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CHAPTER 1
GENERAL INTRODUCTION

GENERAI. INTRODUCTION

INTRODUCTION
The major function of the inner ear is the transformation of mechanical/analogue stimuli
(sound waves and motion), into electrical/digital signals. These digital signals enable the
perception of sound and maintenance of equilibrium. This conversion occurs in the sensory
organs of the cochlea and vestibular part. The key-factor in this conversion are K+ ions and
therefore the availability of these ions is of crucial importance. The endolymphatic fluid
inside the sensory organs is the main source of K+ and its homeostasis is important for the
continued perception of sound and equilibrium. As a consequence, disturbances in its
1 2

composition may result in inner ear disorders such as Meniere's disease, ' the syndromes:
Pendred, ' Jervell and Lange-Nielsen,'' renal tubular acidosis (dRTA), and Bartter, as well
as the non-syndromic autosomal dominant deafnesses DFNA2 ' and DFNA3. ' Although
much is known about the mechanisms involved in the production and maintenance of this
fluid (endolymph homeostasis), our knowledge is far from complete. Further elucidation of
the physiological mechanisms involved in endolymph homeostasis is required for a more
concise comprehension of the pathogenesis of hearing-disorders and the development of new
therapeutic strategies.
The mammalian inner ear or labyrinth is situated in the petrous part of the temporal bone.
Within a bony mould, the bony labyrinth, lies the membranous labyrinth including the
cochlear duct, vestibular part (saccule, utricle, semicircular canals with ampullae),
endolymphatic duct and the endolymphatic sac (ES). These compartments are interconnected
by the ductus reuniens, saccular and utricular ducts. A schematical overview is depicted in
Fig. 1.

Fig. 1. Schematic drawing af the various compartments of the membranous labyrinth. The inner ear spaces
filled with endolymph are shaded and those filled with perilymph are white. C: semicircular canals, CA:
cochlear aqueduct, CR: crista, CSF: cerebrospinal fluid, DM: dura mater, DR: ductus reuniens, ED:
endolymphatic duct, ES: endolymphatic sac, M: macula, OC: organ of Corti, OP: operculum, PB: petrous
hone, RW: round window, S: saccule, SD: saccular duct, SM: scala media, SS: sigmoid sinus, ST: scala
tympani, SV: scala vestibuli, U: utricle, UD: utricular duct, VA: vestibular aqueduct. (Reproduced with
permission from Knijpers ).

The lumen of the membranous labyrinth is filled with the endolymph (Fig. 1, shaded area), a
K+-rich, electrically positively charged fluid. The surrounding spaces within the bony
labyrinth are filled with perilymph (Fig. 1, white area), that resembles a plasma ultrafiltrate
11
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with a low K+ concentration Homeostasis of the unique endolymphatic fluid predominantly
depends on secretion and/or absorption activities of specialized membranous labyrinth
epitheha, that become distinguishable during development
The pnmordium of the membranous labyrinth develops from an ectodermal thickening, the
otic placode, on either side of the rhombencephalon Through invagination of the otic
placode the primitive otocyst or otic vesicle is formed This occurs in the rat around
embryonal (E) day 10 (the gestational penod of the rat is 21 days) See further Sher for a
comprehensive overview of inner ear embryogenesis Around E14 the otocyst has developed
into a cochlear duct and a vestibular part with an outgrowing ES At this stage the epithelial
lining of these compartments begins to differentiate into areas with specialized functions such
as 1) sensory for cochlear organ of Corti and vestibular maculae and cnstae, 2) secretory for
cochlear stria vascularis and vestibular dark cells, and 3) absorptive/secretory for ES
The next sections describe the functional morphology and characteristics of the
cochleovestibular structures and ES that are considered to play an important role in
endolymph homeostasis
COCHLEOVESTIBULAR CHARACTERISTICS
A transverse section through the endolymph-filled cochlear duct or scala media (Fig 1, Chap
2) represents a triangular structure consisting of a tympanic wall with as main constituent the
sensory organ of Corti, a vestibular wall with the non-sensory Reissner's membrane, and a
lateral wall with as main constituent the non-sensory secretory stna vascularis and its
underlying fibrous spiral ligament Such a section through the endolymph-filled spaces of the
vestibular part (Fig 2, Chap 2) reveals common or similar epithelia in these structures such
as the sensory maculae (of saccule and utricle) and cnstae (of ampullae) and non-sensory
areas in which secretory dark cells occur at distinct sites in the utricle, ampullae, and
semicircular canals, exclusively
Sensory hair cells and supporting cells are cell types that are present in the organ of Corti as
well as in the maculae and cnstae The hair cells, despite small differences in morphology,
function as mechanoreceptors During the processes of hearing and equilibrium, they convert
mechanical stimuli into electrical currents through the influx of K+ via apically located nonselective cation channels
Consequently, this leads to a reduction in endolymph K+concentration and thus affects endolymph homeostasis Undisputed, cochlear and vestibular
sensory epitheha are K+-spending structures K+ is recycled via an extensive gap junctional
system and is finally re-secreted into the endolymph by the stna vasculans as well as
vestibular dark cells
The highly vasculanzed stna vascularis plays an important role in K+ secretion and generation
of the positive endocochlear (transepithelial) potential of endolymph compared to perilymph
and plasma (for an overview see http //oto wustl edu/cochlea) The multilayered stria
vascularis is composed of three cell types marginal cells facing the endolymph, intermediate
cells, and basal cells adjacent to the fibrous spiral ligament (Fig 2)
The most voluminous cells are the epithelial marginal cells that are apically connected by
tight junctions Their basolateral membranes are extensively folded and basally the cytoplasm
contains large numbers of mitochondria NaK-ATPases are localized at a high density in this
membrane " The intermediate cells form a layer of melanocytes between marginal and basal
cells." " Basal cells, presumably of mesodermal origin, are interconnected by tight junctions
and are associated to intermediate cells by gap junctions On the basal side (outside the stna)
18

