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Morphophysiology of the Eustachian Tube Related
to Otitis Media

Keehyun Park

Department of Otolaryngology, Ajou University Schoot of Medicine, Suwon, Korea

Pathogenesis of otitis media is not clearly understood, and not much attention has been paid to it even
though ofits media is one of the most common diseases in otolaryngological field. There is abundant
epidemiological and clinical evidence in support of the idea that eustachian tube problems are important
predisposing factors in the pathogenesis of ofitis media. In this paper, | would like to review functional
morphology of the eustachian tube related to ofitis media. This reveiw will provide a morphological basis
for future eustachian tube and middle ear research conceming the pathogenesis of otitis media. (Ajou Med

J 1998; 3(2): 96~105)
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INTRODUCTION

A special interest has been focused in recent years on
the mucosal biology of the eustachian tube that is related
to the protection of the middle ear from infection and
the formation of middle ear effusions. Because of the im-
portance of otitis media, the morphology and function of
the eustachian tube and middle ear lining have been
intensively investigated. Numerous laboratory and clinical
data support the notion that local defense mechanisms,
in addition to systemic immunity, protect the tuboty-
mpanum from invading organisms. The eustachian tube
is protected by the mucosal defense system common to
all mucous membranes which are exposed to the external
environment. The mucosal defense system comprises: (1)
mechanical defense (e.g., mucociliary transportation system
that contains mucous blanket, ciliated cells, and secretory
cells); (2) biologic defense (e.g., antibacterial enzyme se-
cretion), (3) immunodefense (e.g., humoral and cellular
immune system); and (4) phagocytosis (polymorphonu-
clear leukocytes, macrophages). The entire length of the
eustachian tube and middle ear mucosa near the tubal
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opening are provided with a mucociliary as well as a
secretory defense system. It is important to understand
that when any one of these systems is compromised, the
person becomes predisposed to otitis media. The purpose
of this article is to review the available histological,
immunohistochemical, and ultrastructural data of eusta-
chian tube to provide a broad morphological and cellular
basis for understanding the pathogenesis of otitis media.

FUNCTIONAL MORPHOLOGY OF THE
EUSTACHIAN TUBE

In adult humans, a cartilaginous portion distinct from
the bony portion can be seen, but in young infants (and
in some adults) the cartilage often extends to the bony
portion, making it difficult to delineate the two. In labo-
ratory animals, particularly rodents and felines, the tubal
cartilage extends directly to the tympanum. In general,
these two parts are joined by a narrowing known as the
tubal jsthmus in humans and primates. The diameter of
this isthmus is smaller in children(about 2.4 mm X 0.8
mm) than in adults (about 4.3 mm X 1.7 mm) and also
varies from an individual to an individual.

The cartilaginous portion of the tube on cross-section



Fig. 1. Cross section of the eustachian tube in the rabbit shows
slit-like lumen and shephard’s crook-like carilage. The epithelial
cells of the tube are composed of typical respiratory epithelium,
pseudostratified columnar epithelium with interpersed goblet
cells (H&E stain, original X40).

shows a slit-like lumen that is partially reinforced by
cartilage that resembles a shephard's crook (Fig. 1). The
lower portion of the main body of the cartilage becomes
thicker toward the pharyngeal orifice. The epithelial cells
of this portion of the tube are formed mainly of pseudo-
stratified tall columnar ciliated epithelium with secretory,
nonsecretory, and basal cells. Occasionally, a simple squa-
mous mucosal epithelium lines the lumen, particularly
near the pharyngeal orifice and the upper part of the
tubal lumen. The eustachian tubal epithelium is composed
of pseudostratified columnar cells; interspersed among
these cells are goblet cells and the underlying basal cells
(Fig. 1).

