formed mainly by a thin layer of connective tissue which contain

fibroblasts, collagen fibers, occasionally macrophages, plasma cells, mast cells, and

lymphocytes.>1646

Conclusions

Light and electron microscopical studies showed that the matrix of the cholesteatoma

has all of the histological characteristics of a squamousstratified cornifying epithelium.

The morphology, however, may vary not only between cholesteatoma but also within one

and the same specimen.”This morphological variation can often be associated with
the presence or absenceofinflammation or infection in the perimatrix.\“””

With respect to terminal differentiation, it seems evident that there are some

differences. The observations indicate that the process of terminal differentiation is

slowed down and not always completed, at the time when the cells are lost by

desquamation. This incomplete cornification® may be partially due to the
hyperproliferative state of the cholesteatoma matrix,
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PATHOGENESIS OF CHOLESTEATOMA

Introduction

The first reports on cholesteatoma located in the temporal bone appeared in the

middie of the nineteenth century. In the currentliterature credit is given to Cruveillier®

(1829) as the first to describe the pathological features of a "tumeur perleé" or pearly

tumor in the human temporal bone. It was probably Miiller'!” who called this tumor a

cholesteatoma because he found an abundance of cholesterol crystals and fatty tissue

while investigating this tumor with a light-microscope. The name, as mentioned before,

is a misnomerbecause neithercholesterol nor fat(stearin) is an essential componentof

this tumor. Virchow*'! described a cholesteatoma, located in the apex of the petrous

bone, which was probably a congenital cholesteatoma or epidermoid cyst. Virchow

considered it to be a neoplasm which had developed from elementsof fibrous tissue.

The first articles about the pathogenesis of cholesteatoma appeared in the period

between 1850 and 1890. Most theories about the pathogenesis discussed at present

originated in this period. Furthermore,it is interesting that the lively discussion onthis

subject occurred mostly in the German journals, because many famous otologists lived

in that country. Tréltsch*” was oneofthe first who put forward a theory abouttheorigin

of this disease. His theory which, "especially due to his outstanding reputation", was

accepted by many contemporaries was in vogue for quite a long time. He thoughtthat

the central part of the cholesteatoma wasthe result of a concentrated retention ofdebris

in the middle ear due to chronic infection. The middle ear mucosaidentified this debris

as a foreign body and, not unlike an oyster, deposited layers of epithelial material on this

central clump of debris. This desquamative reaction of surrounding mucosa created the

pearly tumor.

Thefirst otologists who cautiously and with great respect for Tréltsch, contradicted this

theory were Wendt*”’ and Lucae.'®? Both of whom introduced the metaplasia theory in
different journals in 1873. A few years, later Habermann™ and Bezold”published their
ideas about the pathogenesis, which were in sharp contrast to the metaplasia theory.

According to them the origin of the cholesteatoma must be sought in the existing

epidermis, and this was the beginning of a long discussion which has not endedyet. All

theories published so far can be divided into two main categories:

I- Epidermal Theories

All theories that belong to this group assumethatthe origin of the cholesteatoma must

be soughtin the existing epidermallining of the tympanic membrane or external auditory

canal. How this epidermis invades the middle ear cleft is explained by three main

concepts(Fig. 7) namely:
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1.Dhe migration Theory (Habermann),
2.The retraction theory (Bezold”),

3.The proliferation theory (Lange’*),

U- In Situ Theories

The hypotheses that can be assigned to this group, have in commonthe viewthatthesite

of origin of the cholesteatoma was located within the temporal or petrous bone. The two

main concepts are:

4.The congenital theory (Virchow*"),

5.The metaplasia theory (Wendt*!’),

The five main theories mentioned above will be discussed separately, It must be kept

in mind that there are also other concepts concerning the pathogenesis of cholesteatoma.

Some of themare no longer discussed, for instance, the old theories of von Trdltsch or

Toynbee,” Two other hypotheses, not to be discussed here, are the traumatic and

iatrogenic theory,which probably constitute a minority of the cholesteatoma andare
only discussed incidentally in the currentliterature.

 

    
MARGINAL
PERFORATION,
MIGRATION
HABERMANN
1889

Fig. 7 Schematic illustration of the development of cholesteatoma by the three most
often mentioned pathogenic theories: Retraction theory, proliferation theory, and
migration theory.
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THE EPIDERMAL THEORIES

MIGRATION THEORY

Introduction

The migration theory was introduced in 1888 by Habermann,'” who described a

cholesteatoma located in the middle cerebral fossa which was connected by strip of

skin with the epidermis of the external ear canal. According to Habermann the skin had

grown into the middle ear through a defect in the ear drum located postero-superiorly.

Whenthis skin wasfollowed,it was found to continue over the promontory and into the

epitympanum where it had eroded the bonylining of the tegmen tympani, causing a

lethal meningitis. According to Habermann, this phenomenon of ingrowing skin was

often seen in cases of middle ear infection and concomitant perforations of the tympanic

membrane. Several colleagues at that time confirmed his observations, although notall

agreed that this was the main cause of cholesteatoma formation,*?475} Necrotizing
otitis media occurred quite often in those days,'*** andlet to large perforations of the

tympanic membrane. The subsequentlining of the middle ear cleft with epidermis was

considered a normal part of the healing process, as long as the clearance of keratin was

not obstructed74153

Definition

A well defined description or definition of the process of cholesteatoma formation by

migration of existing epithelium cannot be foundin the currentliterature. The migration

theory can be described as referring to a process of migration ofexisting epithelium of

the tympanic membrane or external ear canal into the middle earcleft, leading to the

clinical picture of cholesteatoma.

Humanstudies

According to Tiimarkin,™ a cholesteatoma can only developafter the integrity of the

epidermis covering the ear drum, has been impaired. A defect in the epidermis usually

occurs in retraction pockets. A rupture of the pocket leads to invasion or migration of

cornifying epithelium induced by the infected middle ear mucosa. Buckingham” noted
ingrowth of the epidermal layer around the edges of central perforations, leading to

accumulation of keratin in the middle ear.
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Palva*” and Karma"? observed that the larger the perforation was, the more extensive
the epidermalinvasion into the middle ear. Migration of epidermis up to the medialwall

of the middle ear was seen, not only in cases with marginal perforations but, occasionally,

also in central perforations. The presence of the cornifying epithelium in the middle ear

cleft resulted in 30% of the cases to actual cholesteatoma formation. No correlation

could be found between the developmentof cholesteatoma and the presence ofinfection

or inflammation. Lim®? and Palva?"*?")?"3 studied more in detail the junction between

the cholesteatoma matrix and the middle ear mucosa, which they called the advancing

jront, In fact, three phenomena were observed :

L, The transition from the epidermis to the mucosa is abrupt without inflammatory signs.

The basement membraneofthe two epithelia is continuous without a disruption at the

border,97%

2. There is a transition zone composed of a metaplastic area. Starting from the edge of

the epidermis, we see a gradual disappearance of the 4 characteristic cell layers, to

become middle ear mucosa. This "junction metaplasia" will be discussed further in the

chapter on pathogenesis. Again, the basement membraneof the epithelia remains intact.

3. The third type is characterized by a disruption of the basement membrane and

inflammatory reactions are seen in the immediatevicinity of the advancing front. The

basal layers of the matrix undermine the mucosabyinvasion into the subepithelial tissues

and the mucosa seems to be "pushed away’.

This phenomenon was described as early as 1925 by Hellmann’whofound this third
type of transition zonein all of his cholesteatoma. The direction of invasion of matrix

seems to be determined by the direction in which the basement membraneis disrupted.

Electron microscopy showed that the fine fibrils attached to the basement membrane

(anchoring fibers) may not only pull awaythis structure, but also serve as a guide for the

migration of the basalcells.'?

In sum, the first two transition zones suggest that there is some kind of contact

inhibition, without further migration of one of the epithelia. The last type is more easily

associated with a clinically active cholesteatoma, and the term advancing front must be

reserved for this last-described process. Histo-pathologically, the lesions in the basement

membrane can be considered (pre) neoplastic!’ because this structure ought to be

resistant to infection. However, defects in the basement membraneare no longerspecific

for carcinogenic states, because similar defects have been observed in benign skin

diseases, such as active psoriasis.”



Zechner*” observed that migration of epidermis only occurred in cases of chronic
infection of the middle ear followed by alteration of the mucosa into granulation tissue

or even necrosis of the middle ear lining. Eigler,”’ however, found no correlation
between migratory ingrowth of epidermis and inflammation. Yamashita™ reported no
differences in epidermal ingrowth of ears with central or marginal perforations, migration

occurring in both groups. However, no mention was made of the extentof invasion, or

of a possible correlation with middle ear infection.

Animal studies

In the late 1950’s Friedmann” and Fernandez™*’ published their experiments done in
guinea pigs. Friedmann saw migration of epidermis through defects in the ear drum after
inoculation of the middle ear of the guinea pig with Pseudomonas pycocyanea,this
occurred in 10% of the animals. He infected the middle ear by injection through the
tympanic membrane, In human material, obtained during surgical intervention, he also
found evidence of ingrowth of epithelium spreading underneath the mucosa of the
middle ear. The covering pictures, however, showed only that the perimatrix of the

cholesteatoma was covered by mucosa.

Fernandez instilled quinine-HCl into bullae of guinea pigs which caused a heavy
inflammationresulting in marginal perforations of the pars tensa of the ear drum. He
concluded that the epidermis could grow into the middle ear under favorable conditions

such as:

1. presence of a perforation,

2. maintenance of a hyperplastic epidermis by inflammation and,

3. necrosis of middle ear mucosa or transformation of the epithelium into granulation
tissue.

Similar studies were done with chinchillas by introducing propylene glycol into the

middle ear, which gave perforations with subsequent migration of epidermis and

cholesteatoma formation.'*'*”) Hérmann!saw ingrowth of epidermis after cauterization
of the Eustachian tube in guinea pigs resulting in chronic purulent otorrhoea.
Abramson’* introduced skin into the bullae of guinea pigs and migration, proliferation
and subsequent development of cholesteatoma were enhanced if a concomitant
inflammatory reaction was induced,
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In vitro studies

Recent studies on factors that might induce migration, revealed the presence of

fibronectin.* This is a glyco-protein, produced during inflammatory reactions by basal

cells of the epidermis, or fibroblasts, endothelial cells, and macrophages, located in the

sub-epithelial tissues. This fibronectin was found in the granulation tissue of infected

middle ears and it was suggested that it might be one of the inductive forces guiding

epidermis into the middle ear. In vitro studies showed the enhanced migratory and
proliferative activity of cultured keratinocytes (from newborn rats) after exposure to

fibronectin.

RETRACTION THEORY

Introduction

Theretraction theory was published shortly after the appearance of Habermann’s'”
article on the migration theory. It was Bezold”’ who in 1890, focused attention on the

Shrapnell membrane, or pars flaccida. He concluded that there was a correlation

between tubal dysfunction and pathology in the pars flaccida. Dysfunction of the

Eustachian tube would lead to retraction of the tympanic membrane, especially in the

pars flaecida, because this structure has no organized lamina propria. The combination

of infection and retraction in this area could lead to either a defect with subsequent

migration of epidermis into the epitympanum,or to inadequate keratin clearance of the

pocket, both leading to cholesteatoma. Bezold associated cholesteatoma formation with

chronic middle earinfection, tubal dysfunction and subsequentretraction pocket develop-

ment. This theory is still supported by many otologists today.

ATELECTASIS GRADES

4 eed
Grace (0) GRADE @)

{ Retracted ear ) ( Severe retraction)

   a LA
Grade G) Grade ©)

( Atelectasis ) ( Adhesive otitis )

Fig. 8 Different grades of atelectasis of the middle ear according to Sadé.
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Definition

Schuknecht™: A retraction pocketis an invagination of a replacement membraneinto

the middle ear space, a cutaneouslayer of the tympanic membranein the wrong place.

According to Schuknecht, the retraction pocket could only develop after damage of the

tympanic membranewas healedby aless resistent "replacement" membrane.Paparella””:

The retraction pocket is an inward displacement of the tympanic membrane from the

normal position.

Classification

The retraction pocket(RP) can be located in the pars tensa or the pars flaccida. The

pars tensa RP is often associated with atelectasis of the middle ear cleft. Retraction of

the pars tensa can occur in cases with disintegration of the normally well organized

lamina propria, i.e. atrophic changes have taken place, This disintegration is thought to

be caused by permanent negative pressure’ or inflammation.®”° Sadé*! subdivided the
pars tensa RP into two groups. Those which retracted toward the promontory, resulting

in atelectasis of the middle ear, and those which retracted toward orinto theattic region,

resulting in retraction pockets. Thefirst group leading to atelectasis was dividedinto five

types (Fig. 8):

Type 1. slight retraction not touching the ossicular chain.

Type 2. touching the incus and orstapes.

Type 3, touching the promontory(atelectasis)

Type 4. tympanic membrane adhesive to promontory (adhesive otitis media)

Type 5. atelectatic tympanic membrane combined with a perforation.

The second group comprising "true" retraction pockets of the pars tensa:

Type A. small retraction pocket- if the fundus of the retraction is easily seen

Type B. large retraction pocket- into the attic, fundus not easily seen but can be "sucked

out". If the retraction pocket is not self-cleansing but its debris can be removedit is

called an infected RP

Type C. retraction pocket cholesteatoma-if filled with infected keratin which can not be

sucked out.

It is conceivable that many of us would call Type B already cholesteatoma. It can be

difficult to distinguish a retraction pocket from cholesteatoma by determine whetherits

contents can be removed or not. Sadé also distinguished between central retraction

pockets and those situated postero-superiorly or marginally.

32

.

Sadé”? subdivided the RP of the pars flaccida into three types (small,medium and

large), but the classification given by Tos”? is more practical and requires less subjective

interpretation:

TYPE 0
(NORMAL) I. q,

Fig. 9 Schematic illustration of different types of retraction pockets ofthe parsflaccida,

according to Tos.”

Type 0. Normal Shrapnel! membrane.

Type 1. RP towards the neck of the malleus but not touchingit.

Type 2. RP makes contact with the neck of the malleus

Type 3. RP beyond the bony annulus, but the fundus can be seen.

Type 4. RP extends toward the head of the malleus. The fundus can be visualized due

to some resorption of the bony annulus.

Type 5. Attic cholesteatoma, deep retraction pocket whose fundus cannot be seen.

Paparella et al.75°8 proposed a classification which encompassed all types of

retraction pocket. Classification was based on thesize of the external aperture of the RP,

extension of the pocket into the middle ear, and on histo-pathological criteria, which

meant that the RP could only be classified after it had been removed, which is not very

practical in the clinical situation.

Lastly, Tiimarkin™ proposed that the name, retraction pocket, be changed to pre-

epidermosis, and Lacher'” to pre-cholesteatoma to underscore the potential of retraction

pockets to become cholesteatoma.
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Human studies

The main question in relation to the retraction theory is: Is there substantial evidence

that a cholesteatoma can develop from a retraction pocket?

It is not difficult to imagine how a retraction pocket can change into a cholesteatoma,

and several authors?*!1125 have published their ideas about this postulated process.

To summarize the general opinion: The transition from retraction pocket into cholestea-

tomawill be gradual, one of the main causes being that during the development of the

pocket, obstruction of keratin clearance will occur. The accumulation of debris, with

concomitant inflammation within the pocket or in the adjacent subepithelial tissues will

further enhance the tendency of the epidermis to invade the middle ear cleft. In the last

decade, several articles?4%*9199220297251,328 have discussed this process in the clinical
situation, often sustained by photographic evidence. Because many reports have

confirmed the hypothesis that the retraction pocket is the precursor of cholesteatoma,

it is interesting to mention which factors could induce retraction pocket formation.

Tos et al.?"""°7 have done comprehensive follow-up studies to establish the
pathological changes occurring in the tympanic membrane following otitis media with

effusion (OME). Retraction pockets of the pars flaccida and pars tensa were seen

frequently in 34.5% and 26%, respectively. In 12% these two types of retraction pocket

occurred simultaneously. Surprisingly, the incidence of severe retraction pockets, type IV,

was the same as in a control group of otherwise healthy children (+4%). An important

difference was that only the OME group showed pars flaccida and pars tensa

cholesteatoma (1.7% and 0.3%, respectively).

Several authors'*"4%7*3-8 found a correlation between the persistence of OME and
the incidence of retraction pockets. In most of the studies however, no control group was

used. In general, more retraction pockets were seen in the pars flaccida, although there

was a marked variation of the incidence, from 0 to 36%, 514148596 Edelstein”observed
a higher incidence of retraction pockets in the pars tensa. Retractions of the pars tensa

in children treated for OME ranged between 1.8 and 15%, this part of the tympanic

membrane exhibited other pathological features such as tympanosclerosis and
atrophy:Pies,is.200.283

 

Most authors of follow up studies have reported also the incidence of cholesteatoma

in children treated for OME,i.e. ranging between 0.07 and 1%. Most of the cholestea-

toma were located in the pars flaccida,*!84187200297 According to Magnan‘, advanced

retraction of the pars tensa (adhesive otitis media) can lead in almost 25% of the cases

to cholesteatoma formation. This study was based on histological examination of

temporal bones, a definition of what was considered a cholesteatoma was not given.
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In general, it was not possible to compare the results of the various studies, because

of differences in the age oftarget groups, the duration of (untreated) OME,the duration

of follow up, criteria for retraction pockets, and for cholesteatoma. As already mentioned

almost none of the authors discussed his findings in relation to a control group. In sum,

it was difficult to obtain a clear picture of a possible correlation between otitis media

with effusion and retraction pocket development. A negative middle ear pressure due to

tubal dysfunction is thought to be one of the main etiological factors in retraction pocket

formation. Holmquist'” found a negative middle ear pressure ofat least -S00 mmH,O

in the majority of his patients with retraction pockets. Shinkawa’”recorded in ears with
retraction of the tympanic membrane, values ofat least -160 mmH,O. Sadé”” and

Buckingham" recorded mild negative middle ear pressures(1.5-5 mmH,O)in ears with

retraction pockets. They rejected negative middle ear pressure as an important factor.

Lange’? in 1925 remarkedthat the initial factor in retraction pocket formation must
be the negative middle ear pressure. To maintain this condition, however, inflammatory

reactions in the subepithelial tissues were obligatory. More recently, Abramson

investigated the presence of myo-fibroblasts in the sub-epithelial tissues. These myo-

fibroblasts might play a role in the retraction of the pocket by active contraction.

Eustachian tube function was studied in relation to the presence ofretraction pockets

and cholesteatoma. Generally, an active tubal dysfunction was observed in a higher

percentage than in control groups with normal ears, although the interpretation of the

kind of dysfunction differed considerably.?75?85°3112,124.125,129.198 Various tests were used,
and most of them were performed under non- physiological conditions. Adequate

interpretation of the clinical relevance of these experiments is difficult. Especially

because values found in normal ET function vary between authors too. Furthermore,in

children a drastically poorer Eustachian tube function will be found compared to that in

adults.48

The aeration of the epitympanum is considered to be mainly dependent on the

tympanicisthmus.*'8*"?? Mal-aeration of the epitympanum, due to a blocked tympanic
isthmus, can occur despite the presence of a normally functioning of the Eustachian

tube.”* For instance, Paparella®® found in his temporal bone study a correlation between

the patency of the tympanic isthmus and the stage ofretraction pocket formation in the

pars flaccida. Obstruction of the tympanic isthmus can bethe result of swollen mucosal

folds or granulation tissue, however, also retraction of the postero-superior area of the

pars tensa can block the tympanic isthmus.’

Retraction of the pars flaccida will occur in this case, after the pars tensa retraction

pocket has obstructed the tympanic isthmus, with subsequent absorption of gasses in the

epitympanum. The simultaneous presenceof retraction of the pars tensa and flaccida can

be explained this way.*
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Animal studies

Retraction pocket formation has been incidentally mentioned in reports of animal

experiments. Chole® induced inward displacementof the tympanic membrane,byligating

the external ear canal in mongolian gerbils. The formation ofhis "retraction pocket" was

due to the accumulation of keratin in the external ear canal and the retraction pocket

resembled cholesteatoma.

Fernandez®’ introduced quinine-HCL or quinine-sulphate into the bullae of guinea

pigs. This caused inflammatory reactions with perforations and necrosis. A cicatricial

reaction of the healing sub-epithelial tissues caused an inward displacement of the ear

drum. He concluded that negative middle ear pressure is not always necessary for

retraction pocket formation.

Other animal studies, done by Honda”’ and Huang, also concerned the use of

chemicalirritants, introduced into the middle ear, leading to inflammation and than to

subsequent retraction pocket formation.

Obstruction of the Eustachian tube by ligation or cauterization has been done in

several animal experiments, where it lead to the development of otitis media with

effusion and negative middle ear pressures.*°?”"?°" This procedure only occasionally
led to the formationofretraction pockets,2°except in the study done by Wolfman.”
In that study blind cauterization of the Eustachian tube was done in mongolian gerbils

and caused a high percentage of retraction pockets and cholesteatoma formation. The

transformation of the retraction pocket into a cholesteatomais, not mentioned in other

reports of animal experiments, this report being an exception.

PROLIFERATION THEORY

Introduction

This theory introduced by Lange’*? and Manasse’” was based on histological and
clinical observations of the epidermis and subepithelial tissue, located at the junction of

the external ear canal and tympanic membrane.In particular, the region of Shrapnell’s

membrane andthe poster-superiorregion ofthe pars tensa. The basal and spinosallayers

of the epidermis showed an increased numberof cells, indicating hyper-proliferation.

Long rete pegs invaded the underlying connective tissue. Re-organization of these basal

cones led to the formation of micro-cholesteatoma deep in the subepithelium, without

interruption of the integrity of the overlying epidermis.
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The skin in the above-mentioned region was thought to have special proliferating

properties, which some authors explained by preceding embryological events. The

existence of such a special biological behavior has been investigated in severalstudies.

Various chemical irritants, applied to the ear drum or middle ear, induced phenomena

such as invasion and micro-cholesteatomain animal experiments. Thus the presence of

a subepithelial inflammatory reaction, may play an essential part.

Within this concept, immunologic reactions have also been considered to play an

inductive role in the invasive behavior of the epidermis. The proliferation theory can be

applied to any site where epidermis can invade the sub epithelial tissues, un-obstructed

by such barriers as the lamina propria. The proliferation theory is often mentioned in

combination with the migration and/orretraction theory. In the next section the above-

mentioned items will be discussed in more detail.

The Definition

Nodefinition comprising the concept belonging to the proliferation theory was found in

the current literature. The process of cholesteatoma formation, according to the

proliferation theory, may be defined as an invasion of the basal layers of the epidermis

into the sub-epithelial tissues, leading to cholesteatoma.