they are connected by gap junctions to spiral ligament fibrocytes
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Fig. 2. Electron micrograph of the highly vascularized (c: cupillary} stria vascularis composed of marginal
cells (m), facing the endolymph (e), intermediate cells (i), and basal cells (h), χ 2000.

The tight junctions of the marginal and basal cells separate the endolymph of the scala media
from the perilymph-like fluid pervading the spiral ligament. The marginal cells, secreting
K+ via apical K+ channels (KCNQ1/KCNE1 formerly called KvLQTl/1-,κ), take up K+
basolaterally via distinct NaK-ATPases and Na-K-Cl cotransporters.
The extruded Na+
provides the driving force for Na-K-Cl cotransporters resulting in additional fluxes of K+ into
the cell. The uptaken CI" is recycled back by basolateral electroneutral chloride channels
(C1C-K).' Combination of these ion transport mechanisms leads to a very energy efficient K+
secretion. The presence of the recently determined rectifying K+ channels (Kir4.1/KCNJ10) in
intermediate cells and the basal cell's gap junctional integrity enables a high K+ conductance
in the stria, which is essential for the maintenance of the positive endocochlear potential of
about +80 mV.^ ' This endocochlear potential together with the high endolymph K+
concentration results in an exceptionally energetic K+ current through the sensory hair cells of
29

the organ of Corti.
Besides morphologic similarities of the epithelial vestibular dark cells (Fig. 3) and strial
marginal cells, homologies in function have also been determined.
'

