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The inner ear lies sheltered in the temporal bone and consists of basically three parts: the cochlea
(the hearing organ), the vestibular (the balance organ), and the endolymphatic duct (ED) and
endolymphatic sac (ES). The ES and ED are located in a bony canal, the vestibular aqueduct
(VA), located on the medial side of the vestibule. While the functions of the cochlea and the
vestibular part of the inner ear are rather well studied, our knowledge of the function/s of the ES
and ED remains limited and has intrigued scientists for centuries. Earlier studies have supported
several theories, such as being an immune mediator, an aid in pressure regulation, related to the
absorption of endolymph, and the production of endolymph.

Otologic disorders, which affect both hearing and balance, such as Meniere’s disease (MD)
and large vestibular aqueduct syndrome (LVAS), have been linked to dysfunction of the ES/
ED. Studies of the human inner ear are fairly sparse. Research on the ES and ED have mainly
been performed on animals, although both the anatomy and function may differ among various
species.

This thesis aims to further investigate the anatomy and function of the human ES and
ED with the two otologic disorders MD and LVAS in mind. To achieve this, we have used
novel imaging techniques, such as super-resolution structured illumination microscopy (SR-
SIM), micro-computerized tomography (micro-CT), and synchrotron radiation phase-contrast
imaging (SR-PCI). The material used for imaging comes from different sources: human archival
temporal bones from the Uppsala temporal bone collection; human fresh-frozen cadaveric bones
from our collaborators at Western University, in London, Ontario, Canada; and fresh-frozen
human ES harvested during vestibular schwannoma surgery after securing ethical permission.

The results of these studies describe the micro-anatomy of the VA, ED and ES down to a
nanoscopic level. The discussion is based on the findings, relating them to earlier research with
clinical implications regarding MD and LVAS.
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Introduction

The inner ear harbors the end-organs of two of our sources of sensory input,
namely hearing and balance. Dysfunction of one or both of these sensory or-
gans is common and can have a great impact on the ability to perform activities
of daily living. When hearing fails, communication is affected. Communica-
tion, although consisting of more elements than hearing, is categorically cru-
cial to humans, and hearing is essential for developing a verbal language. In-
vestigations performed by Rosenhall et al. ', showed that 10.7% of the Swe-
dish population suffers from some kind of hearing loss, and about 30—50 chil-
dren are born deaf each year in Sweden. Dysfunction of the balance, or
vestibular, organ affects our ability to maintain body position and to move
around freely while keeping our gaze steady. Dizziness, including a wide
range of peripheral vestibular disorders, has been reported to affect up to 20%
of the adult population annually * and has a considerable impact on health-
related quality of life *. Inner ear disturbances are the main causes of perma-
nent hearing loss and account for approximately one-quarter of dizziness com-
plaints .

The inner ear lies sheltered in the temporal bone and consists of basically
three parts: the cochlea (the hearing organ), the vestibular (the balance organ),
and the endolymphatic duct (ED) and endolymphatic sac (ES). While the func-
tions of the cochlea and the vestibular part of the inner ear are rather well
studied, our knowledge of the function/s of the ES and ED remains limited
and has intrigued scientists for centuries. Earlier studies have supported sev-
eral theories, such as being an immune mediator *¢, an aid in pressure regula-
tion ¥, related to the absorption of endolymph *'°, and the production of en-
dolymph ',

Otologic disorders, which affect both hearing and balance, such as
Meniere’s disease (MD) and large vestibular aqueduct syndrome (LVAS),
have been linked to dysfunction of the ES/ED. The sheltered position of the
inner ear is, indeed, beneficial, as it is protected by dense bone, but this also
makes the inner ear difficult to study, so studies of the human inner ear are
fairly sparse. It is usually difficult to have access to either fresh cadaveric or
surgically removed inner ears, and in vivo studies on human material are prac-
tically impossible to perform. Therefore, research on the ES and ED have
mainly been performed on animals, although both the anatomy and function
may differ among various species.
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This thesis aims to further investigate the anatomy and function of the hu-
man ES and ED with the two otologic disorders MD and LVAS in mind. To
achieve this, we have used novel imaging techniques, such as super-resolution
structured illumination microscopy (SR-SIM), micro-computerized tomogra-
phy (micro-CT), and synchrotron radiation phase-contrast imaging (SR-PCI).
The material used for imaging comes from different sources: human archival
temporal bones from the Uppsala temporal bone collection; human fresh-fro-
zen cadaveric bones from our collaborators at Western University, in London,
Ontario, Canada; and fresh-frozen human ES harvested during vestibular
schwannoma surgery after securing ethical permission.
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Background

Anatomy and histology of the Endolymphatic Duct and
Sac

The sensory parts of the inner ear, the cochlea, the vestibular apparatus, and
the ES, are all connected as parts of the so-called membranous labyrinth. In-
side this compartment, there is a fluid called endolymph, which bathes the
surface of the organ of Corti and the apical poles of the hair cells. Another
type of fluid, the perilymph, with an ionic composition similar to that of
plasma and cerebrospinal fluid, is located between the bony capsule and the
membranous labyrinth.

The ES and ED are part of the membranous labyrinth and are connected to
the rest of the endolymphatic system where the utricular and saccular ducts
unite. The human ED and ES runs through the vestibular aqueduct (VA),
which is a bony J-shaped canal situated on the medial side of the vestibule and
common crus (CC) (Figure 1).
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Figure 1. Micro-CT of left temporal bone, superior view.

The initial segment of the VA is narrow and fairly constant in shape and size
1516 but gradually widens and opens up at the external aperture (or operculum)
to the posterior cranial fossa. A pathologically widened VA can be found in
LVAS, which often results in childhood deafness. Due to the three-dimen-
sional J-shape of the VA, it is difficult to project and visualize these structures
on computed tomography (CT) scans. Several proposals of optimal radio-
graphic projections have been made.

The ES is divided into three parts on the basis of its morphological fea-
tures: the proximal, intermediate, and distal parts ''®. The proximal part is
located in the first part of the VA, while the intermediate part is located both
in the VA and in the dura mater of the posterior cranial fossa. The distal part
lies completely in the dural pouch on the posterior slope of the pyramid near
the sigmoid sinus. The ED is fairly regular in size, while the ES shows spec-
tacular anatomic variations, with surface areas differing by as much as 17
times '°. The VA runs parallel to a bony channel termed the accessory canal
(AC) (or para-vestibular canal). This channel contains the vein of the vestib-
ular aqueduct (VVA), which drains blood from the vestibule to the sigmoid
sinus '>'®. Quite recently, a study of human temporal bones using light and
electron microscopy revealed a peri-endolymphatic channel system surround-
ing the ED °; this system is assumed to be involved in endolymph absorption.

The human ES epithelium contains a heterogeneous population of cells and
is arranged in a single layer with epithelial folds, polypous outgrowths, and

14



tubular formations *!. Findings have suggested that the intermediate portion
(also called the rugose part) may be more active in ion transport and fluid
homeostasis '"#2. Two distinguishable cell types, the mitochondria-rich cells
(MRCs) and ribosome-rich cells (RRCs), exist in rats '“****. They correspond
to the cyto-organelle-rich cells and filament-rich cells reported in mice %, as
well as light and dark cells in guinea pigs '’. These cell types are thought to
have different functions, such as fluid absorption and, possibly, secretion.

Historical and developmental aspects

The human VA was first described by the Neapolitan anatomist Domenico
Cotugno in 1761%°. He also described a small membranous sac in the dura
adjacent to the VA and called the structure the “cavitas aquaeductus membra-
nea.” A detailed description of the membranous labyrinth was provided by
Antonio Scarpa in 1789 ?. He also recognized that the membranous labyrinth
contained a separate fluid, endolymph. More than 100 years later, Sieben-
mann®® presented careful drawings of inner ear casts and demonstrated the
anatomy of the VA, the cochlear aqueduct, and their miniscule accessory ca-
nals. The first accurate description of the ES was in 1869, by Boettcher®’, and
Hasse® introduced the term endolymphatic sac (saccus endolymphaticus) a
few years later.

Expansion of the vestibule was discovered by Mondini in 1791°', but it was
not until almost 200 years later that Valvassori and Clemis** described an en-
largement of the VA. The widening of the VA was associated with sensori-
neural hearing loss and was termed “large vestibular aqueduct syndrome,” or
LVAS.

In 1861, a French physician, Prosper Meniere, presented a paper in which
he described a triad of symptoms compromising episodic vertigo, hearing loss,
and tinnitus®. Previously, it had been thought that vertigo was a cerebral
symptom, but he emphasized that vertigo could originate from damage to the
inner ear. The condition he described now bears his name, but confusion re-
garding the clinical and pathological features of MD has prevailed for many
years.

The inner ear has fascinated scientists through the years. The Swedish anat-
omist Gustaf Retzius (1842—1919) described the ear as the crown of creation
and published his work on the inner ear’s anatomy in different species in 1881
and 1884. Drawings of the inner ear by Retzius are amazingly accurate and
are still fascinating™.

From an evolutionary aspect, all vertebrates have an otic capsule with a
fluid-filled membranous labyrinth containing sensory epithelia. The vestibular
labyrinth contains a saccule, utricle, and semicircular canals and is used to
detect gravity, balance, and movement. In all vertebrates, the semicircular ca-
nals and otholith organs are connected to an ED*. In some groups, like sharks
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and ray fish (cartilaginous fishes), the duct ends in an open pore on the dorsal
surface of the head (Figure 2). Small grains of sand can enter the inner ear
through these pores and will, together with an endogenous material, form oto-
liths*. The French oto-surgeon Georges Portmann did experiments on sharks
where he obliterated the ED opening. When he observed that the shark ap-
peared to be unsteady, he drew the conclusion that the ED might be obstructed,
causing increased pressure in the ear and thus vertigo in humans. He intro-
duced ES surgery to relieve pressure 10 years before endolymphatic hydrops
(EH) was described for the first time®’. In bony fish and tetrapods, this external
opening has been lost, and the ED can be seen to end in an ES (Figure 2).
With the transition to living on land, instead of in water, and by that the ne-
cessity of detecting air-borne sounds, the cochlea eventually developed.