The secretory cells are classified according to their
mosphological basis: light granulated cells, dark granu-
lated cells, and mixed granulated cells (Fig. 2). Futher
autoradiographic studies indicate that the light granulated
cells are mucous, because radioisotope-labeled glucose is
taken up largely by these cells, whereas the dark gran-

Keehyun Park : Morphology of the Eustachian Tube 97

Fig. 2. Transmission electron micrograph of the mucosa lining
of the eustachian tube shows epithelial cells and secretory cells
which are classified into dark granulated celis (D), light gra-
nulated cells (L), and mixed cells (M) (X1,650). Bar=1.0 um.

ulated cells are protein-secreting cells (serous), because
they incorporate isotope-labeled amino acid leucine."” The
subepithelial connective tissue contains blood vessels,
lymph capillaries, myelinated nerve fibers, fibrocytes,
occasionally mast cells, macrophages, and plasma cells.

The mucus-propelling cilia of the tube (columnar cells)
are approximately 4 to 7 itm, whereas the cilia in the
middle ear (often cuboidal or squamous type) are much
shorter: 3 to 4 ym. Each ciliated cell in the tympanum
possesses 40 to 60 cilia, whereas in the tubal lumen each
can possess up to 250. The shape of the ciliated cells
varies from tall columnar to cuboidal, or even squamous.
The densities of the ciliated cell populations vary con-
siderably. For example, in the human tubal lumen they
are over 80%; in the hypotympanum and near the tubal
orifice of the tympanum between 51% and 80%; in the
promontory and epitympanum, 11% to 60%; in the
aditus, 1% to 19%; and in the mastoid, under 1%.> In
the hypotympanum, a major track formed of groups of
ciliated cells is connected with the tubal lumen. A second
track is formed by ciliated-cell clusters along the epi-
tympanic recess and peripheral area of the tympanic
membrane (pars tensa) which connects to the tubal
opening area.' It has been found that secretory cells
always accompany the ciliated cells, even those that form
an isolated island.’

The cartilaginous part of the tube contains numerous
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seromucinous glands, and the serous acini are termed
demilunes because of their half-moon shape caused by
compression by round mucous glands. These mixed
glands open to the tubal lumen through secretory ducts.
Secreta pours out as viscous mucous droplets or column
which subsequently forms a thin mucous blanket.

There are two main tubal muscles: tensor veli palatini
(TVP) muscle and levator veli palatini (LVP) muscle. The
TVP muscle is attached to the hook end of the tubal
cartilage, thus, its contraction helps open the tubal lumen.
The contraction of the LVP muscle is thought to elevate
the lower luminar portion of the tube, thus, the lower
edge of the median side of the tubal cartilage is pushed
upward, helping the opening of the tube in concert with
the outward pulling motion of the TVP muscle action.
These muscles are thought to be poorly developed in
young children. The closing of the tubal lumen is pro-
vided by the relative stiffness of the tubal cartilage. In
young children, this tubal cartilage is floppy because of
its poor development, causing collapse of the tube.® It is
well established that the tubal anatomy undergoes drastic
changes during infancy and early childhood and that the
tubal cartilage attains its adult form by age 8 or 9, when
the incidence of otitis media decreases dramatically.

In considering the tubal function, several factors are
important: a) tubal muscles (TVP, LVP) which help open
or close the tube; b) tubal cartilage which provides the
stiffness required to prevent collapse of the tubal lumen;
) mucociliary system of the tubal mucosa which is re-
quired to prevent the entrance of bacteria and to elim-
inate unwanted debris or secreta from the tympanum; d)
secretory products which provide bacteriostatic of bacte-
ricidal substances such as lysozyme and lactoferrin and
provide a surface-active substance to make tubal opening
easier; and e) mucosal immunocytes in the tube, par-
ticularly near the pharyngeal orifice, that help protect the
tubotympanum. The presence of immunocytes in the
tubal connective tissue is well documented, and their
numbers increase following middle ear infection.