Humanstudies

Thefirst article dealing with invasion, and proliferation of the basal layers of the pars

flaccida date from 1917, and was written by Manasse.'” In 1925, Lange’ published a
histological and clinical article, describing the ingrowth of the basal and especially the

spinosal cell layers into the subepithelial connective tissues. According to Lange, this

invasion occurred in the pars flaccida, due to a chronic middle ear infection. The deep

invading cones of basal cells developed small epidermoid cysts which were expected to

lead to clinical cholesteatoma. This micro-cholesteatoma formation in human material

wasalso reported by others,'3?!!2°826337 [+ is not certain whether the laminabasilaris of
the epidermis had beendisrupted before the invasion. Damageto this structure, was seen

incidentally with the electron microscope in human material.®'?"'”47 Rauchfuss*”
studied the temporal bones of children, and concluded that persistence of

mesenchymatoustissue in the attic enhanced the ingrowth of epithelium.If infection was

present, this tissue readily changed into granulation tissue. The presence of this

mesenchymatoustissue can persist until the end of the first year or even longer.7®*%
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In cases with a perforation of the pars tensa the same process of basal invasion and

cholesteatoma formation, was seen at the border between migrating epidermis and

middle ear mucosa, i.e., in the area called the “advancing front"””?"! The epidermis

invaded the subepithelial tissues whilst undermining and "pushing away" the middle ear

epithelium.”Proliferation and invasion through an intact lamina propria of the pars
tensa has never been documented. Most authors assume that invasion in the pars tensa

cannot occur if the lamina propria is intact. In this context it is importantto refer to the

papers by Boedts”, Lim'*’, Marquet’, and Ars,’ who found in normal human tympanic
membranes defects in the lamina propria, without a history of perforation or infection.

These physiologic locus minoris resistentiae, might facilitate invasion of basal cells.

Almost all cholesteatoma occur in the region of the pars flaccida or the postero-

superior area of the pars tensa. It is not surprising that some authors have tried to

explain this phenomenonbyascribing special biological properties to this part of the

epidermis.

Histological studies on human temporal bonesof healthy ears, showed acanthosis and

hyperkeratosis at the junction of the external ear canal and tympanic membrane.'3?”??*
Ingrowth of basal cones into the underlying tissue was not observed, but in cases with

infection, papillary proliferation occurred.'* Eigler® found at the rim of marginal
perforations ingrowth of basal layers and subsequent cholesteatoma formation, even in

the absence of inflammation. The specific biological activity of the epidermis was

explained by its embryological origin. The deep skin of the external auditory canal repre-

sents the remnant of ingrowing ectoderm of the first epithelial proove, this invasive

behavior would still be present in postnatallife.”

The epithelial-mesenchymal interaction’” has also been put forward to explain the

differences in proliferative activity of the epidermis in this area**””!™ This concerned
especially the pars flaccida because the morphology of the subepithelial tissue differed

so strongly from that of the pars tensa, by lacking a well-organized layer of collagenfi-

bers." The lamina propria and adjacent middle ear mucosa ofthe parsflaccida could
easily change into granulation tissue under conditionsof infection or inflammation. This

granulation tissue could induce invasion of the epidermis into the middle ear cleft.

Within the contextof the epithelial-mesenchymal interaction,it is also ofinterest to refer

to articles dealing with a possible immunologic reaction.

The literature on immunologic reactions at the interface of invading epidermis and

subepithelial tissue has gained greatly interest in the last decade, The Langerhans cell

(LC) detected in the matrix and perimatrix of cholesteatoma might play an essential part

in this concept. The Langerhanscell originates from the bone marrow andthis cell is

presentin all stratified epithelia and underlying connectivetissues.72°%?7
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It is assumed that the LC has an antigen presenting function in the cellular defence

system, because this cell also occurs in the lymph follicles in close relation to T-

lymphocytes.2%185249:36.309327 In biopsy specimens of cholesteatoma, the LC was found

throughout the matrix but especially in the suprabasal layer (spinosal cells). T lympho-

cytes were clustered in the perimatrix beneath aggregations of LC in the matrix,

indicating a possible relationship between them.” The T-lymphocyte population had
equal numbersof T- helper and T-suppressorcells, indicating a "healthy" immunological

reaction. Some authors report higher concentrations of LC in cases with recurrent or

residual cholesteatoma, suggesting a sensitized cellular response.7198

The development of cholesteatoma has even been considered to be the result of

immunologic reactions in chronic otitis media.” The induced epidermal spread would

be caused by Langerhanscells ,macrophages, lymphocytes, and plasmocytes.*™. Others,

however, do not believe in some kind of systemic disease, considering the LC to be a

normal histiocyte that ought to be present in this tissue.'???
In sum, there are indications that an immunologic reaction takes place inthe vicinity

of the cholesteatoma matrix, If this reaction is triggered by an antigen, e.g. keratin, is not

known. The presence of Langerhanscells, macrophages, T-lymphocytes but also plasma

cells, and mast cells does indicate that an immunological process can be involved.

Whether this process can induce cholesteatoma does not seemlikely, but the invasive

behavior of cholesteatoma might be partially explained this way.

Animal studies

Cholesteatoma have been induced in animals by applying chemicalirritants to the

external ear canal or the tympanic membrane. For example; tar, benz-pyrene, croton, or

olive oil, in all these cases cholesteatoma developed by migration of epithelium through

perforations of the tympanic membrane.” Ruedi*® was the first to observe cholestea-
toma formation behind an intact ear drum in his animal experiments. He applied a

mixture of talcum and fibrin to the inner surface of the tympanic membraneof guinea

pigs.

This led to active invasion of basal cells, into the underlying granulation tissue. In

these cases the lamina propria of the tympanic membrane changed into granulation

tissue without concomitant perforation. The invading columns divided into branches and

the cells showed keratinization, and typical cholesteatomatous cysts were formed within

the columns. Identical experiments with such irritants as propylene glycol, benz-pyrene,

olive oil, talcum powder, quinine, ethyl alcohol were used in various animal species such

as the rat, chinchillas, hamsters, and rabbits.2°7!8!727732!
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In most animals the irritants were applied through the bulla into the middle ear. In

some cases cholesteatoma developed due to the above-described ingrowth of epidermal

basalcells. The same results were obtained by applying irritants to the lateral surface of

the tympanic membraneor adjacent skin of the external ear canal.?*?”7"*
Steinbach’”?” applied various irritants to the lateral surface of the tympanic

membrane of rabbits, e.g. gelfoam, histoacryl, NaOH, and HCl. This resulted in

hyperkeratosis, acanthosis, and cholesteatoma if applied in the region of the pars

flaccida. Application of the irritants to other areas of the tympanic membrane did not

led to cholesteatoma formation.

Grote’, inoculated rat middle ears with Staphylococcus aureus. Inflammatory

reactions were most prominentin the area of the pars flaccida, although cholesteatoma

formation was not observed.

A commonfeature in all animal experiments was, that damage occurred in the lamina

propria of the pars tensa orflaccida due to inflammatory reactions. Whetherthe integrity

of the lamina basilaris must also be disturbed before invasionof the basal cells can occur

is uncertain, but some electron microscopical studies suggested defects in this structu-
re 61,94,211,239

In Vitro Studies

312728 in vitro studies
were performed, to establish the influence of such substances as prostaglandin

(PGE2),'?"? Jeukotriens,"” and endotoxins," which are especially detectable

during infection in granulation tissue. Prostaglandin and endotoxin can influence the

proliferation of keratinocytes, as was demonstratedin vitro experiments.** Granulation

tissue-conditioned medium decreased protein synthesis and increased the production of

cornified envelopes of cultured keratinocytes’, indicating that the substances in
granulation tissue can influence the process of terminal differentiation.

Within the context of the epithelial-mesenchymal interaction

Conclusions

The proliferation theory is often related to the retraction and migration theories, and

many otologists believe that all three concepts play a role in cholesteatoma

formation,'7"!741%°533 Migration of epidermis into the middle ear cleft was observed
frequently in the pre-antibiotic era. Then, middle ear infections led more oftento large

perforations of the tympanic membraneaswell as to necrosis of middle ear mucosa.!4%

40

As long as the keratin clearance of ingrowing epidermis was not obstructed, this

process could be considered a normal part of wound healing, In fact, a middle ear could

be completely lined by epidermis without the development of cholesteatoma.”It was

suggested that concomitant infection could induce in these cases the clinical picture of

cholesteatoma.’"”
The migration occurred mainly where marginal perforations were present but has also

been observed around the edges of central perforations. In a non-infected ear, migration

through these defects may occur, but normally will not result in cholesteatoma.””"! At

present, necrotizing otitis media does not seem to play an important role within

cholesteatoma pathogenesis, probably due to the better control of middle ear infections

provided by antibiotics.”

A retraction pocket may develop without infection, due to negative middle ear

pressure. The epidermis of this dry pocket consists of a thin layer without signs of hyper-

proliferation or enhanced keratosis.“** Chronic infection or inflammation in the

retraction pocket, with obstruction of the keratin clearance, or subepithelial

inflammation, may lead to increased basal proliferation and keratinization. These

processes can lead to advancementofthe pocket into the middle earcleftor rupture

of the retraction pocket *° leading to migration of epidermis. The basal proliferation

which can result in cholesteatoma, as described in the preceding chapter dealing with the

proliferation theory, results in micro-cholesteatoma occurring beneath the intact

epidermallayer.

The link between the three theories is disruption of or damage to the lamina propria

of the tympanic membrane, which will usually occur in combination with a chronic

middle ear infection, changing the healthy middle ear mucosa and lamina propria into

granulation tissue.'“ The biological properties of the epidermis (wound-healing), and the

inductive forces of the granulation tissue mayleadto the invasion ofstratified squamous

epithelium into the middle ear cleft, leading to the formation of cholesteatoma.

IN SITU THEORY

CONGENITAL ORIGIN

Introduction

A congenital origin of cholesteatoma was postulated as early as the end of the last

century. Kuhn'* and Kiister’ mentioned what was called the primary or true
cholesteatoma, meaning that infection of the middle ear had played no role in the
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pathogenesis, and that a congenital inclusion of epidermis in the temporal bone was

probably responsible for its formation. Kiister saw concomitant congenital defects of the

branchial grooves in the head and neck region.

McKenzie!” and Holmes”thought that most cholesteatomawereoriginally congenital
and had a cystic structure, perforation of the tympanic membrane or middle ear infection

being secondary effects, due to rupture of the epidermoid cyst.

Derlacki” and Cawthorne™ published with regularity about case reports of congenital
cholesteatoma behind an intact ear drum.

Definition

Derlacki introduced three conditions before a cholesteatoma could be considered

congenital:

1 - development behind an intact tympanic membrane

2- no history of aural infection

3 - originating from embryonic inclusion of squamous epithelium in the temporal bone,

or from undifferentiated tissue that changes into squamous epithelium.

The Derlacki’s criteria were applied by most authors who wrote on this subject. Of

course, the last two conditions of Derlacki can never be verified completely, but reports

of the presence of embryonic ectodermaltissue are known, as will be discussed below.

Humanstudies

One possible source of epidermal cells found in the middle ear cleft and which should

transform into a non-keratinizing epithelium during fetal life was first put forward by

Teed.The epidermal structure was“located at the dorso-lateral pole just medialof the

neck of the malleus”. No other similar observations were made until 50 years later, when

Michaelsreported on the so-called “epidermoid formation”.

This epidermoid structure was seen in ca. 65% of fetal temporal bones from 10 to 33

wecks of gestation. It was found in the "anterior superior middle ear mucosa , adjacent

to the posterior edge of the anterior limb of the bony tympanic ring. It demarcated two

different middle ear mucosae, one ciliary and the other a non-ciliary epithelium".
The origin of this formation was thought to be ectodermal tissue of the first branchial

groove, and the structure could show a cap of keratin in fetallife.  

Fig. 10 The first drawing of a cholesteatoma matrix, as was published by Lucae in 1873.

Many congenital cholesteatoma are, according to some papers, indeed located in the

antero-superior quadrantof the middle ear.®5>!6 Michael did not adhere to Derlacki’s
criteria completely, because he did not consider a history of middle ear infection to be

an exclusion criterium, provided, that no perforation or otorrhoea had occurred.

In contrast to Michael’s hypothesis stands the theory of Aimi,* who claimed that the

place of preference for congenital cholesteatoma was located in the postero-superior

region, i.e. the tympanic isthmus. The tympanic isthmus was postulated to represent the

end bud of the first branchial groove. Aimi found that small epidermoid cysts occurred

in this region. The cysts might remain inactive duringlife if no infection or inflammation

developed in the subepithelial tissue of the cornifying epithelium. For this reason, the

small congenital cholesteatoma might remain undetected during a life time. His

observations were also confirmed by others.”7%"**"! Aimi’s theory supports Michael’s

opinion that only in cases with a combination of a middle ear infection and perforation,

the diagnosis congenital must be abandoned. Especially since infection can activate the

dormant congenital cholesteatoma. According to Derlacki,” however, we cannot speak

of a congenital cholesteatoma if a middle ear infection has taken place.

Sanna” stated that at least some of the cholesteatoma with a postero-superior

perforation could have been congenital with secondary perforation. Estimations of the

incidence of congenital cholesteatoma lie between 1 and 5% of the total incidence of

cholesteatoma.©91155217296.242253257 One exception is made by Parisier,”"* who reported
an incidence of 10%, possibly due to the fact that it was based on a retrospective study,

and the criteria did not include a history free of aural infection.
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Cholesteatoma behind an intact eardrum and with a history of middle ear infection

may have developed out of invasive proliferating basal cells, as suggested by some

authors.’*?!7?* Apart from the above-mentioned authors,it is the general opinion that

congenital cholesteatoma can and will occur, but that the incidence is so low thatthis

concept plays a minor role within the range of cholesteatoma pathogenesis. A possible

increase in congenital cholesteatoma in children was observed by Parisier!® and

Edelstein,” which may have been the result of the "doctor’s greater awareness", of this

type of cholesteatoma,

THE METAPLASIA THEORY

Introduction

Current literature relates the metaplasia theory to Wendt,*”’ as the first otologist to
advocate and introduce this theory. However,slightly before Wendt, and at least in the

same year, 1873, Lucae’® published an article about the metaplastic origin of

cholesteatoma. He saw a correlation between the chronic middle ear infection and

cholesteatoma formation. The chronic infection forced the middle ear mucosa to become

granulation tissue, which underwent metaplastic changes leading to a cornifying

epithelium(fig.10). Wendt was more precise: he called this proces a "desquamative-like

change of the mucosa exhibiting a rete Malpighii(prickle cell layer) and hyperkeratosis’.

Exceptfor a paper by Wingrave*”’ in 1910, whobelieved that desiccation of the middle
ear mucosa induced formation of a cornifying epithelium, no other papers on the

metaplasia theory appeared, until the middle of the present century. Review of the

literature showed clearly that many contradictory reports have been presented.

Definition

A clear definition or exact description of what must be considered as the metaplastic

process leading to cholesteatoma cannot be found in the literature. Within this context,

it is more relevant to pose the following question;

Can mucosa of endodermalorigin changeinto the cornifying epithelium, normally seen

in ectoderm-derived tissue?

A definite answer to this question cannotbe given yet, especially because few authors

specify clearly what they mean by a cornifying epithelium.

44

Normally, as we have already mentioned, we can distinguish four types of cell layer:

the stratum basale, stratum spinosum, stratum granulosum, and the stratum corneum,

The third cell layer, the stratum granulosum, which shows kerato-hyalin granules

represents an important stage in whatis called "terminal differentiation”. This process

of terminal differentiation characterized by cornified-envelope formation and subsequent

cell death creates a true cornifying epithelium(see page 13). In most of the papers this

importantgranular cell layer is not mentioned when the metaplastic cornifying epitheli-

um is discussed.

Classification

The mucosal lining of the middle ear is considered to be an extension of the

respiratory epithelium of the upper and lower respiratory tracts, Lim,'*' Metaplasia of

respiratory epithelium, especially in the lower respiratory tract, is a well-documented

phenomenon.’The influence of various exogenic factors on this epithelium has been

studied.°°'8°
According to Auerbach," three phases in the process of metaplasia of the bronchial

epithelium can be distinguished:

-Phase I: The first change is characterized by proliferation of the basal layers, the

uppermost cells retaining their original features.

-Phase 2: In the second phasestratification and flattening of cuboidal or columnar cells

occur.

-Phase 3: Finally, above the basal cells a typical spinosal cell layer develops, but a

granular cell layer or keratinization does not occur.

Auerbach could not find indications pointing to further differentiation into a true

cornifying epithelium. However, if we consider transformation into an epidermis as a

possibility, than a phase 4 representing the final stage in metaplasia should be added.

This phase 4 epithelium would have a stratum granulosum and stratum corneum.

Human studies

The papers on this subject can be subdivided into two groups. The authorsofthefirst

group believe, that metaplasia cannot differentiate any further, than according to

Auerbach type 3 metaplasia. Thus keratinization or cholesteatoma formation are notin

order.
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The secondgroupof authors believe that squamous metaplasia with keratinization can

occur. It is not certain that in all cases true cornification was in order. Keratin-like

squamescan also be the result of increased exfoliation of squamous epithelium. The two

groups will be reviewed separately;

Squamous metaplasia without keratinization

Friedmann,” who examined an impressive number of human mucosal biopsy

specimens obtained during surgery, found metaplasia up to the prickle cell layer.

Metaplasia, however, could result not only in a squamousepithelium butalso in an active
mucus-producing epithelium, as seenin otitis media with effusion, a conclusion which has
been confirmed by others.?'9h1643.1511612% Other papers on squamous metaplasia
without keratinization, in human middle ear mucosa, were published by, Riiedi,”"” Bir-
rel,“ Karma,'? Zechner,Tiimarkin>Lim.)

Tiimarkin”’ assigned special properties to the squamous epithelium(pavement
epithelium) of the attic. In cases with infection this epithelium reacted by proliferation

and throwing off of paper-like squames. This enhanced exfoliation without the formation

of a prickle cell layer could lead to cholesteatoma formation according to Tiimarkin.

Anothertype of metaplasia was introduced by Palva,?!°?"! who observed two types of
metaplasia, the independent metaplasia and junction metaplasia, the latter representing

a transitional zone betweenthe invading epidermis and the normal middle ear mucosa.
In this area the keratin and granularcell layer gradually disappeared, and the mucosa

resembled the type 3 metaplasia of Auerbach.'° The independent type had no connection

with existing epithelium, but exhibited the same features.

Squamous metaplasia with keratinization

Bernstein” found stratified squamous epithelium with keratin production in biopsy
specimens of middle ear mucosaofpatients with otitis media with effusion, however, the

presence of a granular cell layer was not documented. The same can be said about the

article by Bendek,'? and the many articles by Sadé.25747?52 Sadé advocated re-
introducing of the possibility of a metaplastic origin of cholesteatoma. The basic concept
in Sadé’s™? view is that all cells have the same genetic information, stored in the
chromosomes, which enables them to differentiate into other types of cell. According to
Sadé, the stem cell of the human middle ear mucosa can differentiate into four cell

types: 1) another stem cell, 2) an intermediate cell, 3) a mucus-producing cell, or 4) a

keratin-producing cell.
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Local environmental conditions were thought to determine thecell type into which the

cell would differentiate. Sadé presented a substantial amount of histological material,

showingstratified squamous epithelium with keratin production in human middle ears.

Mostof the biopts were taken from ears treated for a chronic (cholesteatoma) infection

or otitis media with effusion. The biopts were taken from placesclinically devoid of

cholesteatoma. However, becausethe clinical and histological diagnoses may differ,” it

remains uncertain whether this squamous epithelium had no connection with the choles-

teatoma matrix or the meatal epidermis.

The same can besaid about the articles by Bernstein” and Bendek.'? Sade™* found
squamous metaplasia in an incidence of up to 60% in the mucosal biopts. The

histological features were studied by light microscopy but a detailed description of the

individual cell layers of the cornifying epithelium was not given. Lim'® studied mucosal

biopsy specimens taken from the promontory of 180 ears with OME, and in 3 cases

observed a squamous cornifying epithelium. The biopts were studied electron

microscopically and the granular and corneal cell layers were described. These ears had

no history of perforation or operative procedures. Ten cases showed a non-cornifying

metaplastic epithelium without a granular cell layer, whether this concerned a distinct

class of epithelium or a transitional form to become a cornifying epithelium could not

be determined.

Bodelet and Wayoff® studied human mucosa from ears which had been treated

surgically for cholesteatoma in the past. They found a classic squamous cornifying

epithelium, well-documented by TEM pictures, since a granular cell layer with kerato-

hyalin granules was described. The numberofpatients in this study was not mentioned,

Palva™® took mucosal biopts during operations on ears that were clinically free of
cholesteatoma, but suffered from a chronic infection. In 56% he found a cornifying

epithelium the cause of which he did not exclude to have been due to metaplasia,

because most of the ears had marginal perforations he concluded that a migratory origin

was more likely. This article, however, has been cited by many to support the metaplasia

theory. Palva concluded that cornifying epithelium which clinically resembled middle ear

mucosa, was probably replaced by normal mucosaif chronic infection was healed. Palva

held the opinion that this mild cornifying epithelium would probably not led to

cholesteatoma after closure of the tympanic membrane.In later publications, Palva”"

withdrew this last conclusion by stressing the importance of removing all cornifying

epithelium.

Many questioned whether a metaplastic cornifying epithelium could indeed result in

cholesteatoma. Sadé*’ subdivided the metaplastic cornifying epithelium into simple
stratified squamousepithelium and cholesteatomatousstratified epithelium. The former

as frequently encountered in OME, would not lead to cholesteatoma, the second type

encountered in chronic otitis media would lead to actual cholesteatoma formation.
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Animal studies

In reports on animal experiments,“the formation of non-cornifying squamous

metaplasia has been ascribed to infection or chemical irritation of the middle ear.

Wright™' is one of the few authors who stated that he did not see a granularcell layer,
to confirm that this epithelium was not cornifying. Squamous metaplasia with keratin

production has also been observed in the animal model, It was induced by cauterizing

the Eustachian tube in mongolian gerbils,” introducing virulent micro-organisms into

the middle ear of the rat,” or antibiotic eardrops in chinchillas.*” In all these studies
mentionis made ofproliferation of the basal cells ,development of a spinosal cell layer

and keratinization, a granular cell layer is not specifically mentioned.

Greenberg™instilled crude tobacco tar into the middle ear of mongrel cats, which
gave rise to a cornifying epithelium with a documented granularcell layer. As explicitly

mentioned, there were no breaks in the tympanic membranes, A vitamin A deficient diet

led to squamous metaplasia of the hamster tracheal epithelium.''® Transmission electron
microscopy revealed kerato-hyaline granules and a thick cornifying layer. Chole” fed
rats a diet free of vitamin A, which led to a cornifying epithelium in the middle earcleft,

but Chole did not describe a granularcell layer.

Banoczy™* changed the local environmentof the buccal mucosaof rabbits by exposing

the latter to the outer environment. Due to desiccation and lack of saliva, the mucosa

showed increased keratinization without the appearance of a granular cell layer. The

authors believed that the granularcell layer is not essential for true keratinization, and

mentioned other sub-microscopic granules as responsible for this process.