—— ol 0
Figure 2. Inner ear of cartilaginous fish. The endolymphatic duct is opening up on
the surface of the fish. There seems to be a plug or valvular structure in the opening.
The semicircular canals can be seen. From Retzius 1884.
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The earliest detailed description of the embryological development of the
inner ear goes back to Streeter, in 1906®. Later studies have confirmed the
results of this early work®>*’. According to these studies, the differentiation
between the ED and the cochlear duct (CD) starts at Carnegie stage CS17, and
the semicircular ducts start to develop as a broad triangular elevation in the
middle of the otic vesicle lateral to the ED at CS17. When the SCDs are start-
ing to form at CS18-19, the ED is already visible as an elongated structure
reaching further toward the posterior fossa. The ED is initially wide, but it
gradually narrows, and the entire inner ear attains adult dimensions at mid-
term (Figure 3).

TR
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Figure 3. Development of the inner ear. From Streeter 1906.

While examining the collection of 324 inner ear casts belonging to the Uppsala
archival temporal bone collection, one specimen was encountered that chal-
lenges what is known about inner ear development. In it, the VA first runs
parallel to the CC, but then makes a bend, passing through the subarcuate fossa
of the superior semicircular canal to continue its course to the posterior fossa
(Figure 4). This suggests that the ES is formed early during inner ear devel-
opment, and then followed by the differentiation and maturation of the semi-
circular canals. This type of malformation has not, to our knowledge, been
observed before, and its functional consequences are unknown.
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Figure 4. Micro-CT of inner ear cast showing the aberrant course of the VA (yel-
low). Median view. IAC, internal acoustic canal. SSCC, superior semicircular canal.
LSSC, lateral semicircular canal. PSSC, posterior semicircular canal. VA, vestibular
aqueduct.

Endolymph

The endolymph has a unique chemical composition suited to regulating the
electrochemical impulses in hair cells. There are differences in resting poten-
tial, ion concentration, and pH between the endolymph in the scala media in
the cochlea, the ES, and the vestibular organ. The resting potential in the ES
is lower than in the cochlea, but higher than in the vestibular parts. In rodent
cochlea, the potassium concentration is high (154.5 mM), and sodium concen-
tration is low (0.23 mM), whereas in the ES, the potassium concentration is
11.6 mM, and the sodium concentration is 103.3 mM*'***. ES endolymph is
more acidic (pH 6.7) than in the cochlea (pH 7.4). Many are of the opinion
that there is a longitudinal “flow” of endolymph from the cochlea to the ES,
but there is little substantial evidence to support this idea'**®. The production
of endolymph from perilymph is made possible via selective ion transport over
the Reissner’s membrane®’. It is still not completely understood where the en-
dolymph is absorbed, but previous studies have indicated absorption in the ES
or the ED*'%%,

The mechanical stimulation of hair cells opens up ion channels in the cell
that, under the influence of an electro-chemical gradient, allows positively
charged ions from the potassium-rich endolymph to enter. This creates a
graded receptor potential in the inner hair cells that triggers the release of neu-
rotransmitters that bind to the hearing nerve end terminus and initiates the ac-
tion potential. The driving force for this mechanism is a field potential called
the endocochlear potential (EP), as well as the high concentration of endo-
lymph potassium. This potential is generated in the stria vascularis that se-
cretes potassium into the endolymph, which is also recycling these ions. In the
cochlea, the endolymph in scala media is separated from the perilymph in
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scala vestibuli by the Reissner’s membrane and from the perilymph in scala
tympani by the basilar membrane.

Functions of the ED/ES

Many theories on the function of the ED and ES have been presented. They
range over a wide field of suggested functions, such as the regulation of en-
dolymph, pressure regulation, immune modulation, and more. Since most
studies of the ED/ES are performed on animals, it might not be correct to apply
those data to humans, since there are differences in anatomy and, perhaps,
function among species.

Regulation of endolymph

Studies support the theory that the ED/ES is involved in endolymph homeo-
stasis*’. The major hypothesis is that the ED/ES is responsible for the endo-
lymph uptake®®**52, but there are some studies supporting a secretory func-
tion'!'"*** More recent studies on the ES have revealed a number of proteins
active in ion and water transport that are expressed in the ES epithelium>>,
This implies that the ED/ES is highly active in maintaining endolymphatic
homeostasis. The exact mechanism for this is still not completely understood.
The two main cell types in the ES are believed to have different functions. The
MRC:s are thought to absorb sodium and fluid from the ES lumen, whereas the
RRCs might be responsible for secretion and immune activity''.

Inner ear immunity

The inner ear was long thought to be devoid of immune incompetent cells.
Several barriers exist to maintain the integrity of the membranous labyrinth®,
and it was believed that immune cells were not able to cross those barriers.
Instead, the ES was thought to be the sole part of the inner ear responsible for
an immune response®’’’. More recently, though, immune cells have been
found in other areas of the inner ear’'™. Two types of macrophages have been
found to reside in the cochlea: cochlear macrophages, in the spiral ligament,
and perivascular macrophage-like melanocytes, in the stria vascularis”. The
macrophage-like melanocytes are believed to control the permeability of the
tight junctions in the stria vascularis when immune responses are induced’.
The precise role of the cochlear macrophages is not clear, but several studies
suggest the phagocytosis of debris. The infiltration of IBA-1 positive cells in
the cochlea after noise exposure has been shown’"’¢7® and experiments by
Lang et al. suggested that the cells are bone marrow-derived”. A migration of
macrophages into the cochlea in response to hair cells damaged by other
agents, such as ototoxic drugs®®®' and diphteria toxin-induced selective hair
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cell degeneration®, has also been shown. An immunologic route from the mid-
dle ear to the inner ear and the ES was proposed by Ikeda et al*, and they also
suggested that the ES was responsible for the local immune response for the
inner ear. In guinea pigs that underwent unilateral ES obliteration, followed
by sensitization and then challenge with the antigen, the cochlea showed a
reduced amount of cellular infiltrate and antibody response in the ear where
the ES had been obliterated’, suggesting that the immune response in the inner
ear is initiated in the ES. Histopathological findings of EH and vasculitis in
the cochlea have been found in Cogan’s syndrome, an autoimmune inner ear
disease®. Magnetic resonance imaging (MRI) has also revealed EH in patients
with primary immune-mediated inner ear disease®.

Pressure regulation

Several authors have suggested that the ES plays a role in the regulation of
intracochlear and intracranial pressure homeostasis, and in systemic and/or
intracranial blood pressure®®®. The distal, extraosseous part of the ES lies
close to the sigmoid sinus and the jugular bulb, which drains the venous blood
from the brain. It is therefore possible that intracranial pressure changes could
affect the ES. Vasopressin seems to have a regulatory effect on the aquaporin
channels in the ES and increased serum vasopressin, and expression of the
vasopressin receptor in the ES has been observed in EH**"'. Moller et al.®
found the expression of natriuretic peptides in the human ES and hypothesized
that the ES may regulate the inner ear’s endolymphatic homeostasis and influ-
ence systemic and intracranial blood pressure.

Otologic disorders
Large Vestibular Aqueduct Syndrome (LVAS)

The association of congenital sensorineural hearing loss (SNHL) with an en-
larged vestibular aqueduct was initially determined from histopathologic stud-
ies of inner ear malformations®”. Radiologic detection of LVAS was reported
in 1978 by Valvassori and Clemis, who described the enlargement of the VA
in association with sensorineural hearing loss. It occurred mostly as a single
trait, but could also be associated with other inner ear malformations such as
Mondini’s dysplasia. They called it “large vestibular aqueduct syndrome,” or
LVAS, and reported that a midpoint VA width of greater than 1.5 mm was to
be considered abnormal®?. This definition remains the most commonly used,
although several other studies have suggested other criteria’*°. Due to the
variable anatomy of the VA, it is difficult to project and visualize it using
conventional computed tomography (CT). Several authors have presented rec-
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ommendations for optimal radiological projections to visualize the VA. Pro-
posals have been made in normal and pathological conditions and include ax-
ial (with or without reformats in the 45° oblique plane), lateral, and coronal
projections.

The prevalence of LVAS ranges in different studies from 1.5% to 15% in
pediatric populations with hearing loss’®®’. Hearing loss in LVAS is often
congenital, but can also be acquired during childhood and present as a senso-
rineural downward-fluctuating progressive high-frequency hearing loss”™
(Figure 5).
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Figure 5. CT-scans (A, lateral and B, axial projections) and audiogram from an indi-
vidual with unilateral (right-sided, arrow) severe hearing loss and LVAS.

Several genetic syndromes are associated with LVAS®. The most common is
Pendred syndrome, which includes euthyroid goiter and LVAS'®, Pendred
syndrome is caused by a mutation in the SLC26A4 gene, which encodes the
anion exchanger pendrin. Pendrin is present in the human ES and acts as a CI-
/HCO3 exchanger, playing an important role in maintaining the homeostasis
of the endolymphatic fluid system®'°'. Other syndromes linked to LVAS in-
clude distal renal tubular acidosis (ATP6B1 and ATP6N1B genes), Waarden-
burg’s syndrome types 1 and 2 (PAX3 gene), X-linked congenital mixed deaf-
ness (POU3F4 gene), and branchio-oto-renal syndrome (EYA1 gene)”. There
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have also been reports of familiar LVAS with no known mutation'® or with
unknown etiology.

In the case of mild to moderate hearing loss in LVAS, conventional hearing
aids can be fitted. In congenital or acquired severe hearing loss or deafness, a
cochlear implant (CI) may be indicated. CI surgery may be complicated by an
intraoperative gusher, but it is considered to be a safe procedure with favorable

outcomes'®.

Meniere’s disease (MD)

MD is a chronic condition characterized by severe vertigo attacks, hearing
loss, and tinnitus'®. Population-based studies have reported a prevalence as
high as 513 in 100,000'”. The vertigo attacks can be devastating, and the se-
verity is often associated with lowered quality of life'®. EH has been revealed
as the typical pathological finding in early human temporal bone studies'*"!'%®.
EH is a distention of the endolymphatic space that most often occurs in the
cochlear duct and the sacculus, but sometimes involves the semicircular canals
and the utricle'®”. Recent studies have shown the possibility of visualizing EH
in patients suffering from MD with MRI with gadolinium contrast''*!''!. The
cause of the development of EH is still not clear.