Fig. 3. Electron micrograph of the vestibular dark cell (d) area surrounding the crista ampulluris.
e: endolymph, t: transitional cells, χ 2000.
13
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Identical ion transporters are found in the K+-secreting vestibular dark cells as well as in
marginal cells. In contrast however, vestibular dark cells are not connected by gap junctions
to the underlying cells (equivalent of intermediate and basal cells) and this may explain why
the endovestibular (transepithelial) potential is close to zero. " Remarkably, vestibular dark
cells are separated from subepithelial melanocytes by a distinct basal lamina.
It is still a
matter of debate whether these melanocytes play a role in ion transport processes as ion
exchanger or as ionic reservoir.
ENDOLYMPHATIC SAC CHARACTERISTICS
The endolymph-filled ES is partly situated within a bony channel, the vestibular aqueduct,
and ends blindly within the epidural space of the posterior cranial fossa (extraosseous part).
Landmarks for the orientation of the extraosseous ES are the bony operculum and the distally
localized sigmoid sinus (Fig. 1). The ES is connected with the vestibular part via the
endolymphatic, utricular and saccular ducts. It is connected with the cochlear duct via the
endolymphatic duct, saccular duct, saccule and ductus reuniens (Fig. 1). Remarkably, the
diameter of the ductus reuniens and saccular duct is much greater than that of the utricular
duct, the latter ending in the utricle through a slit-like opening.
The ES was discovered as early as in 1761 by Cotugno, who described it as an intradural
cavity. Boettcher called this cavity a sac-like appendage of the membranous labyrinth and
Hasse introduced the term ES in 1873. Guild subdivided the ES into three parts on the
basis of differentiation of the epithelial lining: 1) proximal - lying entirely within the
vestibular aqueduct, 2) intermediate - lying partly within the vestibular aqueduct and partly
between the layers of the dura mater, and 3) distal - lying entirely in the epidural space. This
terminology has gained wide acceptance and has been used both in animals and in man. Later,
Bast and Anson subdivided the human ES into the rugose or intraosseous part and the
proper or smooth part based on structural grounds. Finally, in 1986, Bagger-Sjoback et al.
modified these terms in intraosseous and extraosseous. In this thesis the subdivision of
Guild for the ES of the rat will be used.
Although the epithelial lining of the rat ES shows great individual variation, in general the
proximal, intermediate and distal parts contain two basic cell types. These two cell types have
been named light and dark cells or, on basis of ultrastructural characteristics, mitochondriarich and ribosome-rich cells respectively (Fig. 4).43"48

Fig. 4. Electron micrograph of mitochondria-rich Imre) and ribowme-rich (rrc) cells of the ES. e: endolymph.
x 1800.

For both cell types secretion and absorption activities have been suggested.49'50 In the human
ES five different epithelial cell types have been described, however, some may represent
14
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different stages of activity of one type " Recent animal studies have shown that the
morohological appearance of ES mitochondria-rich as well as nbosome-rich cells changes
after induced alterations of endolymph volume and/or composition
Thus, the ES
mitochondna-nch and nbosome-rich cells appear to be dynamically involved in endolymph
homeostasis Other functions of the ES may comprise a role in immune defense and in
formation/degradation of otoconia
In contrast to the endolymph in the cochleovestibular part, the endolymph in the ES is a
proteinaceous fluid based on the positive staining with basic (aniline) dyes
Biochemical
studies have revealed differences in the ionic components, pH as well as protein composition
between ES and cochleovestibular endolymph Table I depicts the differences in composition
between ES endolymph, cochleovestibular endolymph, perilymph and plasma
Table I.

DIFFERENCES IN CHEMICAL COMPOSITION AND PH BETWEEN ES AND
COCHLEOVESTIBULAR ENDOLYMPH, WITH RESPECT TO PERILYMPH AND PLASMA
ENDOLYMPH
3

Potassium (K+)'
Sodium (NaV
Chloride (CI )'
Bicarbonate (HCO3 )'
Protein2
pH

ES
15
100
80
5
40
69

Cochleovestibular
160
5
140
30
05
74

PERILYMPH

5
145
120
20
2
74

PLASMA

5
140

105
25
70
74

Ions in mM and "protein in g/l
large variability in ion and especially in protein concentrations