Squamous metaplasia was induced by influencing the epithelium- mesenchyme

interaction. Sweeny implanted tracheal respiratory epithelium of the mongrel dog on

the denuded cartilage of the dog’s ear, that underwent a complete transformation into

normal epidermis. Re-implantationof this cornifying epithelium in the trachea led again

to a normal respiratory epithelium. Change of epithelium by inward migration was

excluded, because no signs of migration were noted at the junction sites, transformation

of the epithelium was observedfirst in the central part of the graft. McLoughlin’
reported that embryonic chicken epidermis differentiated into a mucus- or keratin-

producing epithelium depending on the type of underlying mesenchymallayer.

In Vitro Experiments

In Vitro experiments®'™ revealed that when a cell suspension of trachea derived
respiratory epithelium was cultured,all cells becamerich in keratins and could create

cornified envelopes.
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The same observations were made by van Blitterswijk,” who cultured middle ear

epithelium. Bijlsma”? cultured tubotympanic epithelium of the rat in a mediumlacking
vitamin A and saw complete keratinization within 14 days. The epidermis of the external

auditory canal cultured in a medium enriched with vitamin A showedloss of kerato-

hyaline granules and acquired characteristics of a secretory epithelium,

Conclusions

With respect to congenital cholesteatoma, it must be kept in mind that the diagnosis

is made on the basis of three criteria which often cannot be verified, Concerning a

possible metaplastic origin, it can be stated that stratified squamous metaplasia with

keratinization in the human middle ear was found mainly in cases with actual

cholesteatoma or with a history of chronic otitis media and cholesteatoma. Thosearticles

did not make clear whether this epithelium could have been in continuity with the

existing epidermis. The most interesting findings concerned human middle ears with a

cornifying epithelium in combination with otitis media with effusion, but without a

history of perforation or surgical treatment.

As mentioned before, many articles lacked a well-documented description of the

cornifying epithelium. However, some observations made in human biopsy specimensas

well as observations made during animal experiments, have indicated that a middle ear

mucosa can differentiate into stratified squamous cornifying epithelium, whetherthis will

result in the clinical picture of cholesteatoma remains uncertain.

GAS COMPOSITION AND GAS DIFFUSION IN THE MIDDLE EAR

Human studies

One of the first to measure the gas composition in the human middle ear was

Matsumura,’ he found no CO, and a moderately decreased O, level(14 - 17%) when
compared with the ambient air. Probably pollution with ambient air influenced his

results, because more recent studies,’?*°!"*!8*47 on the composition of the gas in the
human middle ear resulted in different values. The O, concentration ranged between 5

and 9.5% and for CO), the concentrations lay between 2.6 and 6.5%.

Riu™ found nodifference in gas composition between healthy ears and otitis media

with effusion, Within this context, Ingelstedt'®’ found elevated CO, concentrations
compared to values found in healthy middle ears.
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Elner® concluded that there is probably noreal ventilation of the middle ear, in the

sense of a temporary change in the middle ear gas composition, due to an opening of the

Eustachian tube. He estimated that the absorption from the middle ear by surrounding

tissues was between 0.7 and 1.1 ml in 24 hours, these values were confirmed by

others.”!5"? Taking these low values into account, Elner considered the Eustachian
tube more asa pressure regulator not influencing the actual gas compositionitself. Tubal

dysfunction would not influence the gas composition, which explains the minimal

differences between aerated ears and those afflicted by otitis media with effusion.

Grontved™ observed variations in O, concentrations from 3 to 17%, between different

subjects. In contrast to Elner,®° he concluded that high O, concentrations were due to
recent openings of the Eustachiantube introducing relative O,-rich air, which was slowly

absorbed. Grontved proposed that the Eustachian tube could have an essential influence

on the composition of the gas in the middle ear. According to the values mentioned

above, we can conclude that the CO, concentration in the middle ear(+5%) is much

higher than that of the ambient air(0.03%). The O, concentration in the middle

ear(+ 10%) is at least twice as low as that of the outer environment (21%). The CO,

transport between the blood-tissue compartmentandthe cavity is 25 times faster relative

to that of O,, due to the high solubility of CO, in the blood.” The CO, tension in the

middle ear is therefore considered to be in equilibrium with the surrounding tissues.'*”

©, and N, are absorbed slowly”! due to the higher total gas pressure in the

middle ear compared with the surrounding §tissues.*’*?"*’ Bylander”® performed
tympanometzic studies in sleeping children, on the assumption that the Eustachian tube

does not function during sleep. He observedinitially an increase in pressure but after

one hour there was a steady decrease of the pressure. After a few hours a steady state

of a moderately negative middle ear pressure was reached and persisted during the

remainder of the sleep period.

This observation contradicts the ex vacuo theory, where it is supposed that a continuous

absorption of gas will occur if no tubal opening takes place, leading to high negative

middle ear pressure. Variousarticles, on human andanimal studies, are opposing the ex

vacuo theory or are in agreement with Bylanders’ observations, as will be discussed next.

Sadé** and Luntz’ observed a spontaneousre-insufflation of atelectatic middle ears
during sleep, suggesting an active gas diffusion into the middle earcleft,

Shinkawa?” and Magnuson“reported positive pressures in healthy ears after a nights’
sleep and before the onset of active functioning of the Eustachian tube. The pressure

decreased immediately after swallowing and became close to the ambient pressure.

Hypo-ventilation caused an increase of the pressure. The same observations were made

by Hergils,"'”"" who furthermore reported that hyper-ventilation resulted in a decrease

of middle ear pressure.

As the pCO, in blood normally increases during sleep,” the authors attributed the

recorded pressure variations to diffusion of CO,, entering and leaving the middle ear by

diffusion.

Hergils’” demonstrated that the healthy middle ear could reduce an experimentally

applied negative middle ear pressure in the absence of a tubal opening. Buckingham”
visualized the development of positive intra-tympanic pressure in 37% of cases after

myringotomy in healthy ears, however, in 13% a negative pressure developed and in 9%

positive and then a negative pressure. Buckingham* and Sadé”” found only mildly

negative middle ear pressures, of 6-8mmH,O and 1.7-5mmH,0O,respectively, in otitis

media with effusion. This is in contrast to most authors who reported negative middle

ear pressures of 300mmH,O and more in case of OME."Pollitzerization of the
human middle ear with air,'*°* or O, at various concentrations’led to a marked
pressure drop, probably due to absorption of O,.

Animalstudies

The gas composition of the middle eaf found in animal studies,'”?*7 did not differ
drastically from human values, reported concentrations lying for O, between 11.7 and

12.1%, and for CO, between 4.7 and 7.5%. Cantekin® found that the physiologic gas
pressure in the middle ear of the Rhesus monkey are almost in equilibrium with the

mucosal blood-tissue gas pressures. The middle ear pressure in cases with a non-

functioning Eustachian tube, decreased slowly in the first hour, after which a steadily

mildly negative middle ear pressure of -60mm H,O persisted. Pollitzerization of the

middle ear with air and especially with O, led to a marked pressure drop. Cantekin

concluded that a negative middle ear pressure of more than 60 mm Hgis not the result

of a blocked Eustachian tube and subsequent absorption of gasses. In his opinion high

negative middle ear pressure occurred, if the eustachian tube over ventilated the middle

ear, changing the physiologic gas composition, and inducing increased resorption of O,,

as was observed in his experiment.

Shinkawa*”! found that an increase of the middle ear pressure in chinchillas during

hypo-ventilation was due to a diffusion of CO, into the middle ear. He substantiatedthis

observation by taking gas samples at the momentof increased pressure, which showed

an increased CO, concentration. Ostfeld” induced changes in the middle ear gas

composition by changing the arterial and venous pCO, and pO,pressures, in healthy

dogs. Yee™ found no relation between middle ear pressure and the O, pressure in the
blood. Buckingham™ found a direct relation between pCO,in the blood and middle ear

pressure, suggesting diffusion or absorption of CO, into the middle ear, no evidence for

O, absorption was found within the duration of the experiment(2 hr).
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At last, Yee** found a steady state of middle ear pressure in anaesthetized rhesus
monkeys breathing room air. In some cases even an increase in pressure was found.

Conclusions

The cited studies indicate that the "ex vacuo theory" cannot be considered the only

mechanism regulating middle ear pressure and aeration. According to this theory, there

is a constant absorption of O, and N,, resulting in negative middle ear pressure, which

must be compensated for by regular openings of the Eustachian tube(ET).

In many experiments the ET was regarded as non-functioning, if the person was

recumbent, and neither swallowing nor yawning occurred. If this presumption is correct

then there mustbe at least an other mechanism influencing middle ear pressures, since

a steady state of mild negative or even positive middle ear pressures was found in these

studies. Gas samples taken from normal human middle ears and during hypo- and

hyperventilation in animals suggest that the middle ear gas composition andpressureis

related to the gas pressuresin the blood-tissue compartment. As Sadé already proposed,

there is probably a complicated co-operation between gaseous pathways to and from the

middle ear and Eustachian tube functioning.

THE INFLUENCE OF CO, AND O, ON CELLS IN VIVO AND IN VITRO

Culture studies

The influence of O, and CO, on cultured cells has rarely been studied by research

workersin ourfield. In the culture studies”:°707242428.86 on cells or explants published
in E.N.T. journals, use was madeof the standard gas conditions of 5% CO, mixed with

humidified air, These studies dealt mainly with keratinocytes. Thefirst studies concerning

the possible influence of environmental gas concentrations on cells in culture were

performed by co-workersof Sadé e.g. Weismann*5 and Drucker.” Sadé wasinspired by
the classic study done by Moscona,'”! andthe clinical observations of Hilding’? and
Young.”
Moscona demonstratedthat the differentiation of an embryonic tissue can be changed

by extra-cellular CO, and O,. Young and Hilding observed alteration of the morphology

of nasal mucosa due to closing of the nares in patients with ozaena. Weismann and

Drucker exposed explants of mucosae from the rabbit trachea, human adenoid, and

middle ear, to gas of various concentrations of CO, and O, as well as different pH

values.

§2

The animal experiments of Weismann*with explants of rabbit trachea revealed that

the ratio of goblet and ciliary cells could be influenced by the environmental CO,

concentration and pH.A high concentration of CO, in combination with an elevation of

the pH led to an increase of mucus-producing cells. At lower CO, concentrations the

ciliated cells pre-dominated numerically.

Drucker®cultured human adenoid tissuein air only, or air enriched with 5% CO,. The

number of mucus-producing cells was not altered, but at 5% CO, a 50% increase of

ciliary cells occurred in the outgrowth of the explants. Explants of middle ear mucosa

were also cultured, but there is only a short note reporting that the behavior of this

tissue was similar to that of epithelium covering the adenoid and that in 70%, epithelial

growth occurred. The possible influence of gas concentrations was not referred to.

According to Sadé, the results of these studies must be viewed with reserve, as it was

very difficult to control the environmental conditions, ¢.g. maintaining of a constant pH.

Differences in atmospheric CO, concentrations can influence pH of the medium, which

is difficult to neutralize with bicarbonate used as a buffer in these experiments. Van

Blitterswijk” brought middle ear epitheliumof the rat into serial cultivation, at standard

gas concentrations(S% CO, with air). The*culture results were consistent and

reproducible, and provided a good basis for further investigation of middle ear mucosa.

Use was made of the experience accumulated in those studies in the culture experiments

reported in the following chapters.

Articles on the effect of the O, tension on the growth and metabolism of variouscell

types are found in the journals dealing with basic cell research and cell physiology. These

articles showed that cultured epidermalcells, ie. keratinocytes’°?** required a higher
O, level for optimal growth than fibroblasts,*"* amniotic fluid cells,*"%""' or the WI-38
cells."'The last three cell types showed enhanced colony formation and growth upon
lowering of the O, concentration from ambient(+21%) values to percentages ranging

from 2.5 and 10%, Optimal culture conditions for the keratinocyte included an O, con-

centration of ca. 18%. A marked decrease in proliferation rate was noted below5% or

above 30% O,. At very low or high O, concentrations, enlargement of the keratinocytes

was noted, as well as a more granular cytoplasm.*°"!
Hardly anything has been written about the influence of different CO, concentrations

on cells in culture. One of the main problems encountered in studies on the influence

of this gas is the maintenance of a constant pH ofthe growth medium.™*”!

Balin’ concluded that raising of the CO, concentration from 5 to 10% during
cultivation of human endothelial cells led to inhibition of proliferation. He attributed this

phenomenonpartially to the drop of pH, which could not be completely compensated

for by a proper choice of buffer combinations in the culture medium.
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Tissue studies

Moscona’”! exposed chorionic epithelium of the chicken embryoto air by removing the

egg shell. This mucosa normally has a respiratory function but differentiated into

keratinizing epithelium when exposed to air. High O, concentrations induced the same

phenomenon "in ovo", but keratinization was always stopped with the addition of 5% CO,

to the gas mixture. In this embryonic tissue the presence of CO, determined whether the

cell differentiated into a mucus- or keratin-producing cell. Reimer™””™studied the effect
of O, on ciliary cells of human antral mucosa and epithelium of the rabbit trachea in

vitro. These epithelia required ambient O, concentrations(20%) to display normal ciliary

function.

Rabbit sinus mucosa showed immediate reduction of ciliary activity when exposedto

an atmosphere containing 5.2% O, and 8.6% CO,. This gas composition was chosen,

because it correlated with the gas concentrations Ingelstedt'*” had found in otitis media

with effusion. The ciliary activity further decreased by increasing the CO2 concentration

to 10 and 15%. Sinus mucosa of the rat in vivo was not affected by low O,

concentrations, but a CO, concentration of 5% decreased theciliary activity. The main

conclusion drawn by Reimer was that the function of a ciliated epithelium lining a non-

ventilated cavity will improve under properventilation of that cavity.

Conclusions

As the articles reviewed above indicate, changes in the levels of O, and CO,, can

influence cell metabolism or the morphology of cultured cells or tissue explants in vitro

and existing epithelia in vivo. The epithelia investigated within the field of

otorhinolaryngology concerned those of the trachea, adenoids, and sinus mucosa. No

studies on explants of middle ear epithelium were found except, a short note by

Drucker.” With refined culture techniquescell suspensions of middle ear mucosaof the

rat can be cultured serially at present. This means that the influence of O, and CO, on

this epithelium can now bestudied.
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CHAPTERIII

THE EFFECT OF EXTERNAL STIMULI ON RAT MIDDLE EAR EPITHELIUM

IN CULTURE

-EXTRACELLULAR CARBON DIOXIDE CONCENTRATION-

HW Lutgert, CA van Blitterswijk, JJ Grote.

E. N. T. Department, University Hospital Leiden, The Netherlands.

SUMMARY

Serially cultivated rat middle ear epithelium was studied under exposure to various
concentrations of carbon dioxide. Three experiments were performed exposing the
epithelium to a gaseous environment containing 5 or 10% CO, or to an atmosphere
most devoid of CO,(0.03%). Oxygen was maintained constant at 20% and nitrogen was

additionally supplied. Cells exposed at 0.03% CO, showed _a remarkably different
morphology compared with the cultures at 5 and 10% CO,. Cells could become
extremely large at 0.03% CO, also showing a great variation in shape and cell size within
the culture. Proliferation wassignificantly impaired at 0.03% CO,vis-a-vis the 5 and 10%
experiments. Terminal differentiation however was not influenced by the different CO,
concentrations, indicating that in vitro, variation in the CO, concentration is of no
importance regardingapossible differentiation of middle ear epithelium into a cornifying
epithelium.

INTRODUCTION

In this paper we present the results of our experiments concerning the influence of

various concentrations of CO, on proliferation and differentiation of middle ear

epithelium in the rat, grown in serial cultivation’. The reasonsfor studying the possible

influence of CO, on middle ear mucosa were the following observations:

1) In the case of a tympanic membrane perforation one can occasionally see a cornifying

epithelium, located particularly on the promontory, which does not seem to be directly

connected with the skin of the tympanic membrane orexternal ear canal.”*
2) In chronic otitis media (cholesteatoma) defects in the external ear canal or tympanic

membrane are often present, making a direct connection of the middle ear with the

outer air possible.

3) The morphology of the middle ear epithelium is usually altered by inserting a

ventilation tube in cases of otitis media with effusion.*

4) Many otologists have reported that patches of cornifying epithelium, which could not

be removed during eradication of cholesteatoma, had disappeared at the time of the

second look operation.
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Theseclinical observations have in commona possible relation between changesin the
gaseous environmentof the middle ear mucosa and a subsequentchangein its morpholo-
gy. The gas composition of the middle ear has been studied by several authors(Table I),
who have reportedarelatively high CO, concentration between 2.6-8.0%and a low O,
between 9.5-12.1%, Compared with the ambient air, the difference in CO, gas
concentration is especially evident. Laboratory animal and humanstudies concerning the
gas composition in the middle ear generally report the same values for CO, and O, >"

Moscowa reported that the differentiation of an embryonal epithelium could be

influenced by altering the concentrations of O, and CO,.4 The middle ear epithelium

is, Of course, not an embryonaltissue and has already differentiated into a non-cornifying

epithelium.

The literature, however, suggests that several factors, such as tobacco tar,” vitamin
A,'* infection,’” tobacco smoke," and endotoxines"? can affect the morphology and
differentiation of the middle ear epithelium. A difference in the gaseous environment

could also be sucha factor, and for this reason we cultured middle ear epithelium of the

rat at various CO, concentrations. The possible influence of this gas on the proliferation

and terminal differentiation of middle ear epithelium was the aim of our study,

maintaining the other culture conditions as constant as possible.

Table I, Gas composition of the middle ear

 

 

O; % CO, %
Matsumura, ’55 (5) Human 9.15

Melville Jones, ’61 (6) Human 9.5 7

Riuetal, ’66 (7) Human 9.5 5.5

Ingelstedt et al, ’75 (8) Human 5.5 8.0

Shinkawaet al, ’75 (9) Chinchilla 11.9 6.0

Cantekin et al, 76 (10) Human 9:5 6.5

Sade et al, °77 (2) Human 2.6

Morgenstern, ’80 (11) Guinea pig 10.9

Ostfeld et al, ’80 (12) Dog 12.1 4.7

Ostfeld, ’85 (13) Guinea pig 11.7 7.3

 

MATERIALS AND METHODS

Culture conditions: For this study we usedserially cultured rat middle ear epithelium (4th
passage)originally obtained from the outgrowths of explants from the middle ear of male

Wistar rats(body weight approx. 200g) which were stored in liquid N,.
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The cells were plated at a density of 2x10* per cm? in combination with lethally

irradiated 3T3 cells(1.2x10* per cm’). In our first experiments the culture medium

consisted of a mixture of Dulbecco's Vogt and Ham‘s F12 medium(3:1) supplemented

with fetal calf serum(5%), hydrocortisone(0.4ug/ml), isoproterenol(10-6M). penicil-

lin(i00U/ml), and streptomycin(100ug/ml). Epidermal growth factor(10ng/ml) was

added on the 4th day. The culture medium was renewed twice a week. In a second

experiment we added HEPES(20mMor 4.77g/1) in addition to NaHCO,(0.85g/1) for a

better buffer capacity. Cells were cultured in Petriperm® Hydrophil dishes (diameter 7

centimeter) which have a gas permeable bottom. The dishes were placed in Heraeus®

incubators in which CO, concentrations were 0.03, 5 and 10%; O, was kept at a constant

21% and nitrogen additionally supplied. Culture time was 2 weeks and cells were studied

on days 1, 4, 6, 10 and 14. For each day three dishes were investigated per gas

combination.

Cell counting: Cultures were rinsed in sterile PBS, and after trypsinization(0.5 ml

trypsin,time 20-30 minutes),soya trypsin inhibitor was added(1.0 ml). Cells were counted

conventionally with the light microscope, in a Blrker counting chamber.

Growthcurves
Carbon Dioxide Experiment

Cell Numb.*1000
800 - _gibiesasit:

600

400 -

 

200 -

  
Days

—— 0.038% Exp. —=— 5% Exp. ~&- 410% Exp.

Fig. 1: Growth curves of rat middle ear epithelium cultured at0.03, 5, and 10% CO,with
addition of HEPES, The 0.03% CO, culture showeda statistically significantly reduced
proliferation rate compared with the 5 and 10%cultures.
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Scanning electron microscopy: Samples intended for scanning electron microscopy were

fixed in glutaraldehyde, the adhering cells on the dish surface were dehydrated,critical

point dried, sputtered with gold and studied with a Cambridge S 180 scanning electron

microscope.

Promotion of cornified envelope formation: Cornified envelope formation was promoted

and scored ad modum Rice and Green,”* using lonophore X537A.

Statistical evaluation: The results of this experiment were statistically evaluated with the

ANOVAand the Scheffé test (modified Student’s t test), the level of significance being

kept at p<0.05 .

RESULTS

Growth curves: Middle ear epithelium did not grow at 0.03% CO, when using a medium

lacking HEPESas a buffer. At S and 10% CO,, however,cultivation of cells was possible

in the standard medium. Both curves showed anincrease in cell number on days 4 and

6, after which the cell count remained constantfor the rest of the culture period. Statisti-

cal evaluation revealed no differences in proliferation rate or cell number between the

two cultures (ANOVAtest p<0.5479),

In the second experiment in which we added HEPEStogether with NaHCO,to the

medium to ensure a better buffer capacity, it was possible to culture middle ear

epithelium at 0.03% CO,,. The growth curves of this experimentare plotted in Fig. 1. All

cultures started on day 0 with the samecell number, but notall cells survive the moment

of plating. The consequentfallout in cell number on day 1 was more pronouncedin the

0.03% culture, and the 0.03% CO, growth curve showed hardly any increase in

proliferation rate during the two weeks. In fact the final cell count of the 0.03%culture

on day 14 did not differ significantly from that for day 1 (ANOVAtest p<0.9129 ), All

three growth curves were reaching their maximum on day 10, with a decline on day 14.

The lowcell numbersof the 0.03% CO, experiment weresignificant less (p< 0.0001) than

those of the 5 and 10% CO,cultures. Table I] showed that the end result of the 0.03%

CO2 cultured differed significantly from the 5 and 10% cultures, according to the Scheffé

grouping test. Nostatistical differences were seen between the 5 and 10% experiments.
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The Influence of Carbondioxide on

Cornified Envelope Formation

% C.E.

80

60}

40

20

 

o tf 2@ @ «+ & 6.7.8 98 70 1 42 15, 14
Days

—*— 0.03% Exp. —B— 5% Exp. -%-- 40% Exp.

Fig. 2: Cornified envelope formation(C.E.) of rat middle ear epitheliumcultured at 0.03,
S, and 10% CO, with addition of HEPES.Statistical evaluation revealed no significant
differences,

Cornified envelope formation: Promotion of cornified envelope formation was measured

in both experiments, with and without the addition of HEPES. The first experiments,

with only NaHCO,as a buffer, showed nodifferences in cornified envelope formation

between the 5 and 10% cultures.