Since Kimura showed that the obliteration of the ES and ED leads to EH,
the ES has been assumed to be crucial for maintaining endolymphatic home-
ostasis*. There are several theories on the causes of MD and EH; these include
a dysfunction of ES endolymph regulation by genetic or acquired causes®”''?,
immunological disturbances/activation in the inner ear®''*''% hormonal dis-
turbances®’, mechanical blockage by otoconia''”!''®, and dysfunctional venous
drainage'"*'%°.

Imaging techniques

The inner ear is difficult to study, due to its location within the densest bone
in the body. Basically, there are two ways in which to study the inner ear’s
anatomy. In humans, histological studies can be made on cadavers or surgi-
cally removed inner ears, or the anatomy can be examined radiologically. His-
tology images with a conventional light microscope give us information down
to the cellular level, but only of one thin slice at a time, which makes it difficult
and time consuming to get 3D images. Conventional CT and MRI have a res-
olution of 0.5 mm, which is too coarse for evaluation of the micro-anatomy of
the inner ear and its miniscule structures. Lately, techniques suitable for re-
search in pre-clinical settings have been developed that have improved visu-
alization. Super-resolution microscopy allows imaging down to the sub-cellu-
lar level on immunohistochemically prepared specimens, and novel radiolog-
ical techniques give more detailed imaging of the temporal bones. The images
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produced by micro-CT and SR-PCI can be fed into software that allows for
3D models to be made for quantitative analysis and visualization.

Confocal microscopy

This imaging technique works on the principle of blocking out disturbing out-
of-focus light by using a spatial pinhole. This increases the optical resolution
and contrast. By capturing multiple 2D images at different depths in the sam-
ple, a 3D image can be reconstructed.

Super-resolution structured illumination microscopy (SR-SIM)

Due to the diffraction of light, the resolution in conventional light microscopy
is limited. Super-resolution microscopy is a term that gathers several tech-
niques that allow images to be taken with a higher resolution than the one
imposed by the diffraction limit. SIM is wide-field technique that works by
using a patterned illumination (usually stripes) to excite the sample. The stripe
position and orientation are moved a number of times, and the emitted fluo-
rescence signal is recorded for each of these positions. The interaction of the
fine-striped patterns of excitation and the sub-diffraction features in the sam-
ple emission creates Moir¢ patterns. All images from each position are col-
lected and the final super-resolved image is reconstructed. The resolution for
SR-SIM it is about 100 nm laterally and 250 nm axially. This allows subcel-
lular structures to be visualized.

Micro-computed tomography (Micro-CT)

Micro-CT is an imaging technique similar to conventional CT. The sample is
rotated and a series of X-ray images are taken. These images are then repro-
duced into cross-sectional images that can be further processed into 3D mod-
els. Micro-CT offers resolution down to the micrometer level but soft tissue
reproduction is usually poor. It is only applicable in experimental situations
due to the high-intensity irradiation accompanying the technique.

Synchrotron Radiation Phase Contrast Imaging (SR-PCI)

SR-PCI offers even greater resolution and better soft tissue contrast than mi-
cro-CT. A synchrotron is a large-scale particle accelerator that generates very
bright, highly collimated light. The setup is similar to conventional radiog-
raphy with an X-ray source, a sample and a detector. While CT imaging is
absorption-contrast based, PCI relies on information concerning changes in
the phase of an X-ray beam that passes through an object. The beam’s phase
shift caused by the sample is transformed into variations in intensity, which
can be recorded by the detector.
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Thesis aims

The general aims of the following studies were to investigate the VA, ED, and
ES, focusing both on the molecular structure of the ES and the microanatomy
of the ED in relation to LVAS and MD. Modern techniques for imaging and
visualization have been used, in hopes of taking our knowledge of these
miniscule inner ear structures further.

Paper 1

The aims of this study were to find more accurate data concerning the norma-
tive values of the VA diameter. This would give us better possibilities for
evaluating enlargement criteria at LVAS. For this, temporal bones from the
Uppsala archival temporal bone collection and molds were used. The study
also aimed to show the great anatomical variations of the human VA and to
establish how these influence optimal radiographic inclinations and VA visu-
alization

Paper 11

In this paper, the focus was on investigating optimally fixed human ES re-
moved during surgery using novel microscopic techniques, such as super res-
olution structured illumination microscopy (SR-SIM). This technique allows
immunohistochemistry of molecular aggregates with a resolution of 100nm.
The technique was recently used in the human cochlea after mild decalcifica-
tion by my collaborators. The goal was to study the presence of immune cells
in the ES with particular interest in the so-called IBA-1 cells, or macrophages,
and to relate the findings to inner ear disease.

Paper 111

In this study, the goal was to analyze the presence and distribution of Na/K-
ATPase and associated ion channels, transporters and solute carriers, and hor-
mone receptors (aldosterone). This information may have relevance to both
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LVAS and Meniere’s disease. The laboratory work for this study was done
parallel to the work in Paper II using the same methods.

Paper IV

The goal of this paper was to analyze anatomical passages of endolymph out-
flow in the ED and peri-ductal capillary system using synchrotron phase con-
trast imaging in collaboration with researchers in Canada. A future intention
was also to describe the findings in relation to inner ear disease especially MD.
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Material and methods

Paper [ and IV

Uppsala archival temporal bone collection

These two studies analyze specimens belonging to the Uppsala archival tem-
poral bone collection. This museal collection from the 1970s consists of 113
human temporal bones from autopsies and 324 plastic and silicone molds
made from the labyrinth. The ages and genders of the donors are unknown.
The preparation and dissection of these autopsy specimens was done in the
1970s and 1980s by one of the co-authors (HR). Seventy-eight of the temporal
bones were stained with 4% OsmO* solution, which was injected through the
oval window and external aperture (EA) of the VA to mark the cavities of the
labyrinth. The bones were then micro-dissected using dental drills. Several
earlier publications have used data from this temporal bone collection'?"'?,
More recently, these micro-dissected temporal bones have been analyzed fur-
ther by other authors'*'?7,

To create the silicone and plastic molds, the temporal bones were cleaned
and then the cavities were filled with a polyester resin or silicone rubber ma-
terial that was poured into the form in which the bones were placed. To facil-
itate the molding materials’ entrance in the miniscule canals, the forms were
placed into a low-pressure chamber. After hardening, the bone was dissolved
with hydrochloric acid. Analyses of these molds have formed the basis for
several earlier publications'**!'%’.

Paper 1

Measurement procedure

In Paper I, both sets of temporal bones in the Uppsala archival temporal bone
collection were used. Fifty micro-dissected temporal bones were randomly
picked, and 32 were selected where the VA was clearly exposed. In addition,
we randomly chose 20 plastic molds where the VA was visible and intact. All
temporal bones and molds were photographed from different angles using a
Zeiss V20 microscope. Measurements were made from the resulting photo-
graphs. In the micro-dissected temporal bones, we chose to measure the inter-
nal aperture, the sagittal width (height) of the EA, the total length of the VA,
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the diameter of the proximal portion (at the most narrow point), and the thick-
ness of the bone (the bony bridge or operculum at the EA). To show the vari-
able anatomy of the VA, we also drew the outline of the VA in each specimen
and digitized them. The molds were analyzed separately, and we focused on
VA dimensions in the lateral and sagittal projections, such as the mid-distance
between the common crus (CC) and EA of the VA. Mean values, ranges, and
standard deviations (SD) were established and considered normative. For
technical reasons, these mold specimens did not allow accurate estimation of
the sagittal width (height) of the external aperture of the VA.

Paper II and III

Immunohistochemistry

In these two papers, immunohistochemistry was performed on five human ESs
collected during trans-labyrinthine vestibular schwannoma surgery. The la-
boratory work for these studies was done simultaneously. The age, gender,
and audiometric results of the donors were not known for ethical reasons. In
the operating room, the specimens were immediately put in paraformaldehyde
for fixation. Following decalcification with EDTA, the specimens were placed
in sucrose overnight and then rapidly frozen. Embedded in Tissue-Tek (OCT
Polysciences), they were sectioned at 8—10 pm using a Leica cryostat micro-
tome. The frozen sections were collected onto glass slides and kept at -70°C
or storage until immunohistochemistry was performed.

The sections, mounted on glass slides, were incubated overnight at 4°C
with a solution containing the primary antibodies. After rinsing, secondary
antibodies were added and slides were left to incubate at room temperature for
2 h in darkness. The sections were then counter-stained with DAPI to visualize
the nuclei. The slides were covered with specific cover glasses. Antibody con-
trols were performed, where the sections were incubated with BSA only, omit-
ting the antibody. The control sections showed no visible staining in any part
of the ES.