With respect to the ionic content, Na+ concentrations are higher in the ES, whereas K+, CI,
and HCOi concentrations are lower Furthermore, pH is lower and protein concentration in
the ES is considerably higher, but highly variable between individuals (3 to 71 g/l)
Until now several ion transporters have been determined in the epithelial lining of the ES
First, by immunohistochemical methods basolateral NaK-ATPases,
apical H+-ATPases
and basolateral Cl /HCO1 exchangers Second, by electrophysiological methods (presumed
apical) Na-K-Cl cotransporters, rectifying K+ channels, and (presumed apical) amilondesensitive Na+ channels67 It has been suggested that the basolateral NaK-ATPases are
involved in absorption processes of the ES Besides the fact that H+-ATPases and Cl /HCO3
exchangers play a role in the acid/base balance, it has been proposed that they are essential for
the generation of the ES (transepithelial) potential of about +10 mV
The Na-K-Cl
cotransporters together with the rectifying K+ channels may be involved in K+ exchange
If amilonde-sensitive Na+ channels are indeed located apically, they could (in cooperation
with the basolateral NaK-ATPases) provide an influx pathway for Na+ At present it remains
unclear how all these ion transport mechanisms contribute to the maintenance of endolymph
homeostasis, it is even unclear if they are present in all ES epithelial cells More concise
studies are still required The origin of the endolymph protein components in the ES is still
puzzling However, their function may comprise the generation of an osmotic gradient
ENDOLYMPH HOMEOSTASIS
Nowadays it is assumed that maintenance of endolymph homeostasis regarding its ionic
components is completely realized by local recycling 4
Although evidence is still limited, it
has been stated that endolymph volume homeostasis depends on endolymph flow, 1 e
15
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longitudinal flow In the normal state this flow is considered extremely low which may not
contribute significantly to ionic homeostasis, but may play an essential role in volume
homeostasis
It appears that under conditions of volume disturbance the flow is directed
towards or away from the ES to restore the normal volume
Indications that the ES is highly
sensitive to endolymph volume disturbances are the decrease or increase of its proteinaceous
endolymph content after an induced increase or reduction of endolymph volume,
respectively
In addition, distinct changes in the morphological appearance of ES
mitochondna-nch as well as nbosome-nch cells have been shown, suggestive for changes in
absorption and secretion activities (of proteins)
However, more evidence and details are
needed to confirm these observations as well as this proposed mechanism of regulating
endolymph volume homeostasis Similarly, a relationship with the ion and water movements
across the epithelium of the ES remains to be elucidated
AIM OF THE STUDY
The aim of this study is to determine in-depth morphological characteristics of distinct inner ear
epitheha that may provide evidence for their (specific) contribution to endolymph homeostasis
The main focus will be on the epitheha with secretory and/or absorptive capacities, with special
emphasis on the epithelial cells of the ES
Chapter 2 describes the presence of NaK-ATPase isoforms in different developmental stages
with the use of isotype-specific antibodies The fact that different combinations of NaK-ATPase
isoforms display major differences in ion transport capacity and/or sensitivity, enables
speculations on their role in endolymph homeostasis
Chapter 3 describes a developmental study in pigmented as well as in albino rats A specific
melanocyte antibody was used to determine the features of inner ear melanocytes (e g striai
intermediate cells) At electron microscopic level the integration of these cells in the stria
vascularis was studied. Their involvement in endolymph homeostasis is discussed
Chapter 4 addresses the specific morphological characteristics of ES epithelial cells during
development by use of antibodies directed against cytoskeletal components. The results indicate
specific functions of the ES in endolymph homeostasis
The development of ultrastructural charactensties indicative for cellular function of ES
mitochondna-nch and nbosome-nch cells are desenbed in chapters 5 and 6, respectively The
results allow a more complete impression on the contnbution of mature ES epithelial cells to
endolymph homeostasis
Chapter 7 presents the summary and conclusions
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OCCURRENCE OF NaK-ATPase ISOFORMS
DURING RAT INNER EAR DEVELOPMENT
AND FUNCTIONAL IMPLICATIONS
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INTRODUCTION
Endolymph, characterized by an unique intracellular-like ionic composition, plays a crucial
role in the normal functioning ot the inner ear Changes in endolymph composition will
eventually lead to impaired hearing NaK-ATPases that normally couple the hydrolysis of one
molecule ATP to the transport of three Na+ ions out and two K+ ions into the cell are involved
in endolymph ion exchange processes NaK-ATPases are composed of a transporting α and
stabilizing β subunit For their biological activity both subumts are needed The β subunit
affects the affinity of the α subunit for both Na and Κ ions
In mammals three well
characterized isoforms of the α subunit (αϊ, α2, and α3) and at least two of the β subunit (β 1
and β2) have been described Schmalzing et al convincingly demonstrated differential
interaction between different α and β isoforms In different tissues specific combinations are
found Thus, such tissue-specific combinations may determine a specific function Both αϊ
and ßl isoforms are ubiquitous in most tissues and are at present the only isoforms detected
in the kidney The αϊ and ß2 isoforms are present in ion transporting tissues such as the