In both experiments, after 14 days of culture, 65% of the cells could create a cornified

envelope after the addition of lonophore X537 A. The end results on day 14 for the 5

and 10% CO, experiments were not statistically different(ANOVAtest p< 0.8469). Fig.

2 shows the second experiment with the addition of HEPES and NaHCoO,,. Cornitfied

envelope formation in the 5 and 10% CO, experiment is again not statistically

different(p<0.9392), The 0.03% CO, culture, however, exhibited lower values during

cultivation time, though the end results of the three curves was not statistically

different,according to the Scheffé grouping test(Table IIT).
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Light- and scanning electron microscopy:The morphological findings discussed here are

from the cultures of the second experiment with HEPES as a buffer. Differences in

morphology could be seen between the cultures grown with 0.03% CO, on the one hand,

and the cultures grown with 5% and 10% CO, on the other hand. The latter were

considered as one group, as no apparentdifferences were found between these cultures.

Cultures grown at 5 and 10% CO, showed, already from the first day onward,largecell

colonies in which cells densely covered with microvilli were recognized. Cells with and

without microvilli were intermingled without any apparent pattern.

Table I. Statistical evaluation of cell number on day 14
 

 

Mean

5% CO, (without HEPES) 0.78308 A
10% CO, (without HEPES) 0.81165 A

5% CO, (with HEPES) 0.72043 A
10% CO, (with HEPES) ().85929 A

0.03% CO, (with HEPES) 0.35255 B
 

Minimumsignificant difference = 0.23163 (Scheffé test)
Means with the sameletter are not significantly different

Cell borders were clearly seen in the first week, emphasizing the polygonal appearance

of those cells. In contrast to this group,cells cultured at 0.03% CO, showed only small

islands of cells during thefirst days, and it was not until the second week that cells with

microvilli were detected.
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Fig. 3: Light microscopic pictures of rat middle ear epithelium grownat 0.03% CO, (A)
and 10% CO,(B). Both pictures taken on day 10 with the same magnification, displaying
the difference in cell size between the two cultures.

78

  

These cells were also polygonal in appearance, but their surface area could become

extremely large (Fig. 3a,b). Confluence of the culture dishes was evident from day 6 in

the 5 and 10% CO,groups, though even on day 14 the 0.03% CO, cultures showed areas

on the dish surface which were unoccupied. Spontaneous cornified envelope formation

was foundin all cultures. The surface of those structures was highly irregular due to a

dense layer of microvilli as has been described by others.

CONCLUSIONS AND DISCUSSION

In this study we investigated the effects of different CO, concentrations on

morphology, proliferation and terminal differentiation of rat middle ear epithelium in

serial cultivation. One of the main problems was to maintain a steady pHin the medium,

at different CO, concentrations. In the first experiment the culture medium used solely

NaHCO,as a buffer, which dissociated whilst releasing CO, to the atmosphereif the

gaseous environment has a low CO,pressure, resulting in a too high pH at 0.03% CO,

conditions and leading to cell-death.
In the second experiment the culture medium was enriched with HEPESbuffer. The

pH ofthe culture media was measured during this experiment, showing a range from 6.8

to 7.9. A parallel study was performed in our laboratory to measure the effect of

changes in pH ranging from 6.0 to 9.0 in rat middle ear epithelium at 10% CO,

concentrations. This study showed that pH values as measuredin our study did not affect

morphology or proliferation in a significant way. It became evidentthat culturing middle

ear epithelium under ambient air conditions (meaning 0.03% CO, and 21 % O., and

79% N,) clearly changed the morphology andthe proliferation rate of cells. The 0.03%

CO, growth curve showed significantly lower values compared with the growth curves of

the 5 and 10% CO,cultures, indicating that conditions are not optimalat 0.03% CO).

Table IIL. Statistical evaluation of cornified envelope formation on day 14.

 

 

Mean

5% CO, (without HEPES) 1.80207 A
10% CO, (without HEPES) 1.80614 A

5% CO, (with HEPES) 1.84185 A
10% CO, (with HEPES) 1.81867 A

0.03% CO, (with HEPES) 1.65051 A
 

Minimum significant difference = 0.33358 (Scheffé test)
Meanswith the sameletter are not significant
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The degree of terminaldifferentiation of cells was measured by determine their ability

to create cornified envelopes if lonophore X537A was added to the suspended culture.”

In a cornifying epithelium the cornified envelope constitutes an important phase

probably resulting in cell death and the formationof the stratum corneum. No significant

differences in cornified envelope formation could be found between the different

cultures, indicating that a low CO, concentration (near zero) does not influence the

terminaldifferentiation of the middle ear epithelium in cultivation, during the period of

14 days.

Morphology was studied by light- and scanning electron microscopy. The enlargement

of cell area in the culture at 0.03% CO, was a striking feature. The polygonal

appearance of thosecells waslost, in contrast to the cells in 5 and 10% CO, cultures,

and confluence on the dish surface was not reached at 0.03% CO, after 2 weeks. If the

above-mentioned results can be translated to the clinical situation then the following

conclusionsare feasible. First, a low CO, concentration of 0.03% (ambient air) may affect

the morphology and proliferation of the middle ear epithelium, a situation which may

occur in the case of a tympanic membrane perforation or when ventilation tubes are

patent. Secondly, a low CO, concentration alone plays no important role in the degree

of terminal differentiation of middle ear epithelium im vitro, which is why an effect of

CO, on the possible transformation of middle ear mucosa into a true cornifying

epithelium does not seemlikely.

Admittedly, our observation time was short, whereas in the clinical situation the

influence of a changed atmosphere can be muchlonger. In the various experiments N,

was additionally supplied, resulting in different concentrations of this gas, We have

assumed, however, that N, does not influence cell metabolism. Furthermore,it is possible

that, in contrast to ourim vitro experiment,the proliferation and differentiation of middle

ear epithelium in vivo can be influenced by several other factors in its near environment,

such as the underlying submucosa, or the presence of endotoxines”in case of infection.
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CHAPTERIV

THE EFFECT OF EXTERNAL STIMULI ON RAT MIDDLE EAR EPITHELIUM

IN CULTURE

~- EXTRACELLULAR OXYGEN CONCENTRATION.

HW Lutgert, PJ Bijlsma, CA van Blitterswijk, JJ Grote.

E.N.T. Department, University Hospital Leiden, The Netherlands

SUMMARY

Three experiments were performed in which rat middle earcp was exposed to
5, 10, and 21% O,, while the CO, concentration was held at 5%, Nitrogen was
additionally supplied. No differences in morphology could be detected by light and
scanning electron microscopy betweenthe results of the 10 and 21% O, experiments. At
the end of the culture period cells in the 5% O, culture showed a significantly larger
average cell area compared with the 10 and 21% O, cultures. All cultures showed
predominantly flat polygonalcells, occasionally covered with microvilli. Neither prolifera-
tion nor terminal differentiation of the epithelia was influenced by any of the three O,
concentrations. Since a 10% O, is probably present in the intact middle ear, and a
concentration of 21% is expected to occur after an ear drum perforation it may be
concluded that the results of this i vitro study suggest that physiologic changes in
atmospheric O, concentrations do not affect the morphology, proliferation, or terminal
differentiation of rat middle ear epithelium.

INTRODUCTION

The influence of the O, concentration on the proliferation and morphology ofcells of

various types has been extensively studied in vitro. Several authors observed enhanced

colony formation and proliferation rate of cultured cells if the O, concentration was

lower than the level in the open air, mainly between 5 and 10%.'* Brosemeret al.°
showed that cells originating from human cervical carcinoma, could be cultured in the

presence of sub-detectable concentrations of O,, although optimum growth wasobtained

between 10 and 35 %. In most of these experiments the CO, concentration was kept at

a level of 5%, and nitrogen was supplied additionally. These studies showed that cell

metabolism can be influenced in vitro by changing the oxygen concentration. Optimum

results were generally reached if the O, concentration approximated values occurring in

vivo, where the extracellular oxygen concentration is normally between 5 and 7% O,.° In

the experiments discussed here we investigated the influence of three oxygen

concentrations on serially cultured rat middle ear epithelium. The oxygen concentrations

used were 5, 10, and 21 %.
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In the first experiment we used 10% O, in combination with 5% CO, and 85% Ns,

which is approximately the same gas composition as that in the intact middle ear.”"° In
the second experiment the epithelium was cultured at 21% O,, 5% CO,, and 74%

nitrogen, which represents the gaseous environment normally used for culture

experiments in our laboratory.
A concentration of 21% O, resembles the oxygen concentration in the middle ear in

case of a drum membraneperforation or if a patent ventilation tube is present; however,

the carbon dioxide concentration would then have been 0.03%. In the third experiment

a concentration of 5% O, was introduced because in many of the reported culture

studies mentioned above, enhancedproliferation was observed at this concentration. Our

aim was to find out whether the morphology, proliferation, and terminal differentiation

of cultured rat middle ear epithelium would be influenced by these O, concentrations,

which may occur in certain clinical situations.

MATERIALS AND METHODS

Culture conditions: For this study we used serially cultured rat middle ear epithelium

from male Wistar rats (body weight ca. 200 g). The cultured middle ear epithelium was

of the fourth passage.

GROWTHCURVES
Oxygen Experiment
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Fig. 1: Growth curves of rat middle ear epithelium cultured at 21, 10, and 5% oxygen.
Statistical analysis revealed no significant differences.
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The thawed cells were initially plated on dishes (diameter 14 cm) with standard

medium and irradiated 3T3- feeder cells. The standard medium consisted of Dulbecco’s

Vogt and Ham’s F12 medium(3:1) supplemented with fetal calf serum(5%), hydrocortiso-

ne(0.4ug/ml), isoproterenol(10-6M), penicillin(100U/ml) and streptomycin(100ug/ml).

After confluence was reached, trypsin(0.5 ml) was added to the culture during 20-30

minutes, and the trypsinization process was stopped with soya trypsin inhibitor(1.0 ml).

The suspended cells were plated on Petriperm Hydrophil® dishes with a diameter of 6

cm, which have a gas permeable bottom.

Middle ear epithelium was plated at a density of 2x10*/cm? and 3T3 feedercells at a
density of 1.2x10'/cm*. The dishes were placed in Heraeus® incubators in which the
oxygen concentration was 5, 10, or 21%. The carbon dioxide concentration was 5%

except in exp.6, where 10% CO, was used. The culture time was two weeks and cells

were studied on days 1, 4, 6, 10, and 14. For each day three dishes were investigated for

each gas combination.

Cell counting: For cell counting cultures were rinsed in sterile phosphate-buffered

saline(PBS), and after trypsinization (0.5 ml trypsin, exposure time 20-30 min.), soya

trypsin inhibitor was added(1.0 ml). The suspended cells were counted in a Biirker

counting chamber.

Promotionofcornified envelopeformation: Cornified envelope formation of the suspended

cells was promoted and scored according to Rice and Green,’ using ionophore XS37A.

The percentage ofcells capable of creating cornified envelopes was determined on days

1,4, 6, 10, and 14 three cultures being used for each measurement.

Scanning electron microscopy: The material intended for scanning electron microscopy

was fixed in glutaraldehyde, the adhering cells on the dish surface were dehydrated,

critical point dried, sputtered with gold and studied in a Cambridge S$ 180 scanning

electron microscope.

Cytomorphometric study: For each culture dish 9 photographs were taken with the light

microscope at predetermined locations. On each photograph the morphology of20 cells,

also at predetermined locations, was objectivated with the aid of a digitizing X/¥ tablet

connected to an MOB computer,for calculation of the average cell size.

Statistical evaluation: Theresults of this experiment were statistically evaluated with the

ANOVAtest and Scheffé test (modified student t test), the level of significance was

taken at p<0.05.
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RESULTS

Growth curves and cornified envelopes

The rate of cell proliferation at an atmosphere containing 5, 10, or 21% O, is

expressed by the growth curves in Fig. 1. The cultures were started with 6.25x10° cells

on day 0, after which all curves showed a dip on day 1, because notall cells will survive

the momentof plating. The cultures grown at 5 and 10% O, showed a steady increase

in cell number, with a maximum on day 14. The growth curve of cells grown at 21% O,

reached its optimum on day 10 with a slight backfall on day 14. Statistical evaluation of

the three curves (Anova test) revealed nosignificant differences concerning the overall

results (p< 0.3064), the course of the curves in time(p<0.6889) or the end values on day

14(p<0.5360). Fig. 2 shows the percentage of cultured cells, grown at 5, 10, and 21% O,,

which formed cornified envelopes after Ionophore X537A was added to the medium,

All curves reached an optimum on day 6, when 70% of cells were able to create

cornified envelopes. After day 6 we saw a decline in terminal differentiation and on day

14 only 40% cornified envelope formation was recorded. Statistical evaluation of the

results revealed nosignificant differences between the three experiments.

The Influence of Oxygen on Cornified
Envelope Formation
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Fig. 2: Cornified envelope (C.E.) formation of rat middle ear epithelium culturedat 21,
10, and 5% oxygen.Statistical analysis revealed no significant differences.
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As well as the end values on day 14, as the course of cornified envelope formation in

time, was notstatistically different(P<0.9329). The values on day 14 were statistically

significantly lower than those on day 6 and 10 (p<0,0001).

Light and scanning electron microscopy

Confluence on the dish surface was reached in the 10 and 21% culture on day 6, and

in the 5% material on day 10. All cultures showed monolayers of predominantly flat

polygonal cells. The size of the cultured cells varied considerably, fields of very small

cells were intermingled with groups of larger cells(Fig. 3). Especially after day 10 this

difference in cell size within the same culture became pronounced. Cornified envelope-

like structures could be seen above the plane of cultured cells, and were generally

located in the vicinity of cells with a relatively larger cell area (Fig. 3); they were found

in all of the cell cultures. Scanning electron microscopy showed the extremely flat

appearanceofthe cultured cells and their polygonal size, especially after confluence was

reached (Fig. 4). Cells with and without microvilli were seen, the latter seemed to be

clustered between larger cell areas without this feature. The presence of cornified

envelopes was easily detected with the scanning electron microscope and they were found

in all cultures (Fig. 5).
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Fig, 3: Light-microscopic picture of cultured rat middle ear epithelium at 10% O,,
displaying the variation in cell size within the same culture, Vesicle like structures
(arrows) are seen probably representing cornified envelopes.
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Fig. 4: Scanning electron microscopic picture of middle ear epithelium underscoring the
flat appearance and polygonal shape.
Fig. 5: An example of spontaneously formed cornified envelopes.

Cytomorphometric results

In Fig. 6 the average cell-areas of the three culture experiments are plotted. The

course of the 10 and 21% curvesis almost the same,i.e. in both experiments an increase

in cell area was seen on day 4, followed by a decrease in cell area continuing until day

10. The 5% culture to the contrary, displayed a constant increase in cell area with time.

Statistical analysis revealed that the average cell size on day 14, in the 5% culture was

significantly larger than that in the 10%(p<0.0042) and 21% (p<0.0001) cultures. The

morphometric results of the 10 and 21% cultures showed no significant differences

(p<0.2860).

DISCUSSION

Somedifferences in morphology were found between the 5% culture on the one hand

and the 10 and 21% cultures, considered as one group, on the other. In the latter group

confluence was reached on day 6, whereas this phenomenon was observed in the 5%

culture on day 10. Furthermore, the average size of cells grown at 5% on day 14, was

statistically significantly larger than the average cell size of the 10 and 21% experiments

on that day. Apart from these differences, all cultures showed cells predominantly

polygonal in shape, with considerable variation in cell size. These morphological

characteristics did not change on days 10 and 14.
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Fig. 6: *) fuerage cell area on day 14 of the 5% OQ,cultureis statistically significantly
larger compared to those in the 10 and 21% O, cultures.

Scanning electron microscopy underscored the extremely flat appearance of the cells,

and revealed the presence of microvilli. Cornified envelopes were found, indicating that

in vitro the middle ear epithelium can display spontaneous terminal differentiation.

These cornified envelopes have been described by others, and were found in all three

experiments.
The degree of terminal differentiation was not altered in cultures grown at the oxygen

concentrations of 5, 10, or 21%, It is not clear why a backfall in cornified envelope

formation occurred in all experiments on day 14. Van Blitterswijk et al., who performed

similar studies, saw a maximum degree of terminal differentiation of 100% after 10 days,

which remained constant even after 28 days.” This might be explained by the addition

of HEPESto the growth medium in our experiment, to increase the buffer capacity.

HEPES can exhibit cell toxicity at concentrations higher than 40mM, we used a

concentration of 20mM in our medium but its potential toxicity must be taken into

consideration.

A study similar to this O, experiment was performedin our laboratory with changes

in the CO, concentrations, the percentages used were 0.03, 5, and 10%.'° This study did

not reveal a significant influence of CO, on the terminal differentiation of cultured

middle ear epithelium. In sum, nocorrelation was found between changes in the O, or

CO, concentration and the degree of terminal differentiation of the epithelium.
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The oxygen and carbon dioxide concentrations under study can occur in the middle

ear, for instance in case of a tympanic membraneperforation.

There are of course, many other factors in vivo which can influence the middle ear

mucosa in cases with a defect of the tympanic membrane, like a changed aeration,

temperature or lowered humidity of air in the middle ear. In contrast to extracellular

CO, and O,, extracellular variation in the calcium concentration mayeffect the terminal

differentiation of middle ear epitheliumin vitro, as was demonstrated by van Blitterswijk

et al." The calcium concentration may fluctuate in case of otitis media due to
osteoresorption and osteodeposition.

Concerning the proliferation rate it becameclear that nostatistical differences could

be found between the cultures grown at 5, 10, and 21% oxygen. Many publications

reported that a variety ofcells will display an increased proliferation rate at relative low

oxygen concentrations ranging between 2.5 and 7.5%.'> However, at 5% O, we did not

observe an influence on the proliferation rate if compared with the 10 and 21% cultures.

The role of CO, may be more important, because our previously mentioned CO,

experiment showed that proliferation rate was statistically significantly reduced

(p<0.0001) at an atmosphere containing 0.03% CO, and 21% Oj. Also the morphology

of the cultured middle ear epithelium wasdifferent if grown at 0.03% CO,, compared

to the 5 and 10% CO, cultures. At 0.03% CO, many cells did not display a polygonal

shape, and the average cell size wassignificantly enlarged (p<0.0001) compared to the

other cultures.

Thus it may be concluded that the oxygen concentrations used in this study i.e. 5, 10,

and 21%, did not influence the proliferation, morphology, or terminal differentiation of

cultured rat middle ear epithelium significantly. In this context the influence of carbon

dioxide seemed to be much more important, especially with respect to the morphology

and proliferation rate of middle ear epithelium invitro.
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CHAPTER V

THE INFLUENCE OF EXTRACELLULAR OXYGEN AND CARBON DIOXIDE ON

MIDDLE EAR EPITHELIUM OF THE RAT IN CULTURE

- A CYTOMORPHOMETRIC STUDY-

HW Lutgert, CA van Blitterswijk, PJ Bijlsma, JJ Grote

E.N.T. Department, University Hospital Leiden, The Netherlands

SUMMARY

The effect of changes in the O, and CO, concentrations on growth and morphology of
middle ear epithelium of the rat was studied. The CO, concentrations used were 0.03%,
5S, and 10% with O, at a constant level of 21%. In the following experiment O,
concentrations were 5, 10, and 21%, the CO, concentration was kept at 5%in the 5 and
10% O, cultures, and 10% in the 21% O, culture. The morphometric study was done
with a digitizing tablet. Epithelium cultured at 0.03% CO, displayed the moststriking
changesin growth and morphology,e.g. cell number was reduced andthe average cell
area was significantly enlarged. This CO, concentration is present in the middle ear in
cases with a tympanic membrane perforation. The influence of carbon dioxide on middle
ear epithelium in vitro seemed to be more important than oxygen.

INTRODUCTION

In this study we have investigated the possible influence of shifts in the extracellular

carbon dioxide and oxygen concentrations on growth and morphology of cultured rat

middle ear epithelium. The normal and intact middle ear probably has a gas compositi-

on, of about 5% CO,, 10% O,, and 85% N,, which differs from that of the ambient

atmosphere ie.; 0.03% CO, and 21% O,.'* In cases with a tympanic membrane

perforation,it is conceivable that the O, and CO, concentrations will resemble those of

the outer air. Some authors have reported the possible influence of a changed gaseous

environment on the morphology of the human middle ear in vivo.® The effect for

instance of grommets in cases of otitis media can be partially explained this way.*

Culture studies on different types of epithelia showedthe influence of oxygen on cell

metabolism invitro.”'° The effect of CO, has hardly been investigated except in some

explantstudies on adenoid tissue and respiratory epithelium.''” These studies showed
that CO, may have an effect on the behavior of certain epithelia. Recently, we reported

successively on the effect of CO, and O, on the proliferation and terminal differentiation

of middle ear epithelium of the rat in culture.°
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Especially the effect of a lowered CO, concentration (0.03%) on proliferation became

evident fromsignificant reductionin the proliferation rate, Terminal differentiation was

not significantly influenced by CO, concentrations of 0.03, 5, and 10%, or O,

concentrations of 5, 10, and 21%. In the study reported here we evaluated and compared

the effect of changes in both CO, and O, concentrations by morphometric examination

of the cultured middle ear epithelium.

MATERIALS AND METHODS

Culture conditions: Middle ear epithelium of male Wistar rats(body weight ca.200 g) was

brought into cultivation."* This epithelium wasoriginally obtained from outgrowths of
explants, brought into serial cultivation, and later stored in liquid N,. The cells were

plated at a density of 2x10* per cm* in combination with lethally irradiated 3T3 feeder

cells(1.2x10* per cm? ).The culture medium consisted of a mixture of Dulbecco‘s Vogt

and Ham's F12 medium(3:1) supplemented with fetal calf seram(5%), hydrocortiso-

ne(0.4ug/ml), isoproterenol(10-6M). penicillin(100U/ml), and streptomycin(100ug/ml).

Epidermal growth factor(10ng/ml) was added on the fourth day. The culture medium

was renewed twice a week. To create sufficient buffer capacity, we added

HEPES(20mM)and NaHCO,(0,.85g/1) to this standard medium.Inall experiments the

cells were cultured in Petriperm Hydrophil® dishes (diameter 6 cm.) which have gas-

permeable bottom, The dishes were placed in Heraeus® incubators in which the gas

conditions could be controlled in a water-saturated atmosphere. In the first set of

experiments, epitheliumwas cultured at three CO, concentrations,i.e., 0.03, 5, and 10%,

The oxygen concentration was kept at 21% (Table 1). In the second set of experiments

cells were exposed to three ©, concentrations, 5, 10, and 21%.