In Paper 11, the focus was on studying the presence of immune cells in the
ES, and antibodies targeting proteins that are specific for different immune
cells and immune-mediators were chosen. The choice of antibodies was made
to cover both the innate and adaptive immune systems (Table 1).
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Table 1. Antibodies used in Paper I1

Antibody Type Dilution  Host Catalog no. Producer
IBA-1 Polyclonal 1:100 Rabbit PA5-27436 Thermo Fisher
CD68 Monoclonal ~ 1:50 Mouse NB100-683 Novus
MHCII Monoclonal ~ 1:100 Mouse MAS5-11966 Thermo Fisher
Collagen IV Polyclonal 1:10 Goat AB769 Millipore
Fractalkine Monoclonal  1:50 Mouse MAB3651-100  R&D Systems
TLR4 Oligoclonal  1:10 Rabbit 710185 Thermo Fisher
Vimentin Monoclonal  1:50 Mouse V5255 Sigma-Aldrich
CDl11b Monoclonal  1:50 Rabbit AB52478 Abcam

CD4 Polyclonal 1:150 Goat AF-379-NA R&D Systems
CD8a Monoclonal  1:100 Mouse  MAB1509 R&D Systems

In Paper 111, the goal was to analyze the presence of ion channels, transporters,
and solute carriers, as well as hormone receptors that could possibly mediate
the activity of the channels and transporters. The focus was on Na/K-ATPase
and its subunits and isoforms (Table 2). Cells expressing the Na/K-ATPase
subunits f1 and a1 were analyzed numerically. Five sections that were stained
for B1 and five sections stained for al were randomly chosen, and cells were
counted manually.
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Table 2. Antibodies used in Paper 111

Antibody Type Dilution  Host Catalogno.  Producer
Na/K-ATPase

p1 Monoclonal ~ 1:100 Mouse MA3-930 Thermo Fisher
Na/K-ATPase

B2 Polyclonal 1:50  Rabbit ANP-012 Alomone Labs
Na/K-ATPase

p3 Polyclonal 1:200  Rabbit Abx111158  Abbexa
Na/K-ATPase

al’ Monoclonal 1:50  Mouse SC21712 Santa Cruz Biotech.
Na/K-ATPase

al” Monoclonal 1:50 Mouse NB300-146  Novus
Na/K-ATPase

02 Polyclonal 1:100  Rabbit OAABO03232 Aviva Systems Biol.
Na/K-ATPase

a3 Monoclonal 1:50 Mouse NB300-540  Novus

Carbonic anhy-

drase II Polyclonal 1:50 Rabbit HPAO001550 Atlas Antibodies
NKCC2 Polyclonal 1:200  Rabbit OABBO01331 Aviva Systems Biol.
Mineralocorti-

coid receptor’  Monoclonal 1:50 Mouse MA1-620 Thermo Fisher
Mineralocorti-
coid receptor’>  Polyclonal 1:200  Rabbit PA5-81527  Thermo Fisher

Vasopressin re-
ceptor type 2 Polyclonal 1:50 Rabbit Abx133128  Abbexa

ENaC Polyclonal 1:100  Rabbit PA1-920A Thermo Fisher
NB110-
Aquaporin 2 Polyclonal 1:50 Rabbit 74682 Novus

Aquaporin 4 Polyclonal 1:50 Rabbit  AQP-004 Alomone Labs

Pendrin Polyclonal 1.50  Rabbit NBP1-60106 Novus
NKCC1 Polyclonal 1:100  Rabbit ABS59791 Abcam
NCC Polyclonal 1:100  Rabbit PAS5-77816  Thermo Fisher

Imaging and photography

Two kinds of microscopes were used to investigate the stained sections. All
sections were analyzed at our laboratory with laser confocal microscopy
equipped with a three-channel laser emission system (Nikon TE2000). The
optical scanning and processing of images was done with Nikon EZ-C1 (ver.
3.80) software and included the reconstruction of Z-stack images into 3D im-
ages. Selected slides with good quality were taken to the BioVis platform at
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the Rudbeck laboratory for investigation with SR-SIM (Zeiss Elyra S.1 SIM
system). Multicolor SR-SIM imaging was achieved with a four-channel laser
setup. The images were processed with ZEN 2012 software (Zeiss), and 3D
reconstruction was performed using Imaris 8.2 (Bitplane). Compared to con-
focal microscopy, the SR-SIM imaging offers better resolution and therefore
the possibility to demonstrate proteins at the subcellular level. By combining
the two methods, we were able to get images with an overview of their protein
distribution and a more detailed localization of proteins in the cell.

Paper IV

Temporal bone preparation

In this study, temporal bones were studied using micro-CT or SR-PCI. The
ones that underwent micro-CT were specimens belonging to the Uppsala tem-
poral bone collection. Temporal bones that were subjected to SR-PCI were
prepared and imaged by our co-authors at Western University, in London, On-
tario, Canada. Five freshly frozen cadaveric temporal bones were used in this
study. After thawing, the bones were cut to a sample of appropriately 40 x 60
mm. The bones were subsequently fixed in 4% formaldehyde and 3% glutar-
aldehyde in phosphate buffer for five days. After rinsing and dehydration in
graded alcohol, the samples were transferred to the imaging facilities in mo-
tion-proof boxes.

Imaging

The analyses were made from micro-CT and SR-PCI images of temporal
bones. All 113 temporal bones from the Uppsala temporal bone collection
were subjected to micro-CT imaging, and five temporal bones imaged with
SR-PCI were analyzed. The image data were imported to Slicer 4.6 and re-
constructed into 3D digital models. This software allows for 3D models to be
rendered transparent at cropping, and it is equipped with tools that make it
possible to take measurements in 3D. The volume of the VA was measured
on five randomly chosen specimens visualized with micro-CT. Volume as-
sessments were done via segmentation by visually determined thresholding.
The dimensions of the VA, the VV A, and the two main venous branches from
the VVA were assessed. The two venous branches were designated as Branch
1, the branch situated inferior to the ED, and Branch 2, the branch situated
superior to the ED.

Synchrotron radiation phase-contrast imaging

The five specimens were scanned using the BioMedical Imaging and Therapy
05ID-2 beamline at the Canadian Light Source Inc., in Saskatoon, Canada.
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The setup was similar to conventional radiography, with a synchrotron beam
produced by a superconducting wiggler source'*’. The beam was filtered by a
monochromator, and the length of the beamline was 55 m from the source to
the specimen. The image setup was made up by a sample stage and a charge-
coupled device-based detector system, both positioned on a vibration isolation
table. The distance between the sample and detector was 2 m. The resolution
of the detector (an AA-60 beam monitor coupled with a C9300-124 camera,
Hamamatsu Photonics, Shizuoka, Japan) was 12-bit, with an effective pixel
size of 9 x 9 um2. The image field of view was 4000 x 950 pixels, or 3.0 x 8.6
mm. In total, 3000 projections over a 180° rotation were acquired per view,
and the exposure time was 100 ms per view. The final voxel size of the 3D
image was 9 pm.

Micro-computed tomography

X-rays were generated in an X-ray source, transmitted through the temporal
bone, and then recorded by an X-ray detector as a 2D image. The specimen
was rotated, 360 degrees, a fraction of a degree at a time and more images
were taken. These images were then computed into cross-sectional images that
could be further processed into 3D models. The temporal bones in this study
were scanned with a SkyScan 1176 micro-CT (Bruker, Kontich, Belgium).

Ethical considerations

Studies of the human inner ear are sparse. It is usually difficult to gain access
to either fresh cadaveric or surgically removed inner ears, and in vivo studies
on human material are practically impossible to perform. Research on the ES
and ED has mainly been performed on animals, although the anatomy, and
perhaps function, differ among species. With this in mind, it is important to
study the human inner ear from both the anatomical and functional aspects in
relation to human inner ear diseases. Our ethical permit gives us the oppor-
tunity to use inner ears, collected during surgery of cerebellopontine angle
tumors, for research. This surgically removed tissue would otherwise have
been wasted.

The studies of discarded human tissue in Papers II and III were approved
by the local ethics committee (Etikprovningsndmnden Uppsala, no. 99398,
22/9 1999, cont, 2003, no. C254/4; no. C45/7 2007, Dnr. 2013/190), and pa-
tient consent was obtained.

The fresh frozen cadaveric temporal bones in Study IV were obtained with
approval from the body bequeathal program at Western University, London,
Ontario, Canada, in accordance with the Anatomy Act of Ontario and West-
ern’s Committee for Cadaveric Use in Research.
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Results

Paper I

An analysis of the micro-dissected temporal bones showed that there were
large variations in the anatomy of the VA. The shape of the VA was triangular,
narrow proximally, and widening like a funnel distally (Figure 6). At the in-
ternal aperture, which formed a vertical crest medially, the VA was slightly
wider. The VA was not in the same axial plane during its course through the
temporal bones, and it curved laterally behind the posterior semicircular canal.
The VA consisted of two parts, a proximal, which was fairly regular in shape,
and a distal, which showed extensive variations in anatomy. The two parts
were divided by the narrowest part of the VA, the isthmus, which was typi-
cally situated at the common crus. The distal part was large in the medio-lat-
eral direction, but thin and leaf-like in the antero-posterior direction, as shown
in Figures 6 and 7. In some of the specimens, the distal part of the VA dis-
played a notable “lateral recess.” In two out of the 32 specimens, the isthmus
was not discernible, seemingly not patent or obstructed. A small bony channel,
the AC, was running parallel to the VA. It mostly ran inferior-medial to the
VA, but in two specimens it was found laterally to the VA. In most cases, the
AC seemed to open into the VA. Dimensions of the VA were assessed as
shown in Table 3 and illustrated in Figure 6.
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Table 3. Dimensions of the VA in 32 micro-dissected temporal bones.

A B C D E F
Mean measurement (mm) 2.29 5.72 6.50 0.30 1.49 0.54
Max 3.42 9.28 13.50  0.75 2.50 2.28
Min 1.34 3.23 332 0.13 0.42 0.20
SD 0.51 1.33 2.17 0.12 0.53 0.37

A indicates length of the VA from the internal aperture to the isthmus; B, length of
the VA from the isthmus to the external aperture; C, width of the external aperture;
D, diameter of the VA at the isthmus; £, thickness of the bony bridge, and F, height
of the external aperture.

Figure 6. Micro-dissected human temporal bones showing the VA. A. Right temporal
bone showing the VA, the super semicircular canal (SSCC), the external aperture (EA)
and a lateral recess. B. Higher magnification of another specimen where the VA runs
almost parallel to the posterior semicircular canal (PSSC). IA is the internal aperture.
AC is the accessory canal. OP is the operculum.CC is the common crus. C. Left tem-
poral bone viewed from posterior, showing the length of the external aperture, C. D.
Left temporal bone where the accessory canal (AC) runs superior-laterally to the VA.
Length of the VA from the IA to the isthmus (A) and from the isthmus to the EA (B)
is shown. E. Right temporal bone showing an unusually wide VA. Diameter of the
VA at the isthmus (D) is shown. F. View from inferior showing the EA with the oper-
culum (OP). Thickness of the bony bridge (E) and height of the EA (F) are shown.