MUCOCILIARY TRANSPORTING SYSTEM

The function of a mucociliary system is directly related
to the presence of ciliated and secretory cells, and the cilia
of the ciliated cells must move in metachronal fashion in

order to move the mucus blanket, indicating that the
series of cilia move in sequence. The mucous blanket is
suggested to be a nonhomogeneous mixture of different
types of secretion (mucous and serous) forming a vis-
coelastic hydrophilic non-Newtonian gel.” However, it has
also been suggested that the mucous blanket (viscoelastic
layer) is formed largely of secreted mucus, whereas the
serous fluid (low viscosity layer) bathes the periciliary
space, allowing free ciliary motion.”’ Regulation of mu-
cociliary transport depends on: (a) variations in the fluidic
load produced by mucus on the cilia, (b) variations in the
energy output of the ciliary engine, and (c) variations in
the energy transfer from ciliary movement to mucus
flow.”

Because mucociliary coupling has a significant bearing
on transport efficiency, the length of the cilium that
penetrates the mucus and the thickness of the periciliary
layer could have a “clutching” effect on regulating the
degree of mechanical coupling between the mucus and
the cilia during their active stroke.'® The tips of the cilia
are known to penetrate about 0.5 fim into the mucous
layer of the blanket during their effective stroke' so that
the mucus is propelled forward. The recovery strokes,
however, take place in the periciliary fluid. If the depth
of the periciliary serous layer increases so that the tips of
the cilia no longer hold (penetrate) the mucous layer, the
mucus will not be propelled until excess fluid is removed.
If the periciliary layer becomes too shallow by loss of fluid
or diminished secretion, the mucus propulsion will stop
because the cilia are pressed down and can no longer
propetly complete their beat cycle."" This concept em-
phasizes the importance of the secretion of serous as well
as mucous fluid. In this regard, it is important to note
that even in the epithelial secretory cells of the tubo-
tympanum there is a morphological as well as a bio-
chemical heterogeneity.lz’13 In order to have a functioning
mucociliary system, the serous fluid must be produced
locally. A functioning mucociliary transporting system is
known to exist in certain parts of the lining epithelium
of the middle ear as well as in the bony tube where no
mixed glands are present. By the use of lectin-gold
cytochemistry, it has recently been demonstrated that the
epithelial dark granulated secretory cells produce serum-
type glycoprotein in the bony part of the chinchilla eusta-
chian tube and the middle ear cavity, and that light
(mucous) granules of the glandular mucous cells and



Fig. 3. Transmission electron micrograph of epithelial goblet celis
of the chinchilla eustachian tube shows positive-labeled ConA
specifically in dark core (D). Peripheral light portions are not
labeled (arrow heads) (X16,000). Bar=1.0 um.

goblet cells in the chinchilla tubotympanum have serum-
type glycoprotein in the dark cores (Fig. 3)."* These
results suggest that the production of serum-type gly-
coprotein in the epithelial cells is necessary to support
low-viscosity periciliary fluid in the absence of the mixed
glands that produce serum as well as mucin-type glyco-
proteins in these regions.

There is an unequivocal evidence that nonfunctioning
or disrupted cilia of the tubotympanum lead to otitis
media, because patients with immotile cilia syndrome
develop recurrent or chronic otitis media and maxillary
sinusitis without exception. Recent evidence suggests that
influenza A virus causes destruction of the ciliated epi-
thelium of the eustachian tube in the early stage of in-
fection, leading to a secondary bacterial invasion.”
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Fig. 4. Only serous part of tubal glands are positively stained
with antibody to lysozyme (ABC immunostaining plus hema-
toxylin, original X200).