The 9 photographed locations on the
culture dish

 
Fig. 1; Location 1 represents ring @. Locations 2,4,6, and 8 represents ring J.
Locations 3,5,7, and 9 represents ring 2.
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The CO, concentration was 5% except in exp.6 where 10% CO, was used, because one

of the three incubators could only operate at this concentration. This last experiment also

served as a control experiment, since the gas composition was the sameas that used in

experiment 3 of the CO, study (Table 1). There was a time lapse of about one year

between the two culture studies. Nitrogen was additionally supplied in all experiments.

Table I. Gas concentrations used in the culture experiments

CO, % O, %
Experiment | 0.03 21
Experiment 2 3 21

Experiment 3 10 21

Experiment 4 5 5
Experiment 5 5 10

Experiment 6 10 2]

The culture time was two weeks andcells were studied on days 1, 4, 6, 10, and 14. For

each day three dishes were investigated per gas combination. ‘The cultures were rinsed

in phosphate-buffered saline(PBS), fixed in 1.5% glutaraldehyde in sodium cacodylate

buffer (4°C, pH 7.4, 0.14 M) for two hours. Another rinse in PBS was followed by

staining with toluidine blue and the epithelium was dried by exposure to the air, before

examination with a light micrascope.

Morphometric study; For each culture 9 photographs were taken of 9 predetermined areas

at a magnification of 100 times (see Fig 1). On each photograph the morphology of 20

cells, also at fixed locations, was determined with the aid of a digitizing X/Y tablet

connected to an MOB computer, so that average cell size and cell shape could be calcu-

lated. The cell shape was expressed as the so-called form factor, ranging from 0.00 to

1.00. In this context form factor 0.00 stands for a straight line, and 1.00 for a perfect

circle, so the more closely a cell approximated 1, the more the cell shape resembled a

circle. Besides the morphometric study we also counted the absolute numberofcells on

each photograph. This madeit possible to obtain growth curves for each culture.

‘The results were also analyzed in relation to location on the culture dish. As indicated

for Fig. 1, Photograph 1 was taken in the center(ring 0), Phots. 3,5,7, and 9 between the

center and periphery (ringl) and Phots. 2,4,6, and 8 at the periphery (ring 2). The

average values of rings 0), 1, and 2 were calculated and compared.

Statistical evaluation: The results of this experiment were evaluatedstatistically with the

ANOVAtest and Scheffé test (modified student’s t test), and the level of significance

was set at p<0.05.
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Influence of Carbon Dioxide on Rat

Middle Ear Epithelium in Culture

Gell Number
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Fig. 2: The 0.03% CO, growth curve showed statistically significantly lower cell number
compared to the 5 and 10% CO, growth curves during the culture period of two weeks.

The Influence of Oxygen on Rat
Middle Ear Epithelium in Culture
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Fig. 3: *) The cell number on day 14 in the 5% O, experimentis statistically significantly
lower than that in the 10 and 21% experiments,
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RESULTS

General morphology

In all experiments the cell cultures were composed of flat polygonal cells, a multi-

layered epithelium was not observed. Confluence on the dish surface was generally

reached between days 6 and 10. The 0.083% CO, culture displayed a different

morphology, most of the cells were larger than those in the 5 and 10% CO,cultures, and

the difference in cell size within the culture was more pronounced in the 0.03% CO,

experiment. The O, experiments did not reveal any distinct morphological differences

except on day 14. Onthat day the 5% O, culture showed, larger cells compared to those

in the 10 and 21% cultures. All cultures displayed structures probably representing

cornified envelopes, which were situated above the plane of the epithelium and were

mostly related to areas with larger cells.

Growth curves

Thecells on each photograph were counted, the results are shown in Fig. 2 and were

consideredas a basis for growth curves. The growth curve ofthe 0.03% CO, experiment

lies at a lower level than that of the 5 and 10% curves(Fig. 2). Statistical analyzes

showed that this difference in cell number was significant(p<0.0001) from the first day

on and remained so throughout the culture period. No significant differences were found

between the 5 and 10% CO, curves(p< 0.4953). The course of the three curves in time,

and the relative increase in cell number did not differ statistically. The growth curves of

the O, experiment(Fig. 3) show a steady increasein cell numberin all three experiments

up to day 6. However, the 5% O, culture deviated from day 6, by a decrease leading to

a lower cell number on day 14 comparedto the 10 and 21% O, cultures. The overall

results of the three curvesare notstatistically different(p < 0.1577), but the end result of

the 5% culture on day 14 differed significantly compared to the 10 and 21% O, experi-

ments(p < 0.0090, p<0.0070, respectively).

Cell number related to the location on the culture dish

In Fig. 4 we see the 0.03% CO, growth curve subdivided according to the three rings

Q, 1, and 2. An increase in cell number occurred in all three rings but on days 4 and 14

ring 0 showeda significantly higher cell number comparedto rings 1 and 2. Concerning

the S and 10% cultures an increase in cell number occurred in rings 1 and 2, and a

decrease at the center, or ring 0.
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In the O, cultures, as in most CO, cultures, there was also an increase of cell number

in the periphery(rings 1 and 2) and a decrease or stabilization of cell number in the

center(Fig. 5). In general, nostatistical differences were found when the overall results

of the individual rings were compared.In all experiments (CO, and O,), however, values

differed significantly between the three rings on one or more days.

Cell area

The average cell area of the 0.03, 5, and 10% CO, cultures is shownin Fig. 6. The cell

area of the 0.03% CO, culture wasstatistically significantly larger compared to the 5 and

10% experiments (p<0.0001), for both, the overall results and the end result on day 14.

The difference in cell size was already present on the first day but increased in time.

Fig. 7 showsthe results of the O, experiment. The curves of the 10 and 21% O, cultures

are almost identical, in both experiments a maximumin cell area was reached on day 4

after which cell size decreased up to day 10. The 5% curve shows, however, an increase

in cell size from day 6, which gave a significantly larger average cell area on day 14

compared to the 10 and 21% cultures (p<0.0042 and p<0.0001, respectively), No

significant differences were found between the 10 and 21% cultures(p<0.2860).

Growthcurves at 0.03% Carbon Dioxide
Distribution of cells
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Fig. 4 : Subdivision of the 0.03% CO, growth curve into rings 0, 1, and 2.
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Growthcurves at 20% Oxygen
Distribution of cells
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Fig. 5 : Subdivision of the 20%O, i ifel aber hee teed S» growth curve into rings 0, 1, and 2. Note the increase

The Influence of Carbon Dioxide on

Cell Area
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Fig. 6 : *) The averagecell area of the 0.03% CO, cultureis statisti signifi. ; 2 sticall
during the 14-day period as compared to that inthe 5 and 10% CO,cu —/mene
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Cell area in relation to the location on the culture dish

The increase in cell area seen in the 0.03% CO, cultures, was evenly distributed over

the dish surface, The enlargement ofcell size occurred to the same degreein all three

rings (p<0.4826). In contrast to the 0.03% experiment, we saw in both the 5 and 10%

CO, cultures that enlargementof average cell size was a continuousprocess in the center

(ring 0), whereas in rings 1 and 2 cell size decreased after day 4 (Fig. 8). Concerning the

statistical evaluation of the three rings, the same conclusions can be drawn as for the

growth curves: no significant differences if the overall values of the 5 days were

compared for each ring. But on some days significant differences were noted, as, for

instance, on days 4 and 6 of the 10% CO,culture(Fig. 8).

As was the case for the 0.03% CO,culture, we found that the steady increase in cell

area of the 5, 10, and 21% O, cultures was due to enlargement of cells distributed

evenly over the dish surface.

The Influence of Oxygen on
Cell Area
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Fig. 7 : *) Average cell area on day 14 of the 5% O, culture is significantly larger
compared to that in the 10 and 21% O),cultures.
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Cell shape

As mentioned under materials and methods, the average cell shape could be calculated
with the MOB computer, and was expressed in whatis called the form factor, ranging
from 0,00 to 1.00. Form factor 0.00 represents a straight line and 1.00 a perfectcircle.
The average cell shape of the CO, culture is shown in Fig. 9. The 0.03% CO, curvelies
al a lower level. Statistical analysis showed that the average form factor of the 0.03%
experimentwassignificantly lower than that of the 5 and 10% CO, curves(p<0.0017 and
p<0.0056, respectively), Between the 5 and 10% CO, cultures we found no significant
differences (p<0,.6429) in the form factor. The same holds for the O, experiments,since

no significant differences were found.

Control experiment

Experiment6 in the O, study served as control, because the same gas concentrations
were used as in Exp. 3 of the CO, study. Both cultures showed confluence on the dish
plate after day 6, and the average cell shape was identical in both experiments.

Cell area related to the location on the

culture dish at 10% carbon dioxide
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Fig. 8: Ring 0 displays a different course of the enlargementofcell area comparedto
Tings 1 and 2 in the 10% CO,culture.

101



Cell numberreached a steady state in both experiments after day 6, but in Exp.6 cell

number was higher with, consequently, a smaller average cell size compared to Exp.3.

Statistical analysis showed that these differences were significant(p < 0.1430).

DISCUSSION

We looked for any influence of extracellular CO, and QO, on the morphology of

cultured middle ear epitheliumofthe rat.'’ These two gasses were investigated separately

and at least some of the gas combinations used are bound to occur in the clinical

situation. For instance, Exp. 5 (9% CO, and 10% O,) is the gas combination which

probably represents the gas combination in the intact middle ear, whereas Exp. 1 (0.03%

CO, and 21% O,) is expected to occur in cases with a tympanic membrane perforation’?

A concentration of 0.03% CO,led to an altered morphology, which was confirmed by

the morphometric study. Cells became extremely large compared to those in other

cultures. Cell number was significantly lower at 0.03% CO), which could be observed

from the first day on. Since all cultures started with the same cell number, we must

conclude that fewer cells survived or became attached to the culture dish on the first day

under 0.03% CO, conditions.

Influence of Carbon Dioxide on
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Fig. 9: *) The 0.03% CO, culture displayed a statistically significantly lower form factor
than those of the 5 and [0% CO, cultures.
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The increase in cell number during the remainder of the culture time did not differ

statistically from that with the 5 and 10% CO,cultures, which suggests that proliferation

itself was not influenced by the lowered CO, concentration. This is in contrast with

findings in earlier studies® where the growth curves (based on trypsinization of the

culture and cell counting in a Biirker chamber) revealed that the proliferation retarded

at 0.03% CO,.

Furthermore, the 0.03% culture did not show confluence of cells even after 14 days,

in contrast to the 5 and 10% CO, cultures, showing confluence from day 6 on, An

explanation might be that the nine photographs did not accurately represent the actual

cell number on the dish plate, but gave an overestimation of the cell number for the

0.03% CO, experiment.

The set of oxygen experiments showed less marked changes in morphology. If we

consider an O, concentration of 10% as normal'* then anelevation to 21% did not

influence either the morphology or the proliferation rate of the epithelium. In contrast

to cultures of cells of other types, e.g., amniotic fluid”® cells or fibroblasts,’ a lower

oxygen concentration of 5%,did not lead to enhancedproliferation rate. On the contrary,

at 5%O, the proliferation decreased after day 6 and cell size simultaneously increased.

This resulted on day 14in a statistically significantly lower cell number and larger cell

area compared to the 10 and 21% O, cultures. The effect of 5% O, on the proliferation

rate can be compared with the growth retardation of humankeratinocytes cultured at 5%

oxygen,"
Enlargement of cell size was found in keratinocyte cultures to be closely related to

cornified envelope formation and terminal differentiation.'*“The process of terminal

differentiation will lead in vivo to cell death and the formation of a stratum corneum’

Ourearlier studies® showedno such correlation in cultured middle ear epithelium of the

rat, since the increase in average cell size of the 0.03% CO, or 5% O, cultures, did not

lead to increased cornified envelope formation.

Except in the 0.03% CO, experiment, the morphology of cultured middle ear

epithelium closely resembled the keratinocyte culture when performed under the same

conditions," In both cases flat polygonal cells with cornified envelopes lying above the

plane of the monolayer were observed." Such cornified envelopes indicate that middle

ear epithelium can display spontaneous terminal differentiation i vitro.

Concerning the calculated average formfactor we saw in all cultures that the lowest

values occurred on day 1, probably due to the presence of the very irregular 3T3 feeder

cells. Most cultures showed from day 6 on, an epithelium with regular polygonal cells and

no differences in form factor were found except for the 0.03% CO, culture. The large

cells of that culture varied in morphology and led to statistically significantly lower

form factor compared to the other cultures.
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Because the cultures were consistently studied from center to periphery, we could find

out whether certain phenomena had a relation to the location on the dish surface.

Generally, on day 1 we observed, the highest cell numberin the center, possibly due to

the handling (swirling) of the culture dish and underscores the importance of

examination of the entire culture.

There was a time lapse of one year between the two studies, and Exp. 6 of the O,

study could serve as control experiment, because the same gas concentrations were used

as in Exp. 3 of the CO, study. Both cultures showed regular polygonal cells with no

differences in average cell shape, However Exp.6 displayed significant differencesin cell

number and cell size, indicating a possible difference in culture conditions. For this

reason, the results of the CO, and O, studies were not compared. A shift in the CO,

concentration from 5%(Exps. 4 and 5) to 10% (Exp. 6) within the oxygen study was not

considered to have influenced the cell cultures. This assumption was made because the

carbon dioxide study revealed no differences in cultures grown at 5 and 10% CO,in

combination with 21% O,.

CONCLUSION

The morphology and growth of middle ear epithelium in culture is influenced by

changes in the extra-cellular CO, concentration to a level, that will occur im vive in case

with a tympanic membrane perforation. The results of this study also indicated that a

reduced O, concentration of 5% mayled to less optimal culture conditions. In earlier

studies we found no changein termina] differentiation of middle ear epithelium cultured

under the gas conditions used in this experiment, which means that the changes in

morphology and proliferation rate were not correlated with a change in the terminal

differentiation.
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CHAPTER VI

PRIMARY ACQUIRED AND RECURRENT CHOLESTEATOMA VERSUS

RESIDUAL CHOLESTEATOMA

HW Lutgert, CA van Blitterswijk, JJ Grote

E.N.T, Department, University Hospital Leiden, The Netherlands

SUMMARY

A comparative morphological study was performed between the primary acquired and
recurrent cholesteatoma on the one hand and the residual type on the other. Between
these two poups of cholesteatomas, one can distinguish differences in the pathogenesis
and clinical features which may have therapeutic implications. This study, based onlight-
and electron microscopy, revealed no essential differences in morphology between the
two groups of cholesteatoma.In particular, infiltration of matrix into subepithelial tissues
could be found in cholesteatoma both with and without signs of inflammation or
infection in the perimatrix, and this phenomenon could be applied to both types of
cholesteatoma. This morphological uniformity suggests that the differences in clinical
features and pathogenesis should not influence the otologist’s choice of therapeutic
approach. The results of this study emphasize the pores of removing as much as
possible of the adjacent tissues during eradication of the cholesteatoma, regardless of
clinical type of cholesteatoma orsigns of infection

INTRODUCTION

Until the middle of this century, most cases of cholesteatoma were treated surgically

either by radicalization or by transmeatal attico-antrotomy. In the 1950’s, however, the

intact canal wall technique or combined approach was introduced to preserve as much

as possible of the hearing system and to avoid the problems associated with a non-self-

cleaning cavity. The introduction of this new technique led to a new clinical type of

residual cholesteatoma. Such residual cholesteatomas originating from a remnant of

incompletely removed cholesteatoma matrix often develop behind an intact ear drum

without evidencing signs of clinical infection or inflammation.' At present, five clinically

distinct types of cholesteatoma are distinguished :

1) The primary acquired type, comprising cholesteatomas associated with a history of

recurrent subacute middle ear infection. Induced proliferation of basal cells of

Shrapnell’s membrane is considered as the pathogenesis of these cholesteatomas.

Clinically, a small attic perforation can be seen, via which the cholesteatoma

communicates with the external ear canal.”
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2) The secondary acquired cholesteatomais associated with an acute necrotizing otitis

media, leading to a posterosuperior perforation. Also, chronic functional obstruction of

the Eustachian tube with subsequent retraction pockets in the posterosuperior or attic

region can cause this type of cholesteatoma."
3) The congenital cholesteatoma, which is considered to be the result of embryonic

inclusion of squamous epithelium and develops behind anintact ear drum.*

4) The residual type, defined as an outgrowth of incompletely removed epithelium

(matrix), occurring after attempted eradication of the lesion, mostly behind an intact ear

drum."
5) The recurrent cholesteatoma, which originates from retraction pockets of the ear

drum into the middle earcleft, generally after cholesteatoma surgery has been performed

with a canal wall-up technique.'

Cholesteatoma after acute necrotizing otitis media and the congenital cholesteatoma

are seldom seen and will not be discussed in this paper. Between the primary acquired

and the recurrent cholesteatomas on the one hand and the residual type on the other,

there are differences in the clinical features and the pathogenesis, as follows. First, the

primary acquired and the recurrent cholesteatomas are continuous with the epidermis

of the ear drum and the external ear canal, whereas the residual type has no direct

connection with the existing epidermis. Secondly, the primary acquired and recurrent

types are in direct contact with the external environment or the open air, whereas the

residual type develops behind an usually intact ear dram. As many studies have

indicated, the gas composition in the middle ear may differ from that of the open air,

especially as to the proportions of CO, and O.,°° Third, the primary acquired and

recurrent cholesteatomas arise due to active ingrowth of epidermis into the middle ear

cleft. Chronic middle ear infections and tubal dysfunction are considered to be causative

factors.”* The residual type probably represents nothing more than an outgrowth of

incompletely removed cholesteatoma matrix, often occurring in a non-infected

environment. The differences in the pathogenesis and clinical features of the primary

acquired and the recurrent cholesteatoma on the one hand and the residual type on the

other raises the question as to whether different approaches to treatment are required.

Since the answer to this question may lie in the histological and morphological

appearancesof the particular cholesteatoma, we attempted to define the morphology of

each of the clinical types of cholesteatoma objectively by light and electron microscopy,

MATERIALS AND METHODS

Ninety cholesteatomas were obtained during surgery. Classification of the material
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according to primary acquired,recurrent, or residual types was based on the case history

and clinical findings.

Table I. Age and sex distribution (N=70)

Age group in years

 

 

Type of
Cholesteatoma N Male Female Q-15 15-45 >45

Primary acquired 21 13 8 4 10 7

Recurrent 21 16 5 4 13

Residual 28 15 13 4 20 4
 

In this paper use is made of the terms matrix and perimatrix as defined by Lim?

Matrix refers to the cornifying epithelium itself and perimatrix to the subepithelial

tissues. Twenty specimens were excluded because no matrix tissue was present; the

material consisted of keratin masses and granulation tissue, indicating anorigin from a

cholesteatoma or epidermis, but a histological diagnosis could not be made. The other

70 specimens wereclassified as indicated in Table I.

All cholesteatomas were studied by light microscopy andfive specimensof each group

by transmission electron microscopy. Samples reserved for light microscopy were fixed

immediately in a 1.5% glutaraldehyde solution in sodium cacodylate buffer (4° C, pH_7.4,

0.14 M) for 16 h. After dehydration and celloidin treatment, the tissue was embedded

in paraffin wax. Tissue section were cut 7um thick and stained with hematoxylin-eosin.

For transmission electron microscopy the specimens werefirst fixed as for light

microscopy and then rinsed with phosphate-buffered saline (ph 7.4), incubated in a 1%

O,.O, PBS solution at room temperature for 30 min, dehydrated in graded alcohol

series, and then embedded in Epon. Ultrathin sections were stained with uranyl acetate

and lead citrate, and examined with a Philips EM 201 electron microscope.

RESULTS

General morphology

The gross morphological appearance showedthe following features. Only a few of the

specimenshad theclassic pearl-like appearance,presenting a closed round sac composed

of a thin matrix and perimatrix covering cornified debris’ (Fig. 1A).
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Six cholesteatomas of this type were seen, all in the residual group. Most of the other

cholesteatomas showed an open lobed sac of matrix surrounded by subepithelial tissue

(perimatrix) |’ (Fig. 1B).

Matrix

The thickness of the matrix was measured light microscopically, the number ofcell

layers being counted from the stratum basale up to the stratum granulosum. Individual

cells of the granularcell layer can no longer be distinguished by light microscopyin this

phase. A matrix was considered thin when the numberofcell layers of the stratum basale

and stratum spinosumdid not exceed five. Intermediate thickness was taken as 5 to 15

cell layers, and thick as a matrix with more than 15 cell layers. As a reference, we took

the skin of the external ear canal, where the numberof cell layers forming the matrix

ranges between S and 15. Thickness varied widely within cholesteatomas(Fig. 2), and

each specimen showed at least two of the above-mentioned categories of matrix.

According to our standards there were nodifferences in thickness of the basal layers of

the three types of cholesteatoma (Table I).

The four cell layers of the matrix,i.e., the strata basale, spinosum, granulosum, and

corneum will be discussed separately. In general, the morphology of all types of

cholesteatoma was rather similar, and therefore no distinction will be made between the

three types in the discussion of the results unless otherwise mentioned.

Basal layer: The cells of the basal layer were squamous, cuboidal, or cylindrical and the

morphology varied within the same cholesteatoma. Most of the specimens showed at

least two types of basal cells, mainly squamous and cuboidal. These cells generally

occurred in a matrix with no more than 15 cell layers. Cylindrical cells were seldom seen

in matrices with less than five cell layers(Table IL). Locally in specimens with a thin

matrix, squamouscells occurred in both the stratum basale and spinosum, which made

it impossible to distinguish between these two layers light microscopically. Transmission

electron microscopy(TEM) revealed that the cells of the basal layer were attached to the

basal lamina by hemi-desmosomes, whereas the intercellular contact with the spinosal

layer occurred via normal desmosomes. These desmosomes were rarely found between

the basal cells themselves. Many pseudopodia were seen, especially among cuboidal and

cylindrical cells. As a rule the basal lamina wasintact, but locally, basal cells extended

small finger-like protrusions into the perimatrix, and at such sites the basal lamina

seemed to be disrupted. The cytoplasm of the basal cells contained bundles of

tonofilaments, free polyribosomes, and occasionally mitochondria.

Spinosal layer: The cells of the spinosal layer can be readily distinguished from the other

layers by their intercellular processes which are interconnected by numerous

desmosomes, as was shown by TEM,
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The cytoplasm had no special features distinguishing it from that of the basal cells.

Tonofilaments seemed to be more abundant and tended to be more often aggregated

into bundles which converged and terminated in the desmosomes. In the uppermost

spinosalcell layers, Odland bodies were seen close to or fusing with the cell membranes

adjoining the stratum granulosum.

Table IL. Thickness of matrices of the clinically differing cholesteatoma

 

 

 

Type of Cholesteatoma + ++ +++ Total

Primary Acquired 6 6 9 21

Residual 12 2 7 21

Recurrent 12 3 13 28

Grading:
= thin and intermediate matrix(1-5 and 5-15 cell layers resp.)