The plastic molds were also analyzed, and they clearly showed the anatomy
of both the proximal and distal parts of the VA (Figure 7). Dimensions of the

33



VA at the mid-distance between the CC and the external aperture were as-
sessed (diameter G). The mean dimension was 0.77 mm, min 0.54 mm, max
1.10, with SD 0.16 mm. In some specimens, the proximal part of the VA was
surrounded by a vascular network and seemed to anastomose with the draining
VVA. The results of the measurements in this study were compared to earlier
studies.

VA (SAC)

Figure 7. Plastic molds of the human inner ear. A. The VA housing the ES can be
seen. The arrow in the box shows diameter G. B. The proximal portion of the VA is
thin and hardly discernable. The accessory canal (AC) can be seen running parallel
to the VA. VS; subarcuate vessels.
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Paper 11

Immunohistochemistry and imaging with SR-SIM and confocal microscopy
revealed a multitude of immune cells in the ES.

IBA-1, which is regarded as a “pan-macrophage marker” expressed in all
subpopulations of macrophages except alveolar macrophages (Kohler 2007),
was expressed in a large number of cells residing both in the sub-epithelial
tissue and the epithelium. The morphology of the cells was typical for macro-
phages, with branches and amoeba-like protuberances. Many cells in the peris-
accular connective tissue expressed IBA-1. Some of these cells’ morphology
was similar to that of fibrocytes but distinguished from them by the IBA-1
expression in nuclei (Figure 8). Some IBA-1-expressing cells seemed to be
part of the epithelia. The epithelial IBA-1 positive cells seemed to be both true
epithelial cells and cells whose morphology were macrophage-like. In several
places, IBA-1 positive cells showed signs of trans-epithelial migration and
seemed to move from the epithelia to the ES lumen.

The epithelial cells expressed the chemokine fractalkine to various degrees
(Figure §8).
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Subepithelial macrophage

Sac lumen

Figure 8. SR-SIM of human ES. A. A sub-epithelial cell expressing IBA-1. The nu-
cleus is expressing IBA-1, distinguishing it from a fibrocyte. B. IBA-1 expressing
cells with both sub-epithelial and epithelial location. One cell is seemingly being ex-
pelled into the ES lumen. Some epithelial cells express fractalkine. C. An IBA-1 ex-
pressing cell is situated in the epithelium. Fractalkine is expressed in epithelial and
sub-epithelial cells. Lv, lymphatics. D. Framed area in B magnified. M, macrophage.
*Shows location in ES.

MCH 1II and IBA-1 were co-expressed in many epithelial and non-epithelial
cells. The co-expressing epithelial cells seemed to be both true epithelial cells
and free intraepithelial cells. MHC II was mostly expressed in the apical mem-
brane in the epithelial cells, some of these cells had large vesicles that opened
up into the lumen of the ES (Figure 9). MHCII was also expressed in cells
that did not express IBA-1 and those cells were seen interacting with IBA-1
positive cells.
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Sac tubule

Sac tubule

Figure 9. SR-SIM of human ES. A. IBA-1 expressing cells are located in the epithe-
lium. The cells also express MHC 11, especially in large vesicles (arrow). B. The

framed area in the inset shown in higher magnification. Cell expressing both IBA-1
and MHC II.

Toll-like receptor 4 (TLR4) was expressed in the cytoplasm and cell mem-
brane in sub-epithelial cells in the intermediate portion of the ES. Those cells
did not co-express IBA-1.

CD68, a protein expressed by cells in the monocyte lineage, was expressed
in a few sub-epithelial cells, occasionally together with IBA-1. CD11b, which
is a protein expressed on the cell surface of many leukocytes including mac-
rophages, was co-expressed with CD68 and MHCII on cells showing migrant
behavior.

A sparse amount of CD4, as well as CD8-expressing cells, were seen in the
ES, and physical interaction between CD4+ cells and IBA-1-expressing cells
was noticed.

Paper 111

Na/K-ATPase consists of four isoforms of the a subunit and three isoforms of
the B subunit. Various Na/K-ATPase isozymes have different affinities for
ions serving the specialized needs of different organs or tissues. SR-SIM and
confocal microscopy of human ES showed staining of Na/K-ATPase subunits
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al, 1, and B3 in a large number of cells. There was no or weak staining for
the subunits a2, a3, and B2.

Na/K-ATPase B1 was expressed in the basolateral cell membrane in cylin-
drical cells (Figure 10). No corresponding a subunit could be found. The B1-
expressing cells were abundant, both in the intra- and extraosseous parts of
the ES, but in the distal end of the ES, the expression was sparse. Some lower,
cuboidal cells also expressed B1 in the basolateral membrane.

100nm

Sac

lumen

10 pm

Figure 10. SR-SIM of human ES. A. Strong basolateral expression of Na/K-ATPase
in cylindrical epithelial cells. Expression of CA. B and C. Higher magnification
showing protein aggregates in the cytosol between the nucleus (Nu) and the plasma
membrane. * showing level of sectioning.

The Na/K-ATPase subunits al and B3 were co-expressed in the apical cell
membrane with “reversed polarity” in some cells. In a few cells, B3 was ex-
pressed without al, adjacent to cells co-expressing al and B3 (Figure 11).

Carbonic anhydrase (CA) was expressed in cytoplasm in cells that also ex-
pressed Na/K-ATPase 1.
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NKCC2 was expressed in Bl-expressing cells as well as in cells with no
Na/K-ATPase staining. NKCC1 was diffusely expressed in some epithelial
cells.

Cubic and cylindrical cells expressed the amiloride-sensitive sodium chan-
nel ENaC and the thiazide-sensitive sodium channel NCC.

The mineralocorticoid receptor (MR) was expressed in many epithelial
cells, both in the cytoplasm and in the cell nuclei. Pendrin and vasopressin
receptor were diffusely expressed in some epithelial cells and aquaporin 2 and
4.

Quantification of Na/K-ATPase-expressing cells in the ES epithelia
showed a basolateral expression of the B1 subunit in 78% of the cells, and 40%
of the cells showed an apical expression of the al subunit.

Figure 11. SR-SIM of human ES epithelial villus. Inset showing level of sectioning
(*). A. Apical co-expression of Na/K-ATPase subunits a1 and 3 (framed areas B
and C). Some cells are only expressing the $3 subunit. Inset showing framed areas B
and C in higher magnification. The nucleus seems to contain al complexes while the
cytoplasm stains positive for both isoforms. B. Strong expression of al and 3 subu-
nits that seem to merge in the cell membrane. Inset in B shows the framed area in
higher magnification.
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Paper IV

Micro-CT of archival human temporal bones with 3D reconstruction revealed
the bony VA and its accessory canals (Figure 12). The soft tissue could not
be reproduced in the micro-CT images. The VA and AC showed extensive
variations in anatomy. Two, or three bony channels could generally be seen
originating at the internal aperture of the VA. These channels joined the VVA
channel that emptied into the ES’s extraosseous part. The volume of the VA
as measured from the internal aperture to the isthmus was 0.32 pL (range,
0.24-0.43 uL).

Figure 12. A. SR-PCI and 3D reconstructlon of the rlght human temporal bone (an—
terior view). The extensive plexus surrounding the VA is shown. B-D. Micro-CT of
left human temporal bone. B. The VA, VVA, and the posterior surface of the petrous
pyramid. Inset shows the external aperture with the opening of the VVA (posterior
view). C. Higher magnification of B. D. Micro-CT of the same specimen as B and
C, showing the internal aperture of the VA (bold arrow) and surrounding veins
(small arrow). CC, common crus; SS, sigmoid sinus; Op, operculum; VA, vestibular
aqueduct; VVA, vein of the vestibular aqueduct; OW, oval window.

SR-PCI with 3D reconstruction could visualize both soft tissue and bone and
identified a vast vascular plexus surrounding the VA (Figures 12 and 13). A
scalar opacity mapping tool in the software was also used, making it possible
to visualize small bone channels. Vessels could occasionally be seen in the
bone channels. The plexus developed proximally and connected distally to
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branches from the VVA, which further drained into the sigmoid sinus or the
jugular bulb. These two venous branches that united to form the VVA corre-
spond to the anterior and posterior branches of the VVA, as described by Na-
beya'®!. It was obvious that the plexus in all specimens originated from around
the VA and was not a portal system derived from the VVA. Less extensive
plexa could also be seen surrounding the proximal and distal parts of the ES
in one specimen, where the channel system was manually modeled (Figure
13). Measurements of the VA and venous branches are shown in Table 4.

Table 1. Dimensions of the VA and VVA (measurements in mm).

VA diame- VA diameter VA diameter Diameter of  Diameter of

Specimen « - o Branch 1 of  Branch 2 of
ter long short the VWA the VVA
2R 0.26 0.81 0.37 0.11 0.10
1526R 0.17 0.75 0.30 0.13 0.05
1563L 0.18 0.54 0.26 0.06 0.07
1563R 0.14 0.83 0.30 0.06 0.09
1571x 0.16 0.88 0.54 0.05 0.05
Mean 0.18 0.76 0.35 0.08 0.07
SD 0.04 0.12 0.10 0.03 0.02

Branches 1 and 2 of the VVA were measured at a point as close to the VA as possi-
ble. VA; vestibular aqueduct. VVA; vein of the vestibular aqueduct. * diameter of
the narrowest part of the VA (the isthmus). ** diameter at internal aperture meas-
ured at the longest and shortest distances.

Figure 13. SR-PCI of the human temporal bone showing the plexus surrounding the
VA as well as the proximal and distal part of the ES. The visualization was made af-
ter segmentation via manual threshold painting.
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Discussion

For centuries, scientists have struggled to uncover the secrets of the VA, ED,
and ES. Several different functions have been suggested. When trying to elu-
cidate the mechanisms of these structures, it is important to have access to
optimally preserved material. Most studies are performed on animals, and it
may be difficult to extrapolate results from animal studies to humans. Since
these structures are lodged inside the dense temporal bone, techniques have to
be developed to gently decalcify the specimens while also preserving their
structure and antigenicity.