choroid plexus and pigmented retinal epithelium In excitable tissues such as muscles and
nerves the isoforms α2, a3, β 1, and β2 are predominantly expressed
In the inner ear the following distribution of individual NaK-ATPase isoforms has been
12
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found ten Gate et al and McGuirt and Schulte desenbed the unique expression of αϊ and
β2 in vestibular dark and striai marginal cells and of a3 and β 1 in neural elements in adult rat
and gerbil, respectively Both groups reached the overall conclusion that differential
expression of NaK-ATPase probably reflects functional diversity The expression of αϊ and
β2 in the adult guinea pig endolymphatic sac led ten Cate et al to the suggestion that this
combination reflects a distinct inner ear NaK ATPase
Studies on NaK-ATPase expression during inner ear development have been performed only
in the cochlea of the gerbil, rat, and mouse
No attention has been paid to the
development of the vestibular portion Despite the important function ascribed to the ES and
endolymphatic duct in endolymph homeostasis no data are available on expression of the
various NaK-ATPase isoforms during the development of these structures
In this developmental study we compared the expression of NaK-ATPase subumts in ES and
endolymphatic duct with those in cochlea and vestibular part In addition, recent biochemical
studies on characteristics of NaK-ATPase isoform combinations enabled us to hypothesize
on the involvement of distinct isoform-combinations in endolymph homeostasis
MATERIAL AND METHODS
Animals
Wistar rats (own breeding facility) were housed in standard cages and received water and
food ad libitum Animal experiments were conducted in accordance to international
guidelines
Immunohistochemistry
The expression of NaK-ATPase isoforms was investigated dunng the development of the rat
inner ear from embryonal day (E)14 to postnatal day (P)30 Investigated time points were
E14, 16, 18 and PI, 4, 10, 15, 20, 30 Anti-NaK-ATPase antibodies used in this study mouse
anti-rat monoclonal antibodies against αϊ and a2 chain (McKl and McB2, Prof dr Κ J
Sweadner, Boston, USA) and rabbit anti-rat polyclonal antibodies against a3, ßl and ß2 chain
(UBI, New York, USA) Cryostat sections were used for monoclonal antibodies, and Bouin23
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fixed paraffin sections were used for polyclonal antibodies At least four animals of every age
category were examined Decalcification procedure was performed as described before
Immunostaining with monoclonal antibodies was performed according to the previously
described immunoperoxidase method Briefly, cryostat sections were fixed in cold (40C)
acetone for 10 mm, rinsed in phosphate-buffered solution (PBS) and subsequently incubated
at room temperature for 60 mm with either anti-al (1 10) or dnti-a2 (1 10) antibody After
rinsing in PBS the sections were incubated for 30 mm with peroxidase-conjugated rabbit antimouse IgG (Dakopatts, Glostrup, Denmark), and peroxidase activity was detected after a 10
mm incubation with 3'-amino-9-ethylcarbozole (AEC) as substrate
Immunostaining with polyclonal antibodies was performed by use of the avidin/biotin
complex technique Paraffin sections were deparaffimzed in toluol and rehydrated For a3
detection sections were pretreated with 0 1% trypsin/0 2% CaCh in PBS tor 10 mm at YI°C
All sections were placed in 0 5 M NH4CI in PBS containing 0 4% Triton X-100 (TPBS) for
40 mm After rinsing in TPBS they were preincubated for 40 mm with 1 5% normal goat
serum/1% bovine serum albumine (BSA) in TPBS Incubation of the sections with anti-a3,
anti-ßl or anti-ß2 (diluted 1 100, 1 200 and 1 500 in TPBS/1% BSA respectively) was
performed overnight at 40C After rinsing in TPBS sections were incubated for 60 mm with
biotin-labelled goat anti-rabbit IgG (Dakopatts, Glostrup, Denmark) diluted 1 400 in
TPBS/1% BSA The next incubation, after rinsing with TPBS, was performed with
peroxidase-labelled streptavidin (50 ng/μΐ in TPBS)(Dakopatts, Glostrup, Denmark) for 90
mm After rinsing in PBS, followed by rinsing in sodium-acetate buffer (0 05 M, pH 4 9),
peroxidase activity was determined by a 10 min incubation with AEC
All cryostat and paraffin sections were counterstained with Mayer's hemalum and mounted in
glycerin jelly Control sections were incubated with non-immune mouse serum
RESULTS
The expression of NaK ATPase α and β isoforms as determined by immunohistochemistry is
reported separately for the developing cochlea, vestibular part, ES and endolymphatic duct
Table I lists the expression of functional NaK-ATPases in different cells during inner ear
development In addition, Figs 1 and 2 schematically depicts the expression of NaK-ATPase
α and β isoforms in adult cochlear (Fig 1) and vestibular (Fig 2) structures
Cochlea
Maturation of the cochlea occurs via a base to apex gradient All results described apply to
the basal turn
αϊ
At PI expression can be distinguished in external sulcus cells, basal part of marginal cells,
and in some GER cells Between P4 (Fig 3 A) and 15 (Fig 3D) intensification of staining is
observed in marginal cells, root cells (Fig 3A) begin to stain at P4 Starting at ΡΙΟ, αϊ
expression is seen in interdental cells and at P15 in Claudius cells, Reissner's membrane,
spiral limbus fibrocytes, suprastnal fibrocytes (Fig 3D, Fig 4A,D) and spiral ligament
fibrocytes type Π (Fig 3D, Fig 4F) and IV (Fig 3D) Cochlear neurons are also positive from
P15on
al
From P4 on expression is found in spiral limbus fibrocytes, supralimbal fibrocytes and
perineural cells Expression ol a2 in suprastnal fibrocytes (Fig 4D) and spiral ligament
fibrocytes type Π (Fig 4C) appears at PIO and begins to disappear from PI5 (Fig 4E) From
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PI5 on expression is observed in strial basal cells.
Table I.