++=intermediate and thick matrix(S-15 and > 15 cell layers resp.)
+++ = all three types of matrix(thin, intermediate and thick) present.

Occasionally, Langerhans cells were identified; these cells were not linked to other

cells by desmosomes. The cytoplasm was more electrolucent than that of surrounding

cells of the spinosal layer and contained “tennis rackets" and "rod-shaped" structures.”

No tonofilaments were seen in the cytoplasm of the Langerhanscells.

Granular layer: The granulosum cells were identified by the presence of kerato-hyalin

granules, visible by both light and electron microscopy. The cells were flattened and lay

parallel to the surface. The occurrence of kerato-hyalin granules seemed to beclosely

associated with the dense clusters of tonofilaments.

Initially, the appearance of the cell membranes seemed to be normal, but gradually

there emerged an electron-dense layer in close association with the cell membrane,

forming the cornified envelope at the transition to the stratum corneum (Fig.4). 8 The

size of the kerato-hyalin granules increased and the normalcell contents disappeared.

Stratum corneum: This layer is characterized by dead squamous cells with a clear

cornified envelope. The kerato-hyalin granules had vanished and the cells werefilled

with amorphous material showing a reticular pattern.

Perimatrix

The subepithelial tissue or perimatrix was examined with special attention for signs of

infection or inflammation. TEM showed that the perimatrix of non-infected or non-

inflamed cholesteatomas was composed predominantly offibrocytes and an abundance

of collagen and reticular fibers in the intercellular spaces.
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Areas of inflammation generally showed an infiltrate containing round cells, ie.,

clusters of lymphocytes, plasmacells, or macrophages, and/or combinationsofthese cell

types. Polymorph nuclear leukocytes indicating an acute infection were seldom seen.

Round cell infiltration was observedin all three types of cholesteatoma but, as Table IV

shows, inflammation was seen more often in primary acquired and recurrent

cholesteatomas than in the residual type. Cholesterol granulomas characterized by the

typical needle-like clefts and surroundedby heavily infiltrated granulation tissue were not

seen frequently (Table V).

In our material we were always able to identify giant cells in the immediatevicinity

of the cholesterol clefts, but such cells were also detected in the absence of cholesterol

granulomas. In a few cases a single or double layer of squamous or cuboidal cells

covered the perimatrix and probably represented the middle ear mucosa. In most of the

specimens, however a middle ear mucosa could not be recognized either light or electron

microscopically. Ingrowth of matrix into the subepithelial tissues was studied too, e.g.

papillary projections of the basal layers(Fig. 2) (strata basale and spinosum) and/or

invasion of the perimatrix by the entire matrix. To establish correlation, if any, between

signs of ingrowth of the matrix and the presence of inflammation in the perimatrix, we

recorded cases of concurrence (Table IV).

 
Fig. 1(A) Cholesteatoma presenting as a round, closed sac filled with epithelial debris,
seen only in the residual group.
Fig. 1(B) Cholesteatoma showing an open, lobed sac, surrounded by perimatrix seen in
all three types of cholesteatoma (1) matrix, (2) perimatrix, (3) keratin.
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Fig. 2. Matrix (1) of cholesteatoma showinginfiltration in perimatrix (2) and variation
in thickness of matrix(arrows).

 Fig.3. Whorl formation in cholesteatoma matrix.
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Table IL. Distribution ofmorphological types ofbasalcells, in relation to thickness of matrix
and type of cholesteatoma

Numberofcell layers in matrix

 

 

 

Prim. Acquired Recurrent Residual

Type of basal cell
1-5 5-15 >15 1-5 5-15 >15 1-5 5-15 >15

Squamous 1S (6.0 oneal 21 4 O

Cubical 10 12 4 1316 4 13, 2183

Cylindrical LO? ieee Zane
 

Twelve out of 31 cholesteatomaswith an inflamed perimatrix had aninfiltrative matrix,

but nine specimens showed papillary projections or infiltration in a non-inflamed

environment. These phenomena were seen in the group of primary acquired and

recurrent cholesteatomas and in the residual group. In some specimens with or without

proliferation of basal layers, whorl formation was seen locally (Fig. 3). The cells of the

basal and spinosa] layers were now arranged circularly, and thus disrupted the norma]

structure of the matrix.

Table IV. Distribution of inflamed cholesteatoma and occurrence of invasive matrix in
relation to type of cholesteatoma and inflammation

 

Perimatrix

Type of
Cholesteatoma Inflamed Non-Inflamed Absent

Primary Acquired 15 (3) 6 a) ‘

Recurrent 9 (4) 9 (4) 3

Residual! 8 (5) 16 (4) 4

Total 32 (12) 31 (9) 7
 

Values within parentheses are numbers of cholesteatoma showing papillary projections
or invagination of complete matrix in perimatrix.

Sells with kerato-hyalin granules or signs of keratinization were not found within these

whorls, which occurred in one primary acquired, two recurrent, and two residual

cholesteatomas. The perimatrix of each of them was inflamed.
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Table V. Cholesterol granuloma and occurrence of giant cells in the various types of
cholesteatoma.

 

Type of Cholesteatoma Cholesterol Granuloma Giant Cells

 

Primary Acquired 3 5

Recurrent 1 4

Residual 2 5

Total 6 14

DISCUSSION

A comparative study on the morphology of primary acquired and recurrent

cholesteatoma on the one hand and of the residual cholesteatoma on the other has to

our knowledge not been performed before. We wanted to find out whether the

differences in the pathogenesis and clinical features of these two groupsof cholesteatoma

could have therapeutic implications, especially because the residual cholesteatomais not

caused by an active ingrowth of epithelium into the middle ear cleft, but is rather the

result of an outgrowth of residual matrix not induced by a chronic middle ear infection

or tubal dysfunction, To answerthis question, we undertook a comparative morphological

study based on light and electron microscopy.

Analysis of the chosen parameters showed no obvious differences except for two

findings concerning the gross morphology. In the first place, the classic pearl-like

appearance of a cholesteatoma composed of a matrix forming a closed roundsacfilled

with concentric keratin layers, was only found in the residual cholesteatoma; and in the

second place, signs of inflammation or possible infection were seen more often in the

primary acquired and recurrent cholesteatomas than in the residual type. No features of

the composition or thickness of the matrix were found to be specific for a given type of

cholesteatoma. All of the specimens showed a cornifying epithelium in which the four

cell layers(basale, spinosum, granulosum, and corneum) could be readily recognized.

Thickness varied widely within cholesteatomas,locally in cases of a thin matrix no

distinction could be made betweenthe basalor spinosal layer. Whor! formation occurring

in some cholesteatomas has been described before,!''? butit is not certain whetherthis

phenomenon belongsto the precursor stage of the micro-cholesteatoma. In our material,

no granulosumcells or signs of keratinization were found within these whorls. Many

authors suggest a correlation between inflammatory reactions in the perimatrix andsigns

of active ingrowth of matrix into the surrounding subepithelial tissues, e.g. papillary

projections of basal layers or invasion by the complete cholesteatoma matrix.'*!”
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Fig. 4: TEM picture showing the transition of spinosal (A) to granular layer (B). Note
the formation of the cornified envelope (arrows).

In our material, signs of an infiltrative matrix were not always restricted to

cholesteatomas with an inflamed perimatrix, but also occurred in some of the specimens

without marked round-cell infiltration. However, the presence of inflammation before

surgery cannotbe ruled out, andit is also possible that some specimens contained a non-

representative part of the subepithelial tissues. Furthermore,it is not certain that the

parameters we took as light- and electron microscopical signs of ingrowth are

representative of clinically invasive cholesteatomas.

CONCLUSIONS

On the basis of the present results we must conclude that there are no essential

differences between the morphology of the two groups of cholesteatoma. If the

morphology is determined by pathogenesis, it could be concluded that the primary

acquired, recurrent, and residual cholesteatomas arise from the same source, which

would be in agreement with current opinions about cholesteatoma pathogenesis.
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Mostotologists believe that these lesions originate in some way or another from the

existing epidermis of the external ear canal or ear drum.*”"° The metaplastic origin of

cholesteatoma’ cannotbetotally neglected. In our material, however, no observations

could be made to sustain this theory.

The morphological uniformity means that the differences in clinical features and

pathogenesis should not influence the otologist’s choice of therapeutic approach.

Although we cannot be certain that the parameters we applied for invasive behavior of

the matrix are representative of the clinical situation, there is every reason to underscore

the importance of removing as much subepithelial tissue as possible to decrease the risk

of the developmentofresidual cholesteatomas'® regardless of either the presenceofsigns

of infection or the clinical type of cholesteatoma.
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CHAPTERVIL

CYTOKERATIN PATTERNS OF TISSUES RELATED TO

CHOLESTEATOMA PATHOGENESIS

CA yan Blitterswijk, HW Lutgert, JJ Grote, SC Hesseling

CJ Out, GNP van Muijen, JAM Fransen

E.N.T. Department, University Hospital Leiden, The Netherlands

SUMMARY

Specimens of cholesteatoma matrix, meatal epidermis, and middle ear epithelium were
removed during surgery, and immunohistochemical techniques were used to investigate
cytokeratin expression, The use of five chain-specific anticytokeratin monoclonal
antibodies and one broad specific anticytokeratin monoclonal antibody showed the
divergent behavior of middle ear epithelium compared with the cytokeratin expression
of the other two types of epithelium. Middle ear epithelium was characterized by the
presence of cytokeratins 4,8,18, and 19, whereas in both cholesteatoma and meatal
epidermis cytokeratin 10 predominated. Furthermore, cholesteatoma showed an
infrequentfocal presence of cytokeratins 4,18 and 19, The similarity between cholestea-
toma and meatal epidermis with ree to morphology, and the presence of cytokeratin
10 support an epidermal origin of cholesteatoma. However, a metaplastic one cannot
be excluded, because of the infrequent occurrence of a small amount of cytokeratins 4,
18 and 19 in cholesteatoma matrix that was not found in meatal epidermis but was a
component of the cytokeratin pattern of middle ear epithelium.

INTRODUCTION

The origin of cholesteatomais still unknown. At present, three fundamentally different

theories on the pathogenesis of this cornifying epithelium in the middle ear cavity are

current, one concerning a congenital origin, one of an epidermal origin, and the third

postulating a metaplasia of the middle ear epithelium. The congenital origin’ seems to

apply to only a small proportion of the total number of cholesteatomas. Many authors

consider the epidermal origin as the most likely for cholesteatoma, but opinions differ

on the exact mechanism by which the epidermis of either the meatal wall or the

tympanic membrane invades the middle ear cavity. The metaplasia theory’® is
supported by those who hold the view that certain stimuli to the middle ear epithelium

lead to the development of cholesteatoma. All tissues of epithelial origin are

characterized by the presence of cytokeratin. Cytokeratins belong to the intermediate

filaments and comprise a family of at least 19 polypeptides with different molecular

weights (40 to 68 kd) and isoelectric pH values (pH5.2-7.8).?°
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Since each type of epithelium expresses a characteristic set of cytokeratins,'? which

according to the current literature are affected only mildly, if at all, by neoplasia and

metastasis,” it was thought that comparison of the cytokeratin patterns of cholesteatoma,

meatal epidermis, and middle ear epithelium might shed some new light on the

pathogenesis of cholesteatoma.

In the present study the cytokeratin pattern of these three tissues was investigated

with five chainspecific monoclonal anticytokeratin antibodies directed against cytokeratins

4, 8, 18, and 19. In addition, a monoclonal antibody recognizing most cytokeratins was

applied.

MATERIALS AND METHODS

Specimens were obtained from patients requiring middle ear surgery. Seven

cholesteatoma, five auditory canal wall epithelium, and five middle ear mucosa

specimens were analyzed with respect to cytokeratin expression. For each of these three

categories, one specimen from each patient was evaluated. The specimens were placed

immediately in phosphate-buffered physiologic saline (pH 7.4) at 4° C and processed

within 2 hours after the operation.

Routine transmission electron microscopy: Specimens werefixed ina 1.5% glutaraldehyde

solution in sodium cacodylate buffer (0.14 M, pH 7.4, 4° C) for 2 hours, rinsed, and

postfixed in 1%osmium tetroxide for 30 minutes at room temperature. Embedding

techniques and ultra thin sections were essentially the same as described elsewhere.’

Immunohistochemistry: Material was embedded in Tissue-Tek OCT compound, frozen

in liquid nitrogen, and stored at -70° C. Cryosections were cut 64m thick in cryostat and

attached to albumin/glycerin-coated object glasses. The object glasses were kept

at -20° Cand processed for immunohistochemistry within 24 hours. Before the immuno-

staining procedure the material on the object glasses was thawed for 1 hour at room

temperature and fixed in acetone for 10 minutes. Cryosections were incubated in the

presence of the anticytokeratin antibody before incubation in a rabbit anti mouse

IgG/peroxidase complex. The complex was incubated with 20% pooled human serum to

reduce aspecific staining.

Antibodies were visualized by immersion in a 3,3-diaminobenzidine tetrahydrochloride

solution containing hydrogen peroxide. For the controls the first incubation step was

omitted. After the immunostaining the sections were stained in hematoxylin for 30

seconds, dehydrated in a graded alcohol series, and embedded in DPX mountant.
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Table IL. Cytokeratins and corresponding chain-specific

monoclonal antibodies

 

 

Cytokeratin Monoclonal Antibody

Cytokeratin 4 6B10

Cytokeratin 8 M20

Cytokeratin 10 RKSE60

Cytokeratin 18 M9

Cytokeratin 19 LP2K

Broad specific C80
 

 
Fig. | Light micrographs showing morphology of A) cholesteatoma matrix, B) meatal
epidermis, and C) middle ear epithelium(Bars-8 zm).
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Transmission electron microscopic immunocytochemistry: Some ofthe specimenswerefixed

for 2 hours in a phosphate-buffered (pH 7.4, 4° C) 1% formaldehyde solution to which

0.1% glutaraldehyde had been added. This was followed by fixation and storage in a

similar solution, but without glutaraldehyde. Shortly before cryosection, the specimens

were impregnated with a 2.3 M sucrose solution for 30 minutesand then frozenin liquid

nitrogen. Ultrathin cryosections were cut at -90° C in a Sorvall MT 2B ultramicrotome

with a cryoattachment. These cryosections then were incubated with the broad specific

anticytokeratin antibody (clone 80) followed by incubation with rabbit anti mouse IgG

and protein A gold (10nm). Finally, the cryosections were stained and embedded in

0.3% uranyl acetate with 2% methyl cellulose. These procedures were performed

according to Fransen etal,

Monoclonal anticytokeratin antibodies; These antibodies were used as shown in Table I.

Monoclonal antibodies M9 and clone 80 were obtained from Sanbio BV (Uden, the

Netherlands), RKSE 60 was from Eurodiagnostics (Apeldoorn, the Netherlands), and

LP2K was provided by Dr E. Lane, London. Thespecificity of the antibodies has been

reported elsewhere."

RESULTS

Morphology

The morphology of cholesteatoma matrix, meatal epidermis, and middle ear epithelium

was studied by light microscopy and transmission electron microscopy. Cholesteatoma

matrix showed the characteristic four layers of a cornifying epithelium,ie, the stratum

basale, stratum spinosum, stratum granulosum. and stratum corneum (Fig. 1A). The

overall thickness of the matrix without the stratum corneum ranged between two and

twenty cells, the average being eight cells. Meatal epidermis, too, showed the stratum

basale, stratum spinosum,stratum granulosum,and stratum corneum (Fig, 1B). Thickness

without the stratum corneum ranged between eight and twenty cells (average 13). In

addition to the four strata, hair cell follicles and secretory glands sometimes were seen.

Middle ear epithelium was composed of a noncornifying epithelium generally one to

two cells thick (Fig, 1C). In one specimena stratified epithelium was found (seven cell

layers), All cells were flat and polygonal.

Cytokeratin demonstration

Routine transmission electron microscopy revealed the presence of intermediate-like

filaments in al] three tissues studied (Fig. 2).
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Fig. 2 Transmission electron microscopy showing intermediate-like filaments in
cholesteatoma matrix(bar-0.2 ym).

In cholesteatoma and meatal tissues these filaments were most prominent, occupying

a large proportion of the cytoplasmic area. Similar filaments rarely were seen in middle

ear epithelium, Ultrathin cryosections of cholesteatoma incubated with monoclonal

antibody clone 80, which has a broad specificity against cytokeratin, showed positive

staining of these filaments, indicating the presence of cytokeratin (Fig. 3). In the

immunohistochemical studies, all investigated tissues showed positive staining after

incubation with clone 80. Divergenceof staining characteristics was found with the other

monoclonal antibodies. The exact distribution of these antibodies in the different types

of tissue is given in table Il. Control studies did not reveal any noteworthy aspecific

staining, Cholesteatoma matrix in general did not react positively with monoclonal

antibodies 6B10, M20, M9, or LP2K (specitic for cytokeratins 4, 8, 18, and 19,

respectively).

In two of seven cholesteatomas, however, a minor focal presence of cytokeratins 4, 18,

and 19 was seen in the cholesteatoma matrix (Fig. 4A). Cytokeratin 10 occurred in all

cholesteatomas; it was seen in the stratum spinosum, stratum granulosum, and stratum

corneum, but not in the stratum basale (Fig. 4B).
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Meatal epidermis also showed positive reaction product with RKSE 60 in all strata

except the stratum basale (Fig 5). In contrast to the cholesteatoma tissue, no foci of

cytokeratins 4, 18, and 19 were observed. Middle ear epithelium , unlike cholesteatoma

and meatal epidermis, did not show a positive staining for cytokeratin 10. A positive

reaction product wasfoundin all epithelial cells for cytokeratins 4, 8, 18, and 19 (Fig 6).

The specimen with a stratified epithelium comprising approximately seven cell layers

showed the same staining behavior as the other middle ear epithelium specimens.

DISCUSSION

Several hypotheses have been proposed to explain the pathogenesis of cholesteatoma.

Whenthese hypotheses are subdivided on the basis of the epithelium giving rise to the

cholesteatoma, a distinction can be made between theories postulating a congenital,'

epidermal,”® or middle ear epithelium origin.’* The morphologic similarity between
cholesteatoma epidermis and the epidermis of the auditory canal wall shown by this and

other studies,’"*? both being stratified cornifying epithelia in contrast to the non

cornifying middle ear epithelium, suggests an epidermal origin of cholesteatoma.

 
Fig. 3 Transmission electron micrograph of cholesteatoma cryosection. Electron-dense
fo d particles indicate presence of monoclonal antibody clone 80 in intermediate-like
ilaments. Bar-0.2 um.
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Fig. 4 Cryosections of cholesteatoma. Bars-8 zm. A)positive staining for cytokeratin 4
in small foci, which was seen infrequently. B) reaction product indicating presence of
cytokeratin 10. Note absence of staining in stratum basale.

However, according to Sadé et al,’* metaplasia of middle ear epithelium would cause

this epithelium to becomea stratified cornifying epidermis that could form the basis of

cholesteatoma. While this hypothesis seems to be partially supported by experimentsin

which middle ear epithelium showed terminal differentiation in culture,” it has been

rejected by Palva et al,” who claim that the occurrence of metaplastic middle ear

epithelium is limited to the advancing front of cholesteatoma and doesnot play a major

role in the genesis of cholesteatoma.

Since each type of epithelium is characterized by a specific set of cytokeratins” and
the overall type of cytokeratin expressionis not altered after transformation," it may be
assumed that the tissue along the areaof origin of cholesteatomawill be characterized

by a cytokeratin expression similar to that of cholesteatoma. On these groundsit seemed

possible that analysis of the cytokeratin pattern of cholesteatoma epidermis, meatal

epidermis, and middle ear epithelium would shed somelight on the controversy between

adherents of the epidermis theory and the metaplasia theory.

The presence of cytokeratin in cholesteatoma and middle ear epithelium has been

reported by several authors.4?!*
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Fig. 5 Immunoperoxidase staining, for presence of cytokeratin 10 in meatal epidermis
showed same Staining characteristics as were found for cholesteatoma. Bar-8 jm.

Only Palva et al ” observed a difference in cytokeratin pattern between these twotypes
of epithelium, but since these authors used only a polyclonal and one monoclonal

antibody,this difference mightreflect a single deviating cytokeratin and therefore would
not exclude completely the role of middle ear epithelium in the pathogenesis of
cholesteatoma.

An effort to determine the cytokeratin pattern of cholesteatoma in relation to human
epidermis was made by Gillis et al,4 who described a less complicated cytokeratin
pattern for cholesteatoma on the basis of one-dimensional gel electrophoresis.

Unfortunately, the human epidermis used as reference was not meatal epidermis, hence

their findings are difficult to interpret in relation to the pathogenesis of cholesteatoma.

Results obtained for other epithelial tissues" strongly suggest that the morphologic
differences betweenstratified cornifying cholesteatoma and meatal epidermis!” on the
one hand and the noncornifying middle ear epithelium on the other would bereflected

also by a divergence in cytokeratin pattern.

Our results show that although both cholesteatoma and auditory canal wall epidermis

possess cytokeratin 10, this cytokeratin was not expressed by the non-cornifying middle

ear epithelium. This is in agreement with the data published by Mollet al,!° who found

cytokeratin 10 in carnifying stratified epidermis, eg, foot-sole epidermis and anal canal

epithelium, and not in non-cornifying epithelia such as thatof the trachea and esophagus.
The presence of cytokeratin 4, which was found by us occasionally in cholesteatoma

matrix and invariably in middle ear epithelium, has been described for stratified

epiglottis and esophageal epithelia.”
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Be : Cryosection of middle ear epithelium showing presence of cytokeratin 18.
ar-8 wm.

Cytokeratins 18 and 19, which we found in addition to cytokeratin 4 in middle ear

epithelium and in focal concentrations in some cholesteatomas, are characteristic features

of a number of non-cornifying epithelia such as that of the trachea. Cytokeratin 8, found

in middle ear epithelium, also can be demonstrated in the trachea.

In sum, the results of the present study on the expression of cytokeratins in

cholesteatoma, meatal, and middle ear epithelia are in general consistent with the

cytokeratin patterns of epithelia reported in the literature, although the infrequent

observation of minor focal concentrations of cytokeratins 4, 18, and 19 seems to be

exceptional.

An evaluation of the cytokeratin expression of cholesteatoma matrix in relation to the

cytokeratin patterns in meatal and middle ear epithelia permits three conclusions:

Table II. Staining characteristics of five chain-specific
anticytokeratin monoclonal antibodies

 

 

Epithelia 6B10 M20 RSE MY LP2K =C80

Cholesteatoma F - + F F +

Meatus - - + - -

Middle Ear + + - + +

PF Indicates focal staining

- Indicates nostaining

+ Indicates positive staining
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1. The staining characteristics of cytokeratin observed in cryosections of most

cholesteatomas are similar to those seen for meatal epidermis.

2. The cytokeratin pattern in middle ear epithelium differs distinctly from the pattern

occurring in most cholesteatomas.