TUBAL SECRETIONS AND THEIR
BIOLOGICAL FUNCTIONS

Antibacterial enzyme activity

One of the mucosal surface defense mechanics is an
antibacterial secretory enzyme activity which has been
demonstrated in the middle ear and eustachian tube.' It
was demonstrated that the antibacterial secretory en-
zymes, lysozyme and lactoferrin, are secreted by the
middle ear mucosa and eustachian tube of the normal
chinchilla.”” In the middle ear mucosa, lysozyme was
produced largely by the goblet cells and localized mainly
in the columnar epithelium area of the transitional zone,
and lactoferrin was produced by the nonmucous secretory
cells (dark granulated cells that are AB-PAS negative) and
localized mainly in the cuboidal epithelium area of the
transitional zone. In the eustachian tube, lysozyme was
produced primarily by the epithelial goblet cells and
mucous cells of the subepithelial glands, while lactoferrin
was secreted primarily by the serous cells of the glands.
This finding is consistent with an another observation'’
which demonstrated lactoferrin in glandular acinar cells
(negative for AB-PAS staining) of the eustachian tube of
the normal guinea pig. In contrast to the above obser-
vations, it was found that both lysozyme and lactoferrin
were localized in the serous cells of the subepithelial
glands in mice (Fig. 4)."® In the human upper airway
mucosa, lysozyme was also localized in the serous glands
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and serous parts of the mixed glands."””

Whether these different results are due to species
differences or something else can not be concluded. Fur-
ther study is needed to clarify these important differencés.

The proportion of the secretory cells producing these
antibacteria] agents was much greater in the eustachian
tube than in the middle ear mucosa. Because the eusta-
chian tube is the main entry port for microorganisms into
the middle ear cavity, it is reasonable to suggest that
lysozyme- and lactoferrin-secreting cells are strategically
located in the eustachian tube to protect the middle ear
from invading organisms. It is also suggested that the
extent of the antibacterial enzyme secretion lies in a
dynamic state, because antibacterial enzyme secretion is
drastically increased following middle ear infection.

Surface-active substance of the eustachian tube

Aside from the secretion for the mucociliary blanket
and enzyme activity, the tubal secretion provides also
surface-active substance (SAS) to reduce the surface ten-
sion of the tubal secretion and to facilitate tubal opening.
This idea could be criticized by the fact that the diameter
of the eustachian tube is too large and much larger than
that of the alveoli. However, the normal eustachian tube
is thought to be closed for the most of time, and the
diameter is very small when closed. Therefore, it is logical
to assume that the tube and middle ear mucosa are
covered by SAS to facilitate efficient tubal function.

Although there is good evidence to suggest that SAS
is present in the tubal lumen to facilitate tubal opening

Fig. 5. Autoradiogram 1 hour after injection of radioactive isotope
(3H-palmitic acid) reveals black silver grain in secretory cells
and lumen of the epithelium (H&E stain, original X1000).

(Fig. 5), their biochemical characterization remains con-
troversial. Many investigators likened the tubal SAS to
the pulmonary surfactant.”’ > Using rat eustachian tube
in vitro preparations and radioisotope-labeled choline, the
synthesis of phosphatidyl choline (PC) was investigated.”
It was found that the eustachian tube and lung syn-
thesized PC significantly more than the control liver tissue
of equal weight, suggesting that the tube may secrete a
surfactant-like substance biochemically analogous to that
of the lung. However, it was demonstrated that the
surface activity of the tubal washings resides primarily in
the aqueous phase (glycoprotein or mucoprotein) rather
than the lipid phase.26 In recent chinchilla study, it was
confirmed that the biochemical content of tubal SAS is
similar but not identical to that of pulmonary sur-
factants.”’

Although an earlier cytochemical study™ showed a
secretory product and dark granules (of the serous cells)
which reacted with tricomplex flocculation to suggest a
possible presence of phospholipids, secretory granules
resembling the lamellar secretory granules of the alveolar
type II secretory cells that produce surfactant (lecithin)
have not always been observed in the tubotympanum.
Whether these different results are due to species differ-
ences or to methodological differences can not be answer-
ed. Further study is in need to clarify this important
question.

It has been suggested that SAS plays a role for
facilitating phagocytosis by macrophages of micro-or-
ganisms in the tubotympanum as well as in the lungs.
An other possible action which has been suggested for the
lungs is that SAS may improve mucociliary transport by
improving the sliding of the gel layer over the sol layer.
Still another theory is that SAS prevents effusion of serum
proteins into the tubotympanum, especially under neg-
ative air pressure.