EXPRESSION OF FUNCTIONAL NAK-ATPASES IN DIFFERENT CELLS
DURING INNER EAR DEVELOPMENT
αιβι

COCHLEA
External sulcus cells

•^•^•{^••••i^^^^^^^^H

GER cells

^BBH

Claudius cells
Reissner's membrane cells
Suprastrial fibrocytes
Spiral ligament fibrocytes type II
Spiral ligament fibrocytes type IV
Cochlear neurons
VESTIBULAR PART
Non-sensory cells
Dark cells
Supporting cells
Transitional cells
Vestibular neurons
ENDOLYMPHATIC SAC/DUCT
Endolymphatic sac cells
Endolymphatic duct cells
E14

16

18

Birth

PI

4

10

15
αιβ:

COCHLEA
Marginal cells
VESTIBULAR PART
Non-sensory cells"
Dark cells
E14

16

18

Birth

PI

4

10

15
αιβι

COCHLEA
Supralimbal fibrocytes
Suprastrial fibrocytes
Spiral ligament fibrocytes type II
E14

16

18

Birth

PI

4

10

15
αιβι

COCHLEA
VESTIBULAR PART
K14

l

|

16

18

!
Birth

PI

4

10

15~

i Intensification of staining of oci and β: between P4 and 15.
' No staining of ßz in some ampullar non-sensory cells.

oc3
From El6 on staining is visible in the cochlear neurons.
ßl
From E16 on expression is found in the cochlear neurons. Positivity of ßl is seen from E18
on in the external sulcus cells, marginal cells, GER, LER, and Reissner's membrane. Staining
in marginal cells develops from a weak general signal at P4 (Fig. 3B) to a more scattered one
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at P15 (Fig. 3E). At P4 staining of the root cells starts (Fig. 3B) and from PIO on ßl
expression is present in the interdental cells, Claudius cells, supralimbal fibrocytes,
suprastrial fibrocytes (Fig. 3E), and spiral ligament fibrocytes type II and IV (Fig. 3E).

Fig. 1. Schemalical overview of the presence of the different NaK-ATPase a and β isoforms expressed in the
adult cochlear duct. I. external sulcus: 2. strial marginal cells: 3. root cells: 4. interdental cells: 5. Claudius
cells: 6. Reissner's membrane: 7. suprastrial fibrocytes: 8. spiral ligament fibrocytes type II: 9. spiral ligament
fibrocytes type IV: 10. supralimbal fibrocytes; II. cochlear nerve: 12. spiral ganglion: 13. organ of Corti: in
parenthesis: no prominent expression: e: endolymph: p: perilymph.

Fig. 2. Schemattcal overview of the presence of the different NaK-ATPase a and β isoforms expressed in the
adult vestibular portion. I. non-sensory cells: 2. dark cells: 3. supporting cells: 4. transitional cells: 5.
vestibular nerve: 6. vestibular ganglion: 7. sensory cells: in parenthesis: no prominent expression: e:
endolymph.
26
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Fig. 3. Immunohistochemical staining of different NaK-ATPase isoforms in marginal cells (m) al P4 for al (A),
ßl (Β) and β2 (C); at PI5 for al (D), β! (E) and β2 (F). Note in the marginal cells intensification of staining
for al and β2 between P4 and 15 and the change of a weak general to a more scattered staining of ßl.
e: endolymph; ex: external sulcus; r: root cells; s: suprastrial fibrocytes; si: spiral ligament; II: spiral ligament
fibrocytes type II; IV: spiral ligament fibrocytes type IV. Α-F χ 200.