3. Two of the cholesteatomas studied showed a minor focal presence of cytokeratins4,

18, and 19. These cytokeratins are characteristic of middle ear epithelium and some

noncornifying epithelia.

Although on this basis cholesteatoma would be expected to have a relation to auditory

canal wall epithelium rather than middle ear epithelium, a metaplastic origin of

cholesteatoma cannot be excluded,
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CHAPTERVIII

MORPHOLOGY AND CYTOKERATIN PATTERN OF HUMAN MIDDLE EAR
MUCOSA WITH AND WITHOUT A TYMPANIC MEMBRANE

PERFORATION

HW Lutgert, CA van Blitterswijk, MJM Smits, GNP van Muijen, JJ Grote
E.N.T. Department, University Hospital Leiden, The Netherlands

SUMMARY

The cytokeratin expression of middle ear epithelium in the presence and absence of atympanic membrane perforation was studied with the use of monoclonal antibodiesSeau| cytokeratins 1,4,5,6,7,8, 10,13,18, and 19. Light microscopy, showed a metaplasticcae of middle ear mucosa in 8 out of 12 cases with a perforation of the tympanicmembrane. In those specimens the mucosa showed three or more cell layers locally.Biopsy specimens of ears with an intact tympanic membrane showedin all cases ‘amucosa composed of at most twocell layers. The puokene expression was notaffectedby theeee of a perforation. The terminal differentiation of middle ear epitheliumSeemed not to be influenced by a change in the gaseous environment. The presence ofa tympanic membraneperforation alone, did not lead to a metaplastic change of themiddle ear mucosa into a cornifying epithelium.

INTRODUCTION

The pathogenesis of cholesteatoma auris is still unknown. One subject of discussion
concerns a postulated metaplastic origin of this disease. The general opinion is that
cholesteatomaoriginate from the existing epidermis of the external ear canal or tympanic
membrane. How this cornifying epithelium will invade the middle ear cleft is not
completely known yet. The three theories concerning an epidermalorigin refer to;
migration,' retraction,? and proliferation? all three modes might occur alone or in
combination.

The metaplasia theory assumes that the middle ear mucosa can differentiate into a
Stratified squamous cornifying epithelium. This process would be induced by changesin
its direct environment.’ Some of the possible factors that might influence the
differentiation of middle ear epithelium, were investigatedin,in vitro studies, done in our
laboratory Cultured middle ear epithelium of the rat showed an altered morphology
and proliferation rate when exposed to a gas composition comparable with that of the
ambient atmosphere, as may occur in vivo, in cases with a tympanic membrane
perforation. Cells became very large and the proliferation rate was slowed down, when
compared to cultures exposed to gas values assumed to occur in the intact middle ear.
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However,the terminal differentiation was notsignificantly influenced.® Sadé’ reported

that in vivo, a metaplastic shift of the mucosa into a cornifying epithelium was found

when a tympanic membraneperforation was present. A change in the environmental gas

composition was considered responsible for this phenomenon. The gaseous atmosphere

in the intact middle ear concerning the CO, and O, concentrations differs strongly from

that of the open air.*’ The CO, concentration is much higher (+5% versus 0.03%) and

the O2 concentration a twofold lower (+ 20.9% versus 10%).

A metaplastic change of mucosa into a cornifying epithelium may be coupled with a

change in the cytokeratin pattern. Cytokeratins are cytoplasmic proteins belongingto the

intermediate filaments, and occur in all tissues of epithelial origin.”"' At present 19

different cytokeratins have been identified, and each type of epithelium expresses a

characteristic set of these cytokeratins. There are essential differences in cytokeratin

patterns between simple, non-cornifying and cornifying epithelia." Recently, van

Blitterswijk et al.’ reported on the cytokeratin patterns of middle ear mucosa,

cholesteatoma and epidermis. This study showed a different cytokeratin expression

between cornifying(epidermis) and non-cornifying epithelia(middle ear mucosa).

A shift in the environmental CO, and ©, concentrations may influence the

differentiation and subsequently the cytokeratin pattern of middle ear epithelium.In this

experiment we studied the morphology and cytokeratin pattern of human middle ear

mucosa in the presence and absence of a tympanic membraneperforation, ‘The cytokera-

tin expression was determined by incubating the specimens with 10 different monoclonal

antibodies against cytokeratins 1,4,5,6,7,8,10,13,18, and 19.

MATERIALS AND METHODS

Biopsy specimens of the mucosa of the promontory were taken from 7 patients with

an intact tympanic membrane, and from 12 patients with a central perforation. In the

former group two specimensproved to have insufficient material and were excluded from

this study. Age, sex distribution and other parameters are showed in Table I and will be

discussed in due course. The first group was operated on otosclerosis or ossiculoplasty

and had nohistory of cholesteatoma. For the second group the following conditions were

considered obligatory:

1) Nohistory of middle ear infection or otorrhoea during the last three months.

2) Nohistory of cholesteatoma or previous middle ear operations for eradication of

that disease.

3) No marginal perforations.

4) Ears with retraction of the tympanic membrane or adhesions between the eardrum

and the medial wall of the middle ear cleft were excluded.
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After removal, the specimens were immediately placed in 4°C phosphate-buffered

physiological saline(pH 7.4). Within 2 hours these biopts were embeddedin Tissue-Tek

OCT compound, frozen in liquid N, and stored at -70°C. Cryosections were cut 4-64m

thick in a cryostat and attached to albumin/glycerin-coated object glasses, which were

kept at -20°C and were further processed for immunohistochemistry within 24 hours.

Before the immunostaining procedure, the object glasses were thawed, dried for 1 hrat

roomtemperature, andfixed in acetone for 10 minutes. Cryosections were incubated for

1 to 2 hrs, with 50u] anticytokeratin antibody or 50u1 PBS serving as negative control,

followed by incubation in rabbit anti-mouse IgG/peroxidase complex or goat anti-rabbit

IgG/peroxidase complex, depending on the first antibody used. The complexes were

incubated in 20% pooled human serumto reduce aspecific staining.

Antibodies were visualized by immersion (10 min) in 3,3-diaminobezidine tetra-

hydrochloride.The slides were weakly stained in Mayer’s haematoxylin (30 sec),

dehydrated in graded alcohol and embedded in DPX mountant. The following

monoclonal antibodies( MoAb) and the cytokeratins(CK) they recognize were used:

AF 87 specific for CK 1 RKSE 60 specific for CK 10

6B10 specific for CK 4 2D7 specific for CK 13

RCK 102 specific for CK 5+8 M9 specific for CK 18

AF 124 specific for CK 6 2C8 specific for CK 18

RCK 105 specific for CK 7 Ks19.1 specific for CK 19

M20 specific for CK 8 M80 broad spectrum

The numbers given for the cytokeratins are according to Moll’': M 80 is a broad

specific antibody used as a positive control for the presence ofcytokeratins. For negative

controls, the same procedure was followed except for the incubation with the anti-

cytokeratin antibodies. Since RCK 102 recognizes both CK 5 and 8, the presence of CK

5 could only be determined if M 20 showed, by negative staining, the absence of CK 8.

RESULTS

Morphology

The biopsy specimensstained with haematoxylin were studied by light microscopy. The

mucosa of the promontory with an intact tympanic membrane, showed predominantly a

single-layered cuboidal epithelium (Fig. 1) in three patients, and the remaining two

specimens also had areas with a bi-layered cuboidal epithelium.
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Metaplastic signs such as an epithelium with more than two layers were not Table I

encountered in ears with an intact tympanic membrane. The morphological findings in

the 12 biopts from ears with a perforation could be divided into two groups: Middleearmucosa with a perforation of the tympanic membrane

One comprising 8 specimens of patients with a perforation, in which focal stratification n=12
varying between 3 and 10 layers occurred. In 7 specimensthis stratification was visible

between normalareas of single- or bi-layered cuboidal epithelium (Fig. 2). In one ear biopt No 12 3 4 $4 6 YF 8 2 30 wd 12

this stratification was a general feature, occurring between focal areas of a bi-layered age(yrs) 13 il 14 25 2 49 70 49 27 57 40 58

epithelium. The borders between metaplastic and normal epithelium were abrupt and sex m/f f im mM # f mm é«mo«m ¢f f m

without special characteristics. The cells of the multi-layered epithelium kept their perf. in 5 6 5 | 3 22: J 10 12 20 +8 1
cuboidal appearance, in all but one case. In that specimen we saw locally stratified years
squamousepithelium. None of the biopts studied showeda prickle cell or granular cell previous” - - + + + + - + + + + y

layer or metaplastic areas with signs of keratinization. OFa ‘ \ ‘ ‘
In the second group, with 4 specimens, nostratification was found, but 3 of the 4 Seoe [sheer eg ee

specimens showed a predominantly bi-layered epithelium. All of these biopts showed weiss ; - we & x Me , ‘ + +
cuboidal epithelium. The underlying stroma showed a connective tissue, with incidental plasia®

focal occurrence of round cell infiltration, increased vascularization and gland-lke

structures. However, in none of these cases we found distinct signs of acute or chronic

inflammation. There was nocorrelation between increased cell infiltration in the stroma . > :
. ay withoutand the numberof cell layers of the middle ear epithelium.

n=5

biopt No 13 14 15 16 17

age(yrs) 34 39 4125 S84

sex m/f f m m m f

perf. in - : zs = *
years

previous” + + - + +
oper.

previous” + - 5 + +
inf.

meta- : 2 - -
plasia®

ad 1) Previous operations included placement of grommets, myringoplasty and
ossiculoplasty.

ad 2) The last middle ear infection healed at last 3 months before the biopsy was taken.

 

ad 3) Criterium for metaplasia was the (focal) presence of three or more cell layers

Fig. 1 Epithelium of the middle ear without the presence of a tympanic membrane
perforation, in this case premaee a mono-layered mucosa. The mucosa stained
positive with monoclonal antibody RCK 102.
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Fig. 2 Epithelium of the middle ear with a perforation of the tympanic membrane,
showing a multi-layered epithelium. The mucosa stained positive with monoclonal
antibody RCK 105

Although the ears with and without a tympanic membrane perforation hadto satisfy

certain criteria, we checked the patients’ histories for any clues that would permit

differentiation of the group in which stratification was found. The numbers are, of

course, small but such parameters as otitis media, previous middle ear operations

(placement of grommets, myringoplasty, ossiculoplasty), age of patient or duration of

perforation did not point to any definite preference for one of the groups (Table I).

Cytokeratin staining

All biopts challenged with antibodies for cytokeratins 4,6-8,18, 19 and the broad

specific antibody showed positive staining. Antibody RCK 102 can identify cytokeratins

5 and 8 and was positive for all biopts on which it was used. The presence of cytokeratin

5 could not be established because antibody M 20 showedpositive staining for

cytokeratin 8 in all cases. CK 18 was not detected by antibody 2C8 but could be

visualized by antibody M9.
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Cytokeratins 1, 10, and 13 were not found in any of the biopts incubated with these

antibodies. The presence ofstratification, even up to 10 cell layers did not alter the

cytokeratin composition. All layers of the epithelium were stained in cases with positive

recognition of the antibody. Some variation was observed in the degree of staining in

cases with a multi-layered epithelium.

Some specimens showed stronger staining in the basalcell layers, others in the upper

layers. However, no correlation with the antibody used and locationin the cell layers was

found. Specimens incubated with antibody AF 124 for CK 6 showed in manycasesa faint

backgroundstaining of the subepithelial tissue. However, in most biopts recognition of

CK 6 could be considered positive. Gland-like structures situated in the subepithelial

layer, were encountered in many biopts, and often showed positive staining, especially

for cytokeratins 4,5,6,8, and 19. The staining in these structures was most pronounced in

the periluminalcells. Due to the focally restricted presenceofstratification in the biopts,

it was notpossible to producesufficient sections of such metaplastic areas for incubation

with all antibodies within the same specimen. On the whole, however,it was possible to

study the stratified mucosa with the 10 chosen monoclonal antibodies(MoAb)several

times, as can be seen from Table II.

Table I

Monoclonal Specific for Numberof times this monoclonal
antibody ‘Yytokeratin a’body was used in metaplastic

epithelium.

6BL0 CK 4 3
RCK 102 CK 5+8 3
RCK 105 CK 7 3
M20 CK 8 3
RKSE 60 CK 10 3
2D7 CK 13 3
M9 CK 18 2
Ks19.1 CK 19 6
AF 87 CK 1 1
AF 124 CK 6 3
M80 Broad specific All

DISCUSSION

In this study we wanted to find out whether an alteration of the environmental gas
composition would influence the morphology and cytokeratin pattern of the epithelial

lining of the middle ear cavity. We assumed that the gas composition of the middle ear

would change in cases with a tympanic membraneperforation.



As a result of the direct connection between the tympanum and the outer air the

carbon dioxide concentration would be lowered from about 5 to almost zero % and the

oxygen concentration increased from 10 to 21%.5°

Light microscopy indicated that the morphology may change under atmospheric

conditions, because 8 out of 12 specimens taken from ears with a tympanic membrane

perforation, showed a multi-layered epithelium of at least three cell layers. The mucosa

of the promontory normally has 1 to 2 cell layers!? as we found in the biopts with an

intact ear drum,

It is interesting to note that despite thestratification of the mucosa,the cells ofall but

one specimen kept a cuboidal appearance. Metaplasia of respiratory epithelium is

generally characterized not only by stratification but the cells also become more

flattened, ultimately resulting in the squamousepithelium as described by Michaels" and

Auerbach.'® The change in morphology in our biopts can be considered a hyperplastic

reaction representingthefirst stage in the process of metaplasia(Auerbach"*), Exceptfor

the presence of a defect in the tympanic membrane we could not identify any other

factor that could explain the morphological changes in this group. It therefore seems

obvious to attribute this mild metaplastic reaction to the shift in the oxygen and carbon-

dioxide concentrations. Of course, other environmental factors such as temperature, air

humidity, or air flow, might also change in cases with a tympanic membraneperforation.

A change in the environmental conditions to which the epitheliumof the middle ear

is exposed can be accompanied by a change in the morphological appearance, as

reported, for instance, by Vennix et al.,!° who found locally in the infected middle ear

of the rat a metaplastic cornifying epithelium. As already mentioned, middle ear

epithelium can be considered an extension of the respiratory epithelium,’* and we
questioned whether a shift in the environmental gas composition could change the

cytokeratin pattern of the middle ear mucosa. For this study we used monoclonal

antibodies against cytokeratins 1, 4-8, 10, 13, 18, and 19 to establish the cytokeratin

composition of middle ear mucosa in patients with and without a tympanic membrane

perforation. Cytokeratins 7, 8, 18, and 19 are specific for a simple non-stratified

epithelium,''? whereas 4, 5, 6, and 13 belong to the more complex non-cornifying

stratified epithelia,!!"” e.g. the lining of the trachea or pharynx.

Cytokeratins 1 and 10 are typical of a cornifying epithelium such as the skin of the

external ear canal.!! All biopts we examined were positive for 4, 6, 7, 8, 18, and 19.

Cytokeratins 1, 10, and 13 could not be detected and the presence of CK 5 remained

uncertain, because antibody RCK 102 can recognize both CK 5 and8. Cytokeratin 8 was,

however, visualized by antibody M20, and we cannot be certain that the staining pattern

of RCK 102 included both cytokeratins.

138

Others have concluded that CK 5 is present in normal middle ear mucosa as LE 41**

or M20” did not or only incidentally expressed the presence of CK 8, in combination

with positive staining by RCK 102. In our material, however, CK 8 was detected consis-

tently and we believe that this cytokeratin can apparently be considered to belong to the

normal set of cytokeratins in middle ear epithelium.

In this study CK 6 waspositively identified. According to Moll," this cytokeratin can

be found in, for instance, tracheal epithelium which is also a respiratory epithelium.

Cytokeratins 1 and 10 could not be found in any of the specimens, which indicates that

middle ear epithelium does not belong to the group of cornifying epithelia. The

stratification of the middle ear epithelium did not exert an influence on the cytokeratin

set or the staining pattern ofthe cell layers. Even a stratification of more than 10 layers

did not offer any evidence pointing to the presence of cytokeratins 1 and 10, which mean

that this metaplastic change was not related to a significant changein the differentiation

of the epithelium.

The identification of CK 4 by monoclonal antibody 6B10 and the failure to

demonstrate the presence of CK 13 by monoclonal antibody 2D7 was unexpected but has

been reported by others.'*"? Cytokeratins are generally present pair-wise,” one CK

belonging to the acidic and oneto the basic group, as exemplified by CK 4 and 13. The

results of this study in combination with the observations of others!*!* indicate that the

cytokeratin set of middle ear epithelium at the momentis at least composed asfollows:

4, 5, 6, 7, 8, 14, 18, and 19,

The middle ear epithelium is considered to be an extensionof the respiratory epithelium,

andits cytokeratin pattern is almost similar to that of tracheal epithelium,i.e.: 6, 7, 8,

13, 14, 15, 17, 18, and 19,"!

CONCLUSIONS

The presence of a tympanic membrane perforation may induce mild metaplastic

changes in the middle ear epithelium, probably due to an altered gaseous environment.

The metaplastic change,stratification, did not influence the cytokeratin pattern of the

epithelium, In sum the terminaldifferentiation of middle ear epithelium is not influenced

by a gaseous environmentlike that of the ambient atmosphere. An eventual metaplastic

change of the middle ear mucosa into a cornifying epithelium cannot be ascribed to the

presence of a tympanic membrane perforationalone. .
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CHAPTERIX

GENERAL DISCUSSION

In the study reported here an attempt was made to determine to which degree changes

in the gas composition of the middle ear play a role in the pathogenesis of

cholesteatoma. The gas composition in the middle ear cleft is related to the aeration or

ventilation of the middle ear, and in the physiologic situation higher CO, and lower O,

concentrations are found as compared with the gas composition of the ambientair.'”

In case of direct communication of the middle ear with the outer air due to a

perforation of the tympanic membrane,itis likely to assume that the gas composition

in the middle ear cleft will be altered and will resemble that of the ambient air.

Likewise, cholesteatomatoo are often associated with defects in the tympanic membrane

or external ear canal.

Under perforation conditions, middle ear mucosa and cholesteatoma tissue may be

exposed to gas concentrations occurring in the ambient atmosphere. Jn vitro and in vivo

studies have indicated that the morphology and cell metabolism of several cell types can

be influenced by changing the extracellular concentrations of CO, and O, (ChapterII).

To answer the main question posed above, we may put forward two questions:

1) Will the morphology and cell metabolism of the middle ear epithelium be influenced

by changes in the extracellular CO, and O, concentrations?

2) Is there a relationship between any influence exerted on the middle ear mucosa by

CO, and O, and cholesteatoma pathogenesis?

Theinfluence of the CO,level on middle ear epithelium has been discussed in Chapter

IU, on the basis of an im vitro study in which we used serially cultured middle ear

epithelium of the rat. The epithelium was exposed to three gas concentrations, i.e., 0.03,

5, or 10% CO,. Other culture conditions were kept similar, the O, concentration was

21% and the nitrogen concentration 79%.

The epithelium cultures displayed a monolayer of flat predominantly polygonalcells,

among whichclusters of cells covered with microvilli and locally cornified envelopes were

seen. It was found that cells grown under gas conditions similar to those of the ambient

air, Le., 0.03% CO,, 21%O, and 79% N,, exhibited differences in morphology and

proliferation rate if compared with the § and 10% CO,cultures.

Clusters of very large cells were seen at 0.03% CO,. The growth curves showed that

there was a Statistically significant retardation of the proliferation rate at 0.03% CO,,
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Middle ear epithelium cultured at 5 or 10% CO, showed no differences in either the

proliferation rate or the morphology.

In contrast with the 5 and 10%CO,cultures, confluence of the epithelium on the dish

was not reached at the end of the culture period at 0.03% CO,. The changes in the

morphology and proliferation rate were not accompanied by any change in the degree

of terminaldifferentiation ofthe cells. The percentage of cells able to generate cornified

envelopes after the addition of lonophore X 537A did not differ statistically from that

found for the epithelia cultured at 5, or 10% CO,.

In Chapter IV we have discussed the middle ear epithelium of the rat cultured at

different O, concentrations ie., 5, 10, or 21%. In contrast to the effects of CO,,

morphology of the cultured epithelia was generally the same when cultured under the

three O, concentrations. The differences in O, concentration did not affect the

proliferation rate or terminal differentiation of the cells.

Chapter V dealt with the morphometric evaluationof the cultured epithelia of both the

CO, and O, experiments. The marked divergence of the morphology ofcells grown at

0.03% CO, was reflected by a statistically significantly enlargement of the average cell

area, and the average cell shape was more irregular, as reflected by the statistically

significantly lower value of form factor. Morphometric analysis revealed no differences

between the 5 and 10% CO,cultures or the 5, 10, and 21%O, cultures except, that the

average cell size of the 5% O, culture on day 14 was significantly larger than that of the

average cell size of the 10 and 21% O,cultures on the same day.

In sum, the culture studies reported in Chapters III-V, showed that at the gas con-

centrations used, the morphology and proliferation rate were most clearly affected by

changes in the carbon dioxide concentrations; in the present context, oxygen seems to

play a less importantrole.

!n vitro studies with keratinocytes showed that progress in terminal] differentiation was

related to enlargementof the cell size.*4 This relation was not seen in our culture
experiments, because the evident increase in the size of the cells in the 0.03% CO,

culture was not associated with a significant increase of cornified envelope formation or

the degree of terminal differentiation,

If our culture results may be extrapolated to the clinical situation than it does not

seemslikely that a decrease of the extracellular CO, concentration, such as might occur

in cases with tympanic membraneperforation, will play a role in the possible transfor-

mation of middle ear mucosa into a cornifying epithelium.

In Chapter VI we studied the morphology of clinically different types of cholesteatoma,

i.e. the primary acquired, recurrent, and residual cholesteatoma.In this study the residual

types developed behind an intact tympanic membrane and the middle ear was not

clinically infected. It is conceivable that this type of cholesteatoma developed in a

gaseous environmentof the kind normally present in the healthy middle ear.
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All primary acquired and recurrent cholesteatoma were associated with defects in the

tympanic membrane and /or bony wall of the external ear canal, permitting a direct

communication with the ambient atmosphere and in many of these cases a concomitant

infection was present.

Despite these differences in clinical appearance, pathogenesis, and possibly gaseous

environment, we found nosignificant morphological differences between the three types

of cholesteatoma. The matrix of the cholesteatoma consisted of a cornifying epithelium

identical to that of normal epidermis. An interesting phenomenon seen in the choles-

teatoma matrix was the extremely local variation in the thickness of this cornifying

epithelium which is normally not seen in epidermis. The perimatrix or the subepithelial

tissue of the cholesteatoma matrix also varied in thickness, consisted mainly offibrous

tissue with or without signs of chronic inflammation or infection. We did not find any

relation between the morphology of the perimatrix and that of the matrix. In several

specimens we found a one- or two-layered cubical epithelium probably representing the

middle ear mucosa. In none of these cases did we see metaplastic changes of this

epithelium or a transition from middle ear mucosa to the cornifying epithelium of the

cholesteatoma.