The inner ear is difficult to study, since it not only lies sheltered in very
dense bone, but also because it contains extremely vulnerable structures that
are easily damaged during tissue-processing efforts. In fact, the human inner
ear is likely the most difficult tissue to analyze in the human body.

As an audiological physician dealing with patients suffering from severe
hearing loss and/or incapacitating vertigo on a daily basis, there is a desire to
look inside and scrutinize the inner ear, to better understand the pathology and
the pathogenesis of disease. Today, and even with the aid of greatly advancing
imaging techniques, this is not possible, so we rely on different functional
tests, and occasionally on genetic testing, radiology, and a patient’s history,
when making diagnoses.

In these projects, I had the opportunity to study the micro-anatomy and
molecular structures of the secretive VA, ED, and ES on carefully preserved
human inner ears. The Uppsala collection of temporal bones has been an in-
valuable asset, as has collaboration with the Canadian research team, who
have shared their data and knowledge with us. A well-established collabora-
tion with ENT surgeons has given us the opportunity to receive fresh human
ESs from the operating theater for immunohistochemistry. Imaging facilities,
especially the BioVis platform at Uppsala University, have provided us with
state-of-the art technologies and further knowledge and assistance. In the
quest to broaden the knowledge of the structure and functions of the inner ear,
focus was on the VA, ED, and ES. What roles do these structures play in the
development of inner ear disease? Can we further evaluate the micro-anatomy
and receive more information about their function/s? This work is an attempt
to further broaden our knowledge and serve as a platform for further research
on these challenging and fascinating inner ear structures.
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The enlarged Vestibular Aqueduct (VA)

In Paper I, the micro-anatomy of the VA was studied in light of earlier studies
and results. We described the complicated 3D anatomy of the VA and the
challenges in imaging it. Based on this, recommendations were given for cri-
teria concerning enlargement and for imaging. But why is the VA enlarged,
and what causes the resulting hearing impairment? Does the enlargement itself
cause dysfunction in hearing, or is there something else that causes both en-
largement and hearing impairment? LVAS is seen in Pendred syndrome,
which is caused by a mutation in the SLC26A4 gene, encoding for the protein
pendrin, an anion exchanger. In the inner ear, pendrin acts as an Cl-/HCO3
exchanger®'! and has been found in the ES. In Paper III, we stained for pen-
drin, but the results were inconsistent and not specific. This could be due to
the method and lack of specificity of antibodies used in immunohistochemis-
try, or is it because pendrin is not expressed in adult humans’ ES to any major
degree? In mouse embryos, the lack of functional pendrin expression leads to
the enlargement of scala media in the cochlea and the ED. The mouse em-
bryo’s ES starts to express pendrin at embryonic day (E) 11.5. In mouse em-
bryos lacking pendrin, the enlargement of the endolymphatic spaces starts
shortly after failed expression. Subsequently, the endolymph becomes more
acidic and the EP drops'*?. The acidification affects all pH-sensitive mecha-
nisms, and the enlargement may damage cell-to-cell communication, which
could cause the hearing to decline at this stage or create an unstable hearing
phenotype'*. This could suggest that pendrin is important during the devel-
opment of the inner ear, during the embryonic state. LVAS also occurs in other
syndromes with mutations in genes encoding for proteins other than pendrin®.
In these syndromes, the endolymph homeostasis could also be affected in the
embryonic stage, thus causing the enlarged VA. LVAS can also be seen in
cases where the etiology is unknown. It therefore seems likely that injuries to
the inner ear of different etiologies and with different mechanisms could cause
the enlarged endolymphatic spaces in embryos that evolve to LVAS. It is also
possible that the initial injury that causes LVAS also deteriorates hearing. By
contrast, it seems likely that an enlarged and distended endolymphatic space
could be harmful in itself.

It is important to investigate the enlargement criteria for LVAS. It may be
a marker for inner ear disease that also can be systemic. This may be of great
importance for the clinician, since it may be associated with other symptoms.
Furthermore, if cochlear implantation is planned, the surgeon could anticipate
and prevent perilymph gusher. An accurate diagnosis of LVAS may also help
to further understand some mechanisms causing inner ear disease.
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Endolymphatic hydrops and Meniere’s disease

According to the International Classification of Vestibular Disorders, I[CVD,
the diagnostic criteria for MD include two categories: definite MD and prob-
able MD. These are symptomatically based, and a diagnosis of definite MD
requires the observation of episodic vertigo attacks associated with low- to
medium-frequency sensorineural hearing loss with fluctuating aural symp-
toms in the affected ear. Vertigo attacks should last between 20 minutes and
12 hours. Probable MD is defined by vertigo attacks lasting between 20
minutes and 24 hours and associated with aural symptoms'*. There is no di-
agnostic biomarker for the disease, and the diagnostic criteria say nothing
about the etiology or pathophysiology of MD, which is largely unknown.
There are several differential diagnoses of MD, including vestibular migraine
and autoimmune inner ear disease, which are sometimes difficult to distin-
guish from MD. Most scientists consider MD to be a multifactorial disease,
with both genetic and environmental etiologic factors influencing the onset
and course of the condition. MD is always associated with EH, as seen in his-
topathological temporal bone studies'*”-'%*!3* and in MRI studies''*'"". Even
though EH can often be seen in MRI scans even in the contralateral asympto-
matic ear, it seems likely that EH is necessary for the development of clinical
definite MD and not a paraphenomenon. There have been numerous studies
trying to address the cause of EH. Since Kimura et al.'® found that the obstruc-
tion of the ED resulted in EH, the ES has been assumed to be crucial for main-
taining endolymph homeostasis.

Na/K-ATPase plays a crucial role in ion and fluid transport of the inner ear,
which contains systems responsible for the secretion of potassium into endo-
lymph and the generation of the endocochlear potential. The a1B1 is the most
common combination in epithelial cells for maintaining ion gradients'*>. In a
recent study, the dense accretion of Na/K-ATPase aff heterodimer complexes
was exposed in the basolateral cell membrane of the marginal cells and outer
sulcus in the human cochlea'®®. A strong basolateral distribution of Na/K-
ATPase B1 isoforms, together with apical sodium-selective channels, suggests
an active sodium uptake from the ES lumen with excretion into the subcellular
space. These findings are consistent with earlier studies showing Na/K-
ATPase in the adult ES**"3'*! ten Cate et al.'"* found al and B2 subunit
isoforms and, to a lesser extent, the B1 subunit in guinea pig ES. They con-
cluded that, since the combination is different from typical ion and fluid trans-
porting tissues, such as those of the kidney and colon, it may reflect distinctive
characteristics of inner ear Na/K-ATPase. Fina and Ryan'** examined the
mRNA-encoding isoforms and found only a weak expression of Na/K-
ATPase, limited to al, B1, and B2 in rats’ ES. They suggested that the ES is
not a major site for ion exchange. Indirect studies of epithelial transport by the
endolymphatic sac potential, recorded after the injection of ouabain, were also
unchanged'*'*,
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In Paper III, antibodies against various isoforms of Na/K-ATPase and addi-
tional solute-transporting proteins were used, as these are believed to be es-
sential for ion and fluid transport. A population of epithelial cells from the
human ES strongly expressed Na/K-ATPase al, 1, and 3 subunit isoforms
in either the lateral/basolateral or apical plasma membrane domains. The 1
isoform was expressed in the lateral/basolateral plasma membranes in mostly
large cylindrical cells, while $3 and al were both expressed with “reversed
polarity” in the apical cell membrane in lower epithelial cells. The heteroge-
neous expression of Na/K-ATPase subunits substantiates earlier notions that
the ES is a dynamic structure where epithelial cells show inverted epithelial
transport. The findings in Paper III of epithelial cells that either express Na/K-
ATPase in the basolateral membrane or in the apical cell membrane could
support the view that the ES may both absorb and secrete endolymph (Figure
14). As mentioned above, such indications were obtained in earlier investiga-
tions by the group in Uppsala''**!%®_ Rask-Andersen and Salt'** performed
combined physiological and anatomical studies of the ES and found evidence
that the volume of fluid in the ES, and thereby the entire membranous laby-
rinth, may be regulated by a dynamic relationship between active secretion
and the enzymatic degradation of a lumen-expanding substance associated
with the intraluminal macrophages. It was not possible to establish the mech-
anisms behind these systems, or how they were related to ion and water move-
ments across the epithelium of the ES.

The additional finding of mineralocorticoid receptors (MR) in the human
ES epithelium suggests their involvement in fluid and ion regulation. Aldos-
terone, the main mineralocorticoid hormone, can, via the MR, regulate the
activity of Na/K-ATPase'?. Interestingly, there are more lines of evidence
suggesting that aldosterone may regulate sodium transport in the ES. Previous
studies found the epithelial sodium channel (ENaC) in cultured human ES ep-
ithelial cells and in rats’ ES**'*®, Furthermore, a sodium-chloride symporter
(NCC) was also detected in rat ES epithelia'*. Both ENaC and NCC are reg-
ulated by aldosterone. The findings in Paper III, of ENaC and NCC in the
human ES epithelia, seem to support those earlier studies. Intra-tympanic ster-
oids are widely used as treatment in MD and have been shown to be as effec-
tive as gentamycin in some studies'*’. The MR has equal affinity for gluco-
corticoids and mineralocorticoids, making it possible for glucocorticoids to
regulate the ion transport in the ES™'.

Thus, the present findings give additional evidence about a dual absorp-
tive/secretory function of the ES. Our results could suggest that the ES serves
as a pressure regulator, monitoring and regulating inner ear fluid dynamics.
Interestingly, it may also show that macrophages or immune cells existing in
the ES may be involved in endolymph fluid regulation. These findings may
shed new light on the etiology of endolymphatic hydrops and MD.
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Figure 14. Suggested implication of a “reversed polarization” of Na/K-ATPase ex-
pression in the human ES.