Fig. 4. Immunohistochemical staining of different NaK-ATPase isoforms in suprastrial fibrocytes (s) (A,B,D,E)
and spiral ligament fibrocytes type II (II; C,F) at PIO (A-C) and' PI5 (D-F)for al (A,D,F) and a2 (B,C,E).
Note that from PIO to 15 staining of a2 disappears and prominent staining of al occurs, ex: external sulcus; m:
marginal cells: si: spiral ligament. Α-F χ 400.
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ß2
Only marginal cells show expression from PI on (Fig. 3C) with an intensification until PI5
(Fig. 3F).
Vestibular part
al
From E18 on the non-sensory cells show heterogeneous staining. An intense reaction is found
in the ampullar region. Dark cells of cristae and macula stain faintly at this age. A positive αϊ
reaction is found in the supporting cells of both maculae whereas a less prominent reaction is
found in the cristae. From PI on the dark cells (Fig. 5A) of cristae and macula stain intensely
and from P4 on the transitional cells (Fig. 5B) are positive. Vestibular neurons are labeled
from P15 on.
a2
From P4 on staining of a.2 is observed in the fibrocytes below the vestibular epithelial cells.
a3
From E16 on expression occurs in the vestibular neurons.
ßl
From El6 on a positive ßl reaction is observed in the vestibular neurons and sensory
epithelial cell areas. At E18 heterogeneous staining becomes apparent in the non-sensory cells
and dark cells. In addition transitional cells (Fig. 5C) show intense staining. The supporting
cells are also positive from this stage on.
ß2
Some non-sensory cells and dark cells (Fig. 5D) stain intensely from PI on.

Fig. 5. immunohistochemical staining of different ΝαΚ-ATPase isofonns at PI (A) and PI5 (B-D) in vestibular
dark cells (d) for al (Α,Β), ßl (C) and ß2 (Dj and in transitional celts (t) that only stained for αϊ (Β) and ßl
(C). se: sensory cells. Λ χ 200; BD χ 400.

Endolymphatic sac and duct
In these structures only αϊ and ßl are found. They are expressed very early in comparison
with the cochlear and vestibular structures. Staining in saccus epithelium precedes staining in
ductus epithelial cells.
αϊ
The epithelial lining of the saccus shows heterogeneous expression from EI4 on (Fig. 6A,D).
This pattern does not change throughout the observation period. After birth expression of αϊ
intensifies (Fig. 6E). Ductus cells start staining at P4.
ßl
From E14 on the saccus epithelium shows heterogeneous expression of ßl (Fig. 6B,F).
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Expression in ductus cells starts at E18 (Fig. 6C).

ψ
C ïiffi,

•
D

E

^
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^î;

Fig. 6. Immunohistochemical staining of the NaK-ATPase isoforms al (Α,Ο,Ε) and ßl (B,C,F) in the ES
(A,B,D-F) and endolymphatic duct (C) at EI4 (A,B), EI6 (D), EI8 (C) and PI5 (E,F). Note in D early
heterogeneous staining in the ES (es) in contrast to the endolymphatic duct (ed), vestibular portion (v) and
cochlear duct (c). A-C.E.Fχ 200: D χ 50.

DISCUSSION
Since functional NaK-ATPases are always composed of an α and β subunit, we consider
that cells only expressing one subunit are void of functional NaK-ATPases. However, we
cannot exclude the involvement of non-investigated isoforms.
The present observations demonstrate that the cxlßl combination is found in epithelial,
mesenchymal and neural cells. In addition, alß2 is found in epithelial cells, cc2ßl in
mesenchymal cells and a3ßl in neural cells. Several studies have confirmed that distinct
NaK-ATPase isoform combinations determine their affinities for Na+ and K+ ions. ' Recently
18