IMMUNODEFENSE SYSTEM

There is also good clinical,29~53 immunohistochernical,34‘36
and experimental37~39 evidence to suggest that the
tubotympanum is protected by the local (humoral and
cellular) as well as the systemic immune system. In the
normal chinchilla tube, the glandular acini cells were
positively stained with anti-IgA antibody, and a few IgA-



forming immunocytes were observed in the tubal con-
nective tissue and in the bulla near the tube, but IgM-
and [gG-forming immunocytes were rarely observed.®
However, after an infection with S.pneumoniae (type 3
or 23), there was a dramatic increase in immunocytes in
the submucosa in the bulla, the most being the IgG-
forming cells followed by IgM- and IgA-forming cells.
The increase in immunocytes corresponded well with an
increase in immunoglobulins in the middle ear effusions.”®
These findings are consistent with results obtained in
middle ear effusions. It was demonstrated that IgG was
the major immunoglobulin, followed by IgA and IgM,
and they increased with advancing age.!

The route of antigenic absorption has also been
investigated by the use of a tracer. It was demonstrated
that horseradish peroxidase (HRP) instilled into the
guinea pig bulla was actively transported via pinocytosis
on the epithelial cell surface and into the intercellular
space by reverse pinocytosis.42 The intercellular HRP was
then passively transported into the submucosal connective
tissue and was taken up by macrophages or by the
lymphatics and venules. The tracer then found its way to
the regional lymph nodes (deep cervical) within 15
minutes after the tympanal instillation.” These mac-
romolecules were found in the macrophages in the lymph
nodes. Thus, the regional lymph nodes seem to play an
important role in the processing and presenting of the
antigen to lymphocytes in the lymph nodes, thereby
inducing the immune response to product antibody and
evoke cellular immunity to regional antigen.

The role of cellular immunity in protecting the
tubotympanum against viral and bacterial agents has not
been unequivocally established. However, natural killer
cells” have been found in large numbers in mucous tissue
together with mast cells.” This finding suggests that local
cellular immunity may be operative in the tuboty-
mpanum.

TUBAL FUNCTION AND UPPER
RESPIRATORY INFECTION

Although upper respiratory viral infection has been
suspected of being associated with the pathogenesis of
otitis media, evidence has only recently been found to
indicate a close association between respiratory viruses
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(such as respiratory syncytial virus, influenza A, and
adenovirus) and acute otitis media. Furthermore, it was
demonstrated that positive secretory viral antibodies
(secretory IgA) to respiratory viruses were detected in
24% of the chronic middle ear effusions studied,45 in-
dicating that these respiratory viruses may have an
immediate as well as a long-term effect on the patho-
genesis of otitis media.

Experimental evidence supporting the role of influenza
A virus in the pathogenesis of acute otitis media was
presented by Giebink and his collegues.46 When the
nasopharynges of chinchillas were instilled with Strepto-
coccus pneumoniae, only 13% developed acute otitis
media, whereas the incidence of acute otitis media was
67% when the nasopharynges were instilled with S.
pneumoniae together with influenza A virus. The follow-
up investigation documented that the influenza A virus
caused immediate destruction of the tubal mucosal lining
(Fig. 6), and the mucosal epithelium of the tube had not

Fig. 6. Transmission electron micrograph of the eustachian tube
epithelium 3 days after transbullar viral inoculation shows de-
tached cilium and inflammatory cells in tubal lumen (X3,300).
Bar=1.0 gm.
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established normal morphologic characteristics on the
ultrastructural level even two weeks after viral inoculation
of the middle ear.” I have demonstrated that histopath-
ologic changes induced by inoculation of influenza A virus
correlated well with diminished eustachian tube muco-
ciliary activity and transport function. In this study, the
analysis of ciliary beat frequency and dye transport
indicated a maximal decrease approximately 7 to 14 days
postinoculation, returning to the normal function by 28
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Fig. 7. Ciliary beat frequency of chinchilla eustachian tube epi-
thelium at sites near the tympanic or pharyngeal orifice following
transbullar inoculation of influenza a virus. Maximal diminution
of ciliary beat frequency occurs in both the tympanic and phar-
yngeal portions of the eustachian tube 10 days postinoculation.

days postinoculation (Fig. 7). Therefore, it appears that
an individual whose tubotympanum suffers from influenza
A infection becomes highly wvulnerable to a secondary
bacterial infection from the nasopharynx. Although we are
not certain whether all respiratory viruses have similar
pathologic effects, it is conceivable that the pathogenic
respiratory viruses may damage the integrity of the
ciliated epithelium.