The endolymphatic sac and immune function

The inner ear is protected by the so-called blood—labyrinth barrier, and it was
once thought that immune cells could not penetrate this barrier'**'**, It was
later proposed that the blood—labyrinth barrier may consist of several barriers
with different permeability for substances®. In one study from our group, peri-
vascular IBA-1 positive cells, with no melanin, was found in the cochlear lat-
eral wall . Earlier studies have linked perivascular resident macrophage-like
melanocytes to the regulation of the blood—labyrinth barrier”. A malfunction
or absence of these cells could be harmful and reduce the EP, with accompa-
nying hearing loss.

An important finding suggesting that the ES likely plays a key role in the
immune defense of the inner ear was that ablation of the ES reduced the im-
mune response in the cochlea after an antigen challenge in immunized animal
models'*’. Furthermore, Moller et al. studied the gene expression of the hu-
moral innate immune system in the human ES and found genes equivalent to
that of the mucosa-associated lymphoid tissue (MALT)®. The expression was
verified by immunohistochemistry, suggesting antigen recognition and pro-
cessing for the initiation of immune responses. Multiple key elements of both
the cellular and humoral innate immune-system were expressed, including
toll-like receptors (TLRs 4 and 7, beta-defensin, and lactoferrin). According
to Moller et al., the ES may provide defense not only against bacteria and
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viruses but also against fungal infections of the inner ear. Altermatt et al.
found immunostaining with antibodies against the CD4 and CDS antigens and
revealed a predominance of CD4+ T lymphocytes in the ES'. Findings of
occasional lymphocytes in the cochlea support the theory of a “homing” of
lymphocytes processed in the ES, as stipulated by Gloddek et al'*’. According
to Yamada et al., the TLRs 2, 3, 4, and 9 are highly expressed in human ES
fibroblasts and can produce cytokines and chemokines in response to the TLR
ligands, thereby playing a role during the initiation of immune responses. The
findings suggest that the human ES epithelium may trap and engulf intralu-
minal material reinforced by the TLR 4 signaling. SR-SIM also detected both
CD4+ and CD8+ cells that interacted with macrophages. Danckwardt-Lilli-
estrom et al. showed ultrastructural evidence of cytotoxic lymphocyte activity
in the ES epithelium of a patient with Meniere's disease'"”. It was associated
with epithelial cell adhesion and degeneration, suggesting that toxic lympho-
cytes may be directed against a body’s own ES cells with on-going autoim-
mune activity in some cases with this disease.

The findings in Paper II of large numbers of immune cells in the ES, cor-
responding to both the innate and adaptive immune systems, suggest that the
ES plays a key role in the immune defense of the inner ear. In this paper, we
speculate on an immune interaction between the ES and the rest of the inner
ear. A large number of IBA-1 positive cells with different morphologies were
found to reside in the ES; the cells populated surrounding connective tissue
and the epithelium. Macrophages interacted with other cells, showed migrant
behavior, and expressed immune cell markers, all of which suggests their ac-
tive role in the innate and adaptive inner ear defense and tolerance. The pro-
cessing of antigens and initiation of an immune response in the ES could be
beneficial for the vulnerable hair cells in the cochlea, thereby avoiding a full-
scale inflammatory response and the release of pro-inflammatory mediators
and antimicrobial activity within the inner ear, which would be potentially
harmful (Figure 15).

It has lately become clear that cochlear macrophages may have both bene-
ficial and detrimental effects on the inner ear, perhaps reflecting different pop-
ulations of macrophages. An intriguing interaction between the innate im-
mune system and cochlear afferent neurons was described by Kaur et al.*.
Damage to hair cells resulted in a chemokine signaling that protected spiral
ganglion neurons. Neurons were found to be rescued following hair cell loss,
but whether or not such mechanisms also prevail in humans is not known. The
macrophages in the human ES, their capacity for immune processing, and their
possible links to other cochlear and vestibular macrophages need further elu-
cidation. We speculate that the immune response in the human ES may also
protect the sensory organs. Thus, more studies are needed to fully understand
the function of this hidden and intriguing activity in the human inner ear and
its role in inner ear disease.
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Several earlier findings have supported the theory that an immune injury
may be important in the pathogenesis of MD''*!'>!5¥ Vira] infection has been
suggested as one cause of EH. Herpes simplex DNA has been found in the ES
of MD patients'®, as have IgG antibodies against herpes simplex virus in the
perilymph of MD patients'®. Higher titres of IgG against adenovirus and var-
icella zoster virus compared to controls was also found'®'. Immunologic reac-
tions or autoimmunity have been considered as causative factors in EH/MD.
Autoimmune inner ear disease and MD seem to overlap clinically, and it is
sometimes impossible to distinguish between the two. About one-third of MD
cases have been reported to be of autoimmune origin'®*'*. Our findings sup-
port the theory that the ES is capable of initiating an inflammatory response
that may be harmful to the inner ear and may present as MD. Damage can be
due to the release of cytokines, or cross-reactions between inner ear antigens
and virus/bacteria. In some cases, a genetic predisposition may prevail, with
damage causing ionic imbalance leading to EH.

In a later review, we presented additional findings of macrophages in the
ES, the cochlea, central and peripheral axons of the cochlear nerve, and the
vestibular nerve trunk'*. We speculated on a neuro-immunologic axis in the
inner ear that could be important for the protection of the auditory nerve. Due
to exposure to stressors and various harmful substances throughout life and an
aging immune system, our bodies gradually up-regulate certain pro-inflam-
matory responses. This process has been named “inflammaging” and has been
linked to several conditions such as atherosclerosis, type II diabetes, and
chronic heart disease'®. Inflammaging has also been linked to the neuro-
degenerative process in Alzheimer’s disease'*®. A British cohort study showed
that levels of inflammatory parameters increased with age and correlated with
decreased hearing thresholds'®’. The inflammatory process initiated with ag-
ing might be one factor that influences age-related hearing loss and even the
loss of auditory nerve fibers in the spiral lamina found in aged human coch-

leae'®®.
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Figure 15. Proposed immune interaction between the ES and the inner ear. Waste
material or antigens in the ES activates resident macrophages that can migrate into
the sac lumen. After phagocytosis the macrophages migrate back into the subepithe-
lial tissue for antigen presentation, thus initiating an immune response.

Synchrotron Imaging of the Human Endolymphatic
Duct

In Paper IV, the main finding was a rich vascular network surrounding the
ED. This plexus could be visualized three-dimensionally after reconstruction,
which made it possible to establish its organization in more detail. It seemed
to arise around the ED and not arise as a vascular portal system deriving from
the vestibular venous drainage system. Instead, vessels derived directly from
the ED and drained into the larger vein of the vestibular labyrinth, called the
vein of the vestibular aqueduct (VVA). The vessels drained further into the
sigmoid sinus.

The vascular plexus could represent the principal route for endolymph out-
flow, and we speculate that a malfunction of this associated system may result
in EH. The situation recalls the channel/venous outflow system in the eye. The
epithelial tight junctions in the ED have been shown to be more permeable
than in the ES using freeze-fracturing technique and tracer studies'*'*’. As the
potassium level in the endolymph is lower in the ES than in the cochlea, an
outflow of potassium in the ED was previously suggested'>!'"*!"!, The “leaky”
epithelium in the ED could allow for potassium and water to escape into the
vascular plexus surrounding the ED for further transport to low-pressure veins
(Figure 16).
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The findings in Paper 111 revealed that a potent Na/K-ATPase pump is pre-
sent in the ES. It may serve to direct fluid from the cochlea to the ES, repre-
senting an active “engine” responsible for the generation of a longitudinal en-
dolymph flow from the labyrinth to the ED/ES. These findings are in line with
the theory of a longitudinal flow of endolymph from the cochlea to the ES,
based on classical experiments by Kimura, Guild, and Lundquist®>*'"%,

Figure 16. Schematic drawing showing proposed cellular functions in the human
ED/ES. Active Na/K-ATPase ion pumps are localized in the wall of the ES. It may
“pull” ions and fluid from the labyrinth to the ES and be responsible for the “longitu-
dinal flow” of endolymph. Water and K™ may escape proximally through the “leaky”
epithelium in the ED to the surrounding lympho-venous channels

In 1871 Knapp pointed out the resemblance between ocular glaucoma and
MD'”. An impaired endolymph outflow could lead to EH, in analogy with
ocular glaucoma. The principles of aqueous humor and endolymph outflow
are diverse but there are some similarities. Both fluid systems contain a lym-
pho-venous network with deeper connecting plexuses. In the eye most of the
outflow resistance is located in the trabecular meshwork and collector chan-
nels which may be represented by the extra-cellular matrix and connective
tissue resistance in the ED. Fluid influx into the Schlemm’s canal seems trans-
cellular while in the ED, fluid transport seems para-cellular cross shallow ep-
ithelial tight junctions

Prostaglandin-F2a analogs are the first line therapy for reducing intra ocu-
lar pressure treat glaucoma and in one study, Latanoprost reduced vertigo and
improved hearing in patients with MD in one study'’*. A reduced absorption
of endolymph may be caused by an obstruction of the ED system'”. This
could be mechanical or instigated by inflammation leading to periductal fibro-
sis and density changes in the interstitial ground substance reducing lympho-
capillary outflow. Our data in Paper IV infer that a patent VVA may be a
requirement for ED drainage. An obstruction or anomalous course of the VVA
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was described in MD'"!'"® and a surgical procedure to decompress the

ES/VVS to control vertigo and stabilize hearing in Meniere's disease has even
been presented'”’.

Hence, the findings made regarding the human ED and ES in the present
thesis may hopefully lead to further understanding of the turnover and regula-
tion of the inner ear fluids. This could also lead to improved treatment of some
inner ear disorders such as MD.
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Figure 17. Drawing showing the principal drainage of endolymph in the human
ED/ES. The ED is surrounded by vessels both in the periaqueductal and periductal
spaces.
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Methodological considerations

Papers I and IV share some methodological weaknesses that are linked to im-
aging and measurements. In both studies, only one person (the author) per-
formed the measurements. All measurements were done with different com-
puter software, but points of measurement were determined manually. In Pa-
per IV, I measured the volume of the VA of five specimens based on micro-
CT images with 3D reconstruction. Volume assessment was done via segmen-
tation by visually determined thresholding, which makes comparisons be-
tween the specimens difficult to assess.