In sum, this morphological study did not provide any indications that metaplasia of

middle ear epithelium must be considered as a factor in cholesteatoma pathogenesis.

Chapter VII reports an investigation into the cytokeratin pattern of cholesteatoma

matrix, meatal epidermis, and middle ear mucosa. Because all tissues of epithelial origin

express a characteristic set of cytokeratins,’ it was thought that analysis and comparison

of the cytokeratin pattern of the above mentioned epithelia might shed some newlight

on the pathogenesis of cholesteatoma. In this study the middle ear mucosa showed the

presence of cytokeratins 4, 18, and 19 which are known to occur in non-cornifying

epithelia. Cytokeratin 10, characteristic of cornifying epithelia, was found in

cholesteatoma and meatal epidermis but was not detected in middle ear mucosa. Most

of our cholesteatoma showed a cytokeratin staining pattern identical to that of the

meatal epidermis, but in two cholesteatoma focal staining of cytokeratins 4, 18, and 19

was seen. The focal staining of cytokeratins 4, 18, and 19 in cholesteatoma can be

explained by the change in local environment and the hyperproliferative state in which

the meatal epidermis has entered, a phenomenon described by several authors.°”
In sum, on the basis of these findings a relation between cholesteatoma and meatal

epidermis seems to be more probable, but a metaplastic origin cannot be excluded.

In the studies reported in Chapters IU-V we did not find any significant influence of

CO, and O, on middle ear epithelium with respect to cholesteatoma pathogenesis.

Neither the morphologicalinvestigation of cholesteatoma described in ChapterVI or the

cytokeratin experiment discussed in Chapter VII provided indications pointing to a

possible metaplastic origin of the cholesteatoma,
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Chapter VIII reports an in vivo study, to determine whether a tympanic membrane
perforation and eventual a change in the extracellular gaseous environmentcould induce
changes in morphology or metaplasia and/or a change in the differentiation of the
epithelium of the human middle ear.

The morphological study was donewith light microscopy and to detect any shift in the
differentiation of the mucosa we determinedits cytokeratin pattern. Middle ear mucosa
exposed to the ambient atmosphere showed in the majority of cases focal areas of a
multi-layered cubical epithelium with more than threecell layers; this can be considered
a mild metaplastic reaction.®
Determination of the cytokeratin set was done with ten monoclonal antibodies,

however, we did not detect any shift in the cytokeratin set of middle ear mucosa exposed
to the ambient atmosphere in comparison with epithelium grown in its physiologic
gaseous environment. Especially cytokeratins 1 and 10, which are specific for a cornifying
epithelium, were not detected in the metaplastically changed middle ear mucosa, Even
a metaplastic stratification with more thanten cell layers did not provide any evidence
pointing to the presence of cytokeratins 1 and 10, thus indicating that this metaplastic
change wasnotrelated to a significant change in the differentiation of the epithelium.
Weshall now return to the two main questions put forward above:

1) Will the morphology and cell metabolism of the middle ear epithelium be influenced
by changes in the extracellular CO, and O, concentrations?

2) Is there a relationship between any influence exerted on the middle ear mucosa by
CO, and O, and cholesteatoma pathogenesis?

The first of the questions can be answered atfirmatively because the morphology ofthe
middle ear epithelium was indeed influenced both in vitro and in vivo, especially by
changes in the CO, concentration. Cell metabolism was affected by changesin ratio of
CO; to O, because we found a reduced proliferation rate under gas conditions
resembling those of the ambient atmosphere. Terminaldifferentiation, however, was not
influenced by CO, or O,.

The second question must be answered in the negative because the in vitro and in vivo
studies showed that the degree of terminal differentiation of middle ear epithelium
remained unchanged. Hence, we may conclude that the influence of CO, and O, on
middle ear epithelium is of little importance within the context of cholesteatoma
pathogenesis. Of course, it must be kept in mind that in our in vivo studies we did not
include or examine other environmentalfactors that might change in the presence of a
tympanic membrane perforation, such as, air humidity, air flow, temperature, or any
influence of other gasses present in the ambient atmosphere.
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Furthermore, it is unknown to what degree a change in the gas composition of the
middle ear, after perforation of the tympanic membrane,will actually occur nearthecell
membrane of the middle ear epithelium. In the intact middle ear the CO, concentration
was found to be about 5%, this percentage probably being the result of the rapid
diffusion of CO, into the middle ear’ and this value shows correlation with the gas
pressure of CO, in the blood tissue compartment.!%"!

If an extracellular CO, concentration of 0.03% (ambient atmosphere) occurs, it is
conceivable that a rapid diffusion of CO, from the blood-tissue compartment would
decrease the eventual effect of a lowered CO, concentration on the middle ear
epithelium in vivo. The gas diffusion itself would be dependent on the degree of
perfusion and vascularization of the subepithelial tissues, and the values of gas pressures
in the blood and middle ear,'*"
Another factor that might influence a possible effect of the extracellular gas

composition is the presence of the mucus layer covering the middle ear mucosa. The
consistency or composition of this mucus may bealtered due to the different atmosphere.
Sadé,"! Weisman,'* and Drucker" performed culture experiments with different co,

and O, concentrations and pH values, and concluded that CO, can be considered a non-
specific inducer in mucosal cell differentiation. However, Sadé advised that his
conclusions be considered with reservation, because the pH level in the culture media
wasdifficult to control, due to the different CO, concentrations. Furthermore he did not
have access to culture dishes with a gas permeable bottom. In his opinion, a low CO,
concentration such as would occurin case of tympanic membraneperforations could be
responsible for squamous metaplasia in the middle ear and an increase of the number
of keratinizing cells of the middle ear epithelium. This possible role of the CO, to O,
ratio in squamous metaplasia and cell differentiation is, however, not confirmed by our
findings.

The authors who adhere to the metaplasia theory have reported high incidences,i.e.
up to 60%, of metaplastic middle ear epithelium in their biopsy specimens. Several
authors (Sade,'’ Bendek,Bodelet,” Palva”) have suggested the transformation of
normal middle ear mucosa via metaplasia into a cornifying epithelium in ears with
chronic infection and cholesteatoma. In our material we did not find any evidence
pointing to a metaplastic process of this kind. In reports ofin vivo experiments, however,
Squamous metaplasia of middle ear epithelium leading to a cornifying epithelium has
beendescribed, and ascribed to vitamin A deficiency,” tobacco smoke, and tobaccotar?

Kuypers and Vennix® studied the cytokeratin pattern of non-infected and infected
middle ear mucosaof the rat. In one case after healing of both the middle ear infection
and a tympanic membrane perforation, they found an isolated area of a cornifying
epithelium.
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Unfortunately due to embedding in paraffin, it was not possible to challenge this

epithelium with antibodies against cytokeratins characteristic for a cornifying epithelium.

A positive staining product was, however, found for antibodies against cytokeratins

occurring in middle ear epithelium. Lim™ examined mucosal biopsy specimens of 180

human middle ears of patients suffering from otitis media with effusion. None of these

patients had a history of tympanic membrane perforation, otorrhoea, or ear surgery. In

three middle ears he found cornifying epithelia, but none of these patients showed the

clinical picture of cholesteatoma.

In sum,thereis little evidence that squamous metaplasia with subsequent formation of

cornifying epithelium will occur in the human middle ear, and it remains uncertain

whether such metaplasia will lead to cholesteatomaatall.

The most accepted view of cholesteatoma pathogenesis is that the origin must be

sought in the existing epidermis of the tympanic membrane or external ear canal.

Experiments and clinical observations (reviewed in Chapter IL) indicate that this

epidermal] hypothesis might be correct. Epidermis may invade the middle ear cleft by

migration, retraction or proliferation, and a congenital, traumatic, or iatrogenic origin

may incidentally lead to cholesteatoma. ‘The results of the cytokeratin study also point

to an epidermalorigin.

Vennix and Kuypers® performed extensive cytokeratin studies in rat and human middle

ear mucosa. As in our study the cytokeratin pattern of middle ear mucosa resembled the

cytokeratin pattern of upper and lower respiratory epithelium.

Future research

If we assign little or no importance to the metaplasia theory in the pathogenesis of

cholesteatoma the question as to what factors or conditions cause the invasion of

epidermis into the middle ear cleft must still be answered. As several authors have

pointed out, a commonelementof the proposed epidermaltheoriesis loss of or damage

to the lamina propria, before ingrowth ofthe epidermis takesplace.” The lamina propria

is composed of connective tissue andis situated between the epidermis of the ear drum

and the mucosal lining of the middle ear, Whenthe integrity of the lamina propriais lost

due, for instance, to chronic or acute infection, the epidermis and mucosa may comeinto

direct contact with each other. | believe that we must focus our attention on the

processes that take place whenthis contact of different epithelia occurs. As is known

from several morphological studies, dealing specifically with the transition zone between

epidermis and middle ear epithelium, there is generally some kind of contact inhibition

between the two epithelia.?°?”
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It is still not known which factors disturb this armed truce, permitting the invasion of

cornifying epithelium into the middle ear. The above mentioned epithelia can be

cultured at present and it would be of interest to perform encounter experiments with

middle ear mucosa and epidermisin vitro. These encounter experiments could take place

under different conditions, taking into account, for instance, the influence of endotoxi-

nes,”the extra-cellular calcium™ concentration, and bacterial infection, on the transiti-

on zone between the two types of epithelium. These experiments might elucidate why a

cornifying epithelium can invade the middle earcleft.
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SUMMARY

The pathogenesis of cholesteatomaisstill a subject of discussion. At present, three

fundamentally different theories concerning the origin of cholesteatoma can be

distinguished, First, the epidermal theory, according to which the origin must be sought
in the existing epidermis of the external ear canal or tympanic membrane. This theory

is adhered to by most otologists, although there is considerable discussion as to how this

epidermis invades the middle earcleft. Second, the congenital theory, which postulates

that inclusion of ectodermaltissue during fetal life will ultimately lead to cholesteatoma

In the third place there is the metaplasia theory, supported by those who hold the view

that certain stimuli to the middle ear epithelium lead to the development of

cholesteatoma. Several im vitro and in vivo studies have suggested that changes in the

extracellular carbon dioxide and oxygen concentrations caninfluence the morphology and

metabolism ofcells.

In this study we attempted to find out whether changes in the extracellular gas

composition of the middle ear can play a role in the pathogenesis of cholesteatoma,

especially within the context of the metaplasia theory. The gas composition in the intact

middle ear cleft differs strongly from that of the open air, by having higher carbon

dioxide and lower oxygen concentrations. In cases with a tympanic membrane perfora-

tion,it is reasonable to assumethat the gas composition in the middle ear will be altered
and more closely resemble the gas composition of the open air. Furthermore,

cholesteatoma are often associated with defects in the tympanic membraneor external

ear canal. In such cases middle ear mucosa and cholesteatomatissue may be exposed to
gas concentrations resembling that of the ambient atmosphere. Weassesed the eventual
influence of a change in the extracellular CO, and O, concentrations on the morphology,

proliferation rate, and terminal differentiation of middle ear mucosain vitro and in vivo.

Thein vitro studies comprised culture experiments in which the middle ear epithelium
of the rat was exposed to different CO,(0.03, 5, and 10%) and O,(5,10,and 21%)
concentrations. The morphology andproliferation rate of cultured middle ear epithelium

was distinctly affected by exposure to a gaseous environment resembling that of the

ambient atmosphere,i.e. 0.03% CO, and 21% O,. The degree of terminal differentiation
of the cells, however, was not altered relative to the findings in the other experiments.
No differences were found between the 5 and 10% CO,cultures or between thecells
cultured at the three O, concentrations. In sum these in vitro experiments did not suggest
that the influence of extracellular CO, and O, levels is of importance in relation to
cholesteatoma pathogenesis.

The morphology of three clinical types of cholesteatoma wasalso studiedi.e. the primary

acquired, recurrent, and residual cholesteatoma.
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Betweenthe primary acquired andthe recurrentcholesteatoma, consideredas a single

group andthe residual type differences in clinical appearance, pathogenesis, and possibly

the gaseous environment under which these cholesteatoma developed can be

distinguished. However, despite these differences we found nosignificant alterations in

morphology between the three types of cholesteatoma by either light or electron

microscopy. Histological or morphological features indicating a possible metaplastic

origin were not found in our material.

A postulated relationship between middle ear epithelium, epidermis of the external

ear canal, and cholesteatoma can be detected by studying the cytokeratin patternsof the

above-mentioned tissues. Each type of epithelium expresses a characteristic set of

cytokeratins (CK), and comparison of these patterns may shed some light on the

pathogenesis of cholesteatoma. In our study we used monoclonal antibodies against CK

4, 8, 10. 18, and 19,

CK 10 specific for a cornifying epithelium was expressed in epidermis and

cholesteatoma matrix but not in middle ear mucosa. CK 4, 8, 18, and 19 specific for non-

cornifying epithelia were not detected in epidermis, but were invariably present in middle

ear epithelium and occasionally in cholesteatoma. The results of this

immunohistochemical study point to a relationship between cholesteatoma and auditory

canal wall epithelium, but do not rule out a metaplastic origin of cholesteatoma.

In the last of the studies reported here, we looked for evidence whether morphology

and cytokeratin pattern of middle ear epithelium can be influenced im vivo, under

exposure to changes in the extracellular gaseous environment. For this purpose, we

challenged human middle ear mucosa with and without a tympanic membrane

perforation with 10 monoclonal antibodies against cytokeratins; 1, 4, 5, 6, 7, 8, 10, 13, 18,

and 19, Light microscopy showed mild metaplastic changes of the middle ear mucosa in

a majority of the cases with a tympanic membrane perforation. The cytokeratin

expression was not affected despite the changed morphology in the presence of a

perforation. None of the biopsy specimens showed the presence of cytokeratins 1 and 10,

which are characteristic of a cornifying epithelium.

The presence of a tympanic membraneperforation alone did not lead to a metaplastic

change of the middle ear mucosa into a cornifying epithelium. These in vitro and in vivo

studies showedthat the degree of terminaldifferentiation of middle ear epithelium is not

influenced by the above-mentioned CO,and O, concentrations. Hence, we may conlude

that the influence of CO, and O, levels, is of little importance in relation to

cholesteatoma pathogenesis. The results of the morphological study of cholesteatoma and

middie ear epithelium did not point to a possible metaplastic origin. In sum, we consider

a metaplastic genesis of cholesteatoma as very unlikely.

SAMENVATTING

De pathogenese yan het cholesteatoom is reeds meer dan honderd jaar een onderwerp

van discussie. In feite kan men momenteel drie wezenlijk verschillende theorien

betreffende de ontstaanswijze van het cholesteatoom onderscheiden. Ten eerste de

epidermale theorie, die ervan uitgaat dat de bestaande epidermis van de uitwendige

gehoorgang of het trommelvlies het middenoor binnendringt en aldus tot cholesteatoom

aanleiding geeft. Deze theorie heeft de meeste aanhangersenlijkt op klinische gronden

zeer reéel. In de tweede plaats is er de mogelijkheid van een congenitale origine. Het

cholesteatoom zou ontstaan uit embryonaal ofectopisch ectodermaal weefsel. Ten derde

bestaat er de metaplasie theorie, die ervan uitgaat dat door bepaalde stimuli middenoor

epitheel kan differentiéren tot een verhoornend plaveisel epitheel en aldus tot

cholesteatoom aanleiding geeft. Een van de factoren die mogelijk een rol zou kunnen

spelen binnen de metaplasie theorie is een verandering in de extra-cellulaire CO, and

QO, concentratie. Vooral in vitro experimenten toonden aan dat morfologie en cel

metabolisme van gekweekte cellen of weefsels kan worden beinvioed door veranderingen

in de concentraties van CO, en O,. Het doel van dit proefschrift was om te onderzoeken

of een verandering in de CO,/O, ratio, van belang kan zijn binnen het kader van de

cholesteatoom pathogenese.

De gas samenstelling in het intacte middenoor vertoont duidelijke verschillen met die

van de buitenlucht, de CO, concentratie is 5% en de O, concentratie is ongeveer 10%.

Men mag aannemen dat door een directe communicatie met de buitenlucht, het

middenoorepitheel zal worden blootgesteld aan gas concentraties gelijkend op die in de

ons omringende atmosfeer i.e.; 0.03% CO, en 20.9% O. Een dergelijke situatie doet zich

yoor bij een trommelvlies perforatie en mogelijk bij cholesteatomen met een defect in

de uitwendige gehoorgang of het trommelvlies. Teneinde de eventuele invloed van CO,

en O, op middenoorepitheel te bepalen werden zowelinvitro als in vivo studiesverricht.

Het in vitro experiment bestond uit kweek studies, waarbij middenoor epitheel van de

rat werd gekweekt onderverschillende CO, (0.03%,5%,en 10%) en O, (5%, 10%,en21%)

concentraties. Morfologie en groei werd statistisch significant beinvloed door de celkweek

bloot te stellen aan een gas samenstelling gelijkend op die van de buitenlucht. De mate

van terminale differentiatie van het epitheel bleef echter onveranderd ten opzichte van

de andere celkweken. Er werden geen verschillen gevonden, tussen de 5 en 10% CO,

kweek of tussen de verschillende O, kweken. Uit deze kweek experimenten kan men

concluderen dat de CO, concentratie, morfologie en groei van middenoor epitheel in

vitro kan beinvloeden. Echter,gezien het feit dat de terminale differentiatie onveranderd

bleef bij de verschillende CO, en O, concentraties, lijkt het onwaarschijnlijk dat deze

gassen cen rol spelen binnen de cholesteatoom pathogenese.
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In de klinische situatie zijn verschillende typen cholesteatoom te onderscheiden die

mogelijk verschillen in pathogenese, en zich ontwikkeld hebben onder verschillende gas

condities. Het residu cholesteatoom bijvoorbeeld ontstaatuit een niet geheel verwijderde

cholesteatoom matrix en kan groeien in een atmosfeer zoals die voorkomt in het intacte

middenoor. Daar tegenover staat het primair verworven en recidief cholesteatoom, dat

meestal gepaard gaat met defecten in de uitwendige gehoorgang of het trommelvlies,

waardoor een directe communicatie met de buitenlucht mogelijk is. Deze cholesteatomen

ontstaan waarschijlijk door een actieve ingroei van huid in het middenoor.

De morfologie van bovengenoemde typen cholesteatoom werd middels licht- en

electronen microscopie onderzocht en onderling vergeleken. Het bleek dat geen

essentiele verschillen tussen het residu cholesteatoom enerzijds en het primair verworven

en recidief cholesteatoom anderzijds konden worden aangetoond. Evenmin vonden wij

aanwijzingen in dit materiaal die zouden kunnen duiden op een metaplastische origine.

Concluderend kunnen westellen dat de morfologie van het cholesteatoom niet lijkt

te worden beinvioed door mogelijke verschillen in pathogenese of extra-cellulaire gas

samenstelling.

Men kan een eventuele relatie tussen het cholesteatoom en middenoor mucosa

enerzijds of tussen het cholesteatoom en epidermis van de uitwendige gehoorgang

anderzijds, onderzoeken doorhet cytokeratine patroon van bovengenoemdeepithelia te

bestuderen. Ieder type epitheel heeft een eigen set van cytokeratines en vergelijking van

deze cytokeratine patronen kan meerinzicht verschaffen in de origine van het choles-

teatoom. Voor dit onderzoek werd gebruik gemaakt van monoclonale antilichamen

gericht tegen de cytokeratines(CK) 4, 8, 10, 18 en 19.

CK 10 is specifiek voor een verhoornend plaveisel epitheel, en werd uitsluitend

aangetoond in cholesteatoom en de epidermis van de uitwendige gehoorgang. De CK’s

4, 8, 18 en 19 zijn specifiek voor niet verhoornend epitheel en werden zonder

uitzondering aangetoond in het middenoor epitheel. De CK’s 4, 18 en 19 bleken focaal

aanwezig te zijn in enkele cholesteatomen. Op grond van dit immunohistochemisch

onderzoeklijkt een epidermale origine van het cholesteatoom het meest waarschijniijk.

Middenoor epitheel bleek in vitro niet essenticel te veranderen door verschuivingen

in de CO,/O, ratio. Het morfologisch en immunohistochemisch onderzoek gaven

evenmin aanleiding metaplasie van middenoor epitheel als een oorzaak voor

cholesteatoom vorming te beschouwen.

Teneinde de eventuele invloed van CO, en O, op humaan middenoorepitheel, ivivo,

te onderzoeken werd het cytokeratine patroon van middenoor epitheel onderzocht bij

patienten met en zonder de aanwezigheid van een trommelvlies perforatie. Hiervoor

werden monoclonale antilichamen gebruikt gericht tegen de cytokeratines 1, 4, 5, 6, 7,

8, 10, 13, 18 en 19.
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Middenoor epitheel genomen uit oren met cen trommelvlies perforatie liet in de

meerderheid der gevallen focaal metaplastische veranderingen zien. Echter, het

cytokeratine patroon van dit middenoor epitheel werd niet beinvloedt door de

aanwezigheid van een trommelvlies perforatie en zelfs metaplastisch epitheel van meer

dan 10 cellagen, vertoonde geen veranderingin het cytokeratine patroon. CK 1 en 10 zijn

specifiek voor een verhoornend plaveisel epitheel en werden in geen van de middenoor

biopten aangetoond.

Conclusie: een trommelvlies perforatie op zich, geeft geen aanleiding tot dusdanige

veranderingen in de differentiatie van middenoor epitheel dat hierdoor een verhoornend

plaveiselcel epitheel zal ontstaan. Boven beschrevenin vitro en in vivo studies tonen aan

dat CO, en O, geen wezenlijke invloed hebben op de (terminale) differentiatie van

middenoor epitheel, De CO, en O, concentraties zoals hier gebruikt liken dan ook geen

rol te spelen binnen de cholesteatoom pathogenese. Zowel het morfologisch als het

immunohistochemisch onderzoek gaven geen aanwijzingen voor een metaplastische

origine, en de metaplasie theorie lijkt klinisch van geen belang.
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militaire dienst vervuld werd bij de Koninklijke Marine, hij werd gedetacheerd als arts
bij het Corps Mariniers te Doorn. Van oktober 1980 tot mei 1981 was hij werkzaam als
keurings- en waarnemend bedrijfsarts bij de Nederlandse Spoorwegen. Van mei 81 tot
mei 85 werd hij opgeleid tot keel-, neus-, en oorarts in het Academisch Ziekenhuis te
Leiden (Hoofd: Prof. Dr. P.H. Schmidt). Sedertdien bleef hij als staflid aan de afdeling
Keel-, neus- en oorheelkunde van het Academisch Ziekenhuis te Leiden verbonden.
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