There is some evidence to show that respiratory viral
infection may also enhance bacterial adherence to the host
epithelial cell surfaces,” thereby increasing the chance of
bacterial infection. This enhancement is presumably me-
diated by the presence of the virus-induced glycoproteins.
The possible immunosuppressive effects of the respiratory
viruses by various alterations of immunocompetent cell
function” could also have an influence on the path-
ogenesis of acute otitis media. Although such an influence
has not yet been well documented in otitis media, poor
functional states of the middle ear macrophages in chronic
middle ear effusions have been described.”'

FUTURE RESEARCH OF THE
EUSTACHIAN TUBE

Culture of the eustachian tube and middle ear
epithelial cells

The availability of cultured eustachian tube epithelial
cells provides a new avenue for research that is useful in

Fig. 8. A) Light micrograph of explant (E) and outgrowth (0) after 7days in culture of the human middle ear epithelium shows elongated
migratory ciliated cells (original x 200). B) Cytokeratin immunostaining in cultured epithelial cells shows positive finding (original X 200).
(From Moon SK et al. : Korean J Otolaryngol 1998. Reprinted by permission)



characterizing bacterial and viral receptors, hormone re-
ceptors, cell-cell interection, cell differentiation, cell trans-
formation, and measurement of cell potential. Consi-
derable progress has been made in recent years in cell
culture techniques that allow for the successful culture of
respiratory epithelial cells in many different species. A
number of investigators have attempted to culture the
middle ear epithelium from different species such as rat,”
guinea pig,” gerbils,54 and chinchillas.”” Recently, the
human middle ear epithelium was successfully cultured
(Fig. 8). This will provide a good model for the study
of human eustachian tube and middle ear epithelial
physiology or of secretion related to otitis media.

Mucin gene of the eustachian tube

Mucins are present in various organs such as nasal
cavity and bronchotracheal tree, and it protect and
lubricate the surface of mucous membranes under normal
circumstances. Up to the present, nine human mucin
genes have been cloned from ¢cDNA of various human
organs. The mucins in the eustachian tube, however, are
unkown. Recently, Kawano et al.”’ identified mucin gene
(MUCSB) in middle ear mucosa of patients with chronic
otitis media. Their studies indicated that MUC5B mucin
gene is expressed in the middle ear mucosa in chronic
otitis media and it may play an important role in the
pathogenesis of this disease. Inflammatory disorders are
accompanied by excessive secretion of the mucus which
contributes to pathogenesis of otitis media. Future study
will clarify mucin genes in the eustachian tube which will
be helpful to understand the pathogenesis and manage-
ment of otitis media.

CONCLUSION

One of the important functions of the eustachian tube
is to protect the middle ear from invading organisms. The
host develops a number of strategies for the purpose (e.g.,
mucociliary protection, antibacterial secretory products,
immunodefense, and phagocytosis). The bacteria also
develop their strategies to evade the host protection by
enhancing adherence to the mucosal surfaces, impairing
mucociliary function, and evading phagocytosis.

The normal eustachian tube mucosa is protected by the
mucociliary transportation system which prevents bacterial
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entry and by surface mucosal immunoglobulin (secretory
IgA) which inhibits bacterial adhesion to the mucosal
surfaces. Therefore, three conditions must be met for the
occurrence of otitis media: (1) bacterial adherence to the
nasopharynx, (2) bacterial entry to the tubotympanum,
and (3) bacterial replication in the tympanum.
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