Both Papers I and II share the same kinds of strengths, namely the meticu-
lously prepared and preserved temporal bones that make up the material for
both studies. Shrinkage factor of the polyester resin casts was 0.6-1%, which
is considered negligible with respect to the measurement procedure in this in-
vestigation.

In Papers II and 111, one consideration was that the inner ear status could be
altered from a normal material by the fact that all patients were suffering from
vestibular schwannoma. The relatively small number of ESs could also be
considered a weakness, but the results were very consistent among specimens.
Immunohistochemistry has a number of potential pitfalls. Issues with fixation
and sectioning, antibodies, and background staining can make results unrelia-
ble. The protocol used in these studies has been used in several earlier studies
in our laboratory. All antibodies were used on several slides with sections
from different specimens a number of times on different occasions. An obvi-
ous strength, and also a privilege, is that these studies were performed on hu-
man tissue, since most inner ear research has been performed on animals.
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Conclusions

In this thesis, we analyzed the course and dimensions of the human vestibular
aqueduct, which contains the endolymphatic duct and sac. Morphologic
changes, such as obstruction and enlargement, have been linked to Meniere’s
disease and large vestibular aqueduct syndrome. By using the unique collec-
tion of human temporal bones in Uppsala, normative values were presented
and criteria for enlargement given. The results may assist in evaluating these
structures optimally via radiography and may form a basis for proper diagno-
sis. A lateral projection is recommended for optimal visualization via tomog-
raphy.

This study also analyzed the human ES with super-resolution structured illu-
mination microscopy. This technique allows, for the first time, the visualiza-
tion of cells in this part of the human inner ear with a resolution down to 100
nm (immunohistochemistry and nanoscopy). High-resolution fluorescence
microscopy showed MHCII-expressing macrophages and interaction with
neighboring CD68, CD4, and TLR4 positive cells. The study shows that anti-
gens reaching the ear may be trapped and processed by an immune cell ma-
chinery located in the ES. In this way, inflammatory activity may be evaded
near the vulnerable sensory structures of the inner ear.

Similarly, the technique was used to reveal the expression of several isoforms
of Na/K-ATPase and other solute-transporting proteins in the human ES.
Na/K-ATPase B1 was strongly expressed in the basolateral cell membrane of
epithelial cells, while Na/K-ATPase 3, together with the subunit al, was ex-
pressed in the apical cell membrane in other types of cells. Based on those
findings, we hypothesize that the ES is capable of both absorption and secre-
tion and that the ES plays an active part in the dynamic regulation of inner ear
fluid homeostasis.

Together with a Canadian research team, analysis of the human endolym-
phatic duct and sac using synchrotron phase-contrast imaging were made.
Computer-based 3D reconstructions revealed a lympho-venous network sur-
rounding the ED. This plexus originated from the ED and drained into collect-
ing veins. It may constitute the principal outflow system for endolymph in
man. Its importance for the generation of endolymphatic hydrops and
Meniere’s disease is discussed.
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Future perspectives

The functions and involvement in inner ear disease of the human vestibular
aqueduct, endolymphatic duct, and sac are still not fully understood. The ED
and ES seem to fulfill several important functions for the inner ear. The pre-
sent results have given further information about their role in endolymph
drainage and immune activity. A further function not described in this work is
endolymph pressure regulation and how it may be monitored in the human
inner ear.

Future projects using immunohistochemistry (SR-SIM) may reveal the phys-
iologic regulation of water-retaining proteins involved in fluid pressure regu-
lation. Such studies must be combined with experimental and physiological
research. The results presented here should be verified with other techniques,
such as RNA sequencing and proteomics. Such studies are now also available
in our laboratory.

The etiology behind MD remains an enigma. Is “finding the cause and cure of
MD?” as difficult as “finding the cure for cancer”? Meniere’s disease may not
have one simple cause, but rather represent an outcome caused by several po-
tential injuries to the inner ear. To find solutions for better treatment and a
cure, we must broaden our understanding of the function of the inner ear and
scrutinize different potential causes. A forthcoming possibility is local drug
delivery to the inner ear via non-invasive or minimally invasive methods,
something that research groups are presently evaluating.

One new and challenging field of research is inflammaging. To date, very little
research has been devoted to examining the relationship between low-grade,
chronic inflammation and age-related hearing loss. Further investigating the
immunological state of the inner ear, and determining how it relates to ageing
and hearing loss, may be a both challenging and intriguing future project.
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Sammanfattning pd svenska

Det minskliga innerdrat bestar i princip av tre olika delar, horselorganet
(snédckan), balansorganet samt den endolymfatiska gangen och sicken. Hor-
sel- och balansorganens funktioner ar vil studerade och kdnda medan den en-
dolymfatiska gangen och sédckens funktioner fortfarande &r oklara. Innerdrat
ligger vél skyddat i den sé kallade benlabyrinten inuti tinningbenet. Benlaby-
rinten innehéller en hinnlabyrint som é&r fylld med endolymfa. Endolymfa ar
en unik vitska vars sammanstillning exakt motsvarar de behov som innerdrats
harceller har for att kunna omvandla ljud till nervsignaler. Den endolymfatiska
gangen och sicken forloper i en benkanal, den vestibuldra akvedukten, som
stracker sig medialt om snécka och baggangar frén balansapparaten dér kana-
lerna fran kristallorganen strélar samman. Kanalen forloper ut pa tinningbe-
nets baksida dér den Oppnar sig mot bakre skallgropen. Den endolymfatiska
sdckens forsta del ligger i den vestibulédra akvedukten omgiven av ben, medans
den senare delen ligger i en ficka i harda hjairnhinnan framf6r lillhjérnan.

Manga olika teorier har presenterats vad géller den endolymfatiska sicken
och gangens funktioner. Tidigare forskning har pavisat immunologisk aktivi-
tet samt reglering av endolymfans omséttning. Stérningar i endolymfatiska
gangen och sidcken har misstinkts ha en koppling till tillstind som drabbar
innerdrat sdsom Meniere’s sjukdom och vidgning av vestibulédra akvedukten
(LVAS). Vid béada dessa tillstind kan man se utbuktning av det endolymfa-
tiska rummet och detta &r kopplat till horselnedséttning och yrsel.

Malet har varit att undersdka mikroanatomin och funktionella aspekter vad
géller vestibuldra akvedukten, endolymfatiska gdngen och sicken. Genom att
innerdrat ligger s& skyddat, inkapslat i hart ben, sa ar det svart att genomfora
forskningsstudier pa det. De flesta studier ar gjorda pd djur, men data som
kommer fran djurstudier kan inte sidkert appliceras pd ménniska. Genom moj-
ligheten att utfora studier pa ménskliga inneréron med nya och moderna tek-
niker har mer detaljerade studier kunnat goras i detta arbete.

I arbete I och IV anvandes mikrodissikerade tinningben samt avgjutningar av
inneréron tillhérande Uppsalas temporalbens samling. I studie I detaljstudera-
des den endolymfatiska géngen pa dessa preparat med hjilp av mikroskop.
Mitningar av denna gjordes for att fa ett normalmaterial och ddrmed kunna
faststélla nédr gdngen ar sjukligt vidgad. I studien gavs rekommendationer vad
géller rontgenavbildning i olika tomografiska plan. Den endolymfatiska
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gangen har ett vindlande forlopp, och i vissa delar stora variationer och for-
dndringar 14tt kan misstolkas vid avbildning i bara ett tomografiskt plan.

I arbete II och III undersoktes den endolymfatiska sdcken fran ménniska med
hjélp av immunohistokemi och hogupplésande mikroskopi. I samband med
kirurgi av tumdr pa balansnerven erhdlls efter etiskt godkédnnande tillgéng till
endolymfatiska sdckar som sedan fixerats, snittats och fargats med antikrop-
par mot proteiner av intresse.

I arbete II anvindes antikroppar mot proteiner som har anknytning till immun-
systemet. Antikroppar valdes som speglar bade det medfédda som det forvar-
vade immunsystemet. Med hjélp av konfokal samt hogupplost strukturerad
illumineringsmikroskopi (high resolution structured illumination microscopy,
SR-SIM) ségs en méngd makrofager i epitelial samt sub-epitelial vdvnad, lym-
focyter samt celler som uttryckte chemokinen fractalkine samt toll-like recep-
tor. En modell for immunforvaret i innerérat uppréttades. Hypotesen i studien
ar att endolymfatiska sdcken kan fanga upp och identifiera frimmande, skad-
liga agens sdsom virus och bakterier och processa dem dér samt initiera ett
immunforsvar. Férprogrammerade lymfocyter kan sedan ta sig, via blodba-
nan, till andra delar av innerorat for att oskadliggora skadliga agens.

I arbete 111 anvéndes samma material och undersokningstekniker som i arbete
II. Forekomst och uttryck for olika vitskereglerande jonkanaler, jonbytare och
cellmembranskanaler som ar genomsléppliga for vatten undersoktes. Fokus
var framfor allt pd Na/K-ATPase och dess olika isoformer och subtyper.
Manga epitelceller i endolymfatiska sdcken uttryckte Na/K-ATPase, subenhet
B11ibasolaterala cellmembranet samt en att en annan typ av epitelcell uttryckte
subenheterna al tillsammans med 3 apikalt i cellmembranet. Detta kan tyda
pa att endolymfatiska sdcken har forméga till bade sekretion och absorption.

I arbete IV undersoktes vestibuldra akvedukten, endolymfatiska sdcken och
gangen pa tva olika typer av preparat samt med tvd metoder. Dels undersoktes
plastgjutningar av innerdron tillhdrande Uppsala temporalbenssamling med
micro-CT men ockséd inneréron med synkrotron stralning med faskontrast
bildatergivning (synchtrotron radiation phase contrast imaging, SR-PCI). Den
endolymfatska gdngen omgavs av ett kérlplexa som sag ut att uppsta kring
gangen och som drinerade i den vestibuldra akveduktens ven (vein of the ves-
tibular aqueduct). Dessa plexa kan utgora det huvudsakliga utflédet av endo-
lymfa fran den endolymfatiska géngen.
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