Crambert et al. described the characteristics of human NaK-ATPase combinations whereas
Blanco and Mercer described those of the rat.
The fact that a given combination may have different properties depending on the cellular
environment must be taken into consideration as well. Nevertheless, the combination alßl
displays a high K+ and Na+ affinity as well as a high turnover rate; alß2 is characterized by a
high K+ affinity and a very high turnover rate, but its affinity for Na+ has not determined;
a2ßl has a moderate K+ and Na+ affinity and a moderate turnover rate. Finally, a3ßl has a
high K+ and a low Na+ affinity and a low turn-over rate. This last combination differs in K+
affinity between rat and human, i.e. K+ affinity is lower in the rat. However, Therien and
Blostein" also found a high K+ affinity of οββΐ in the rat with K+ acting as a competitive
reversible inhibitor of Na+ affinity. Crambert et al. concluded that combinations with αϊ
2')
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isoforms perform housekeeping roles whereas combinations with a2 or a3 play a role in
restoring resting conditions Thus, different isoform combinations exhibit major differences
in transport capacities and thus may have important physiological consequences. Based on
these charactenstics we evaluate the role of functional NaK-ATPases in endolymph
homeostasis
During ontogenesis of rat inner ear epithelial cells the first NaK-ATPase isoforms that can
form a functional combination are found in some ES cells, followed by distinct populations of
vestibular and cochlear cells This tendency in differential functional maturation is in
19

accordance with the morphological development of these structures
In inner ear neural tissue the unique expression of a3ßl NaK-ATPase (high K+ and low Na+
affinity) is in line with other neural tissues as well as with its presumed function of restoring
K+ concentrations after depolarization al pi NaK-ATPase (high K+ and Na+ affinity) is also
present in those neural cells and is likely to be involved in normal cell physiology
A remarkable observation during the inner ear development is the expression switch from
functional a2ßl NaK-ATPases towards alßl in the cochlear fibrocytes between PIO and 15
Previous studies
have suggested that those fibrocytes are involved in the transport of K+
ions into the intrastnal region Additionally, it has been proposed that those fibrocytes play an
important role in the generation of the endocochlear potential which reaches adult values in
the rat between Pll and 16
This coincides with the rapid increase of NaK-ATPase
activity in the stria vascularis to mature values The switch from a2ßl to αϊ β I in suprastnal
fibrocytes and in spiral ligament type Πfibrocytesalso occurs in this period Because a2ßl
has a moderate K+ and Na+ affinity and moderate turnover rate whereas alßl has a high K+
and Na+ affinity and high turnover rate, the switch towards the high capacity NaK-ATPase
during the final stages of inner ear maturation suggests a crucial role of alßl in the
maintenance of the adequate endolymph composition/endocochlear potential
There is convincing evidence that vestibular dark cells and cochlear marginal cells transport
K+ from the basolateral to the apical side of the cell K+ secretion via an apical K+-channel
entails uptake of K+ across the basolateral membrane via NaK-ATPase as well as a Na-K-Cl
cotransporter The extruded Na+ via NaK-ATPase provides the driving force for the
basolateral Na-K-Cl cotransporter, resulting in additional fluxes of K+ into the cell As in
former cochlear and vestibular immunohistochemical studies '
we detected the isoform
combinations of alßl and predominantly alß2 in striai marginal and vestibular dark cells
We hypothesize that the prominent presence of alß2 (high K+ affinity and high turnover rate)
in those specific K+ ion transporting epithelia, is required for maintaining the unique high K+
and low Na+ concentrations in the endolymph This is supported by the observation that, in
addition to alßl NaK-ATPase, expression of alß2 is further enhanced between P4 and 15
(especially in striai marginal cells), the same period in which the endolymph K+ concentration
reaches mature values Additional support for this hypothesis may be denved from studies
on ß2-deficient mice These mutants display a disturbed cerebral ionic homeostasis
In the vestibular part alß2 is found together with alßl in distinct non-sensory cells, which
are assumed to prevent the local passive leakage of Na+ ions into and K+ ions out of the
endolymphatic space " We hypothesize that alß2 in these vestibular cells is involved in K+
sensing and therefore reacts adequately on leakage-induced changes in endolymph
composition
The exact mechanisms involved in endolymph homeostasis in the ES are still obscure The
relative high Na+ and low K+ concentrations in the ES endolymph 0 suggests that the
epithelium is involved in absorption of K+ and secretion of Na+ Absorption of K+ may be
10
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explained by the presence of apical Na-K-Cl cotransporters but this does not explain the
high Na+ concentration It is tempting to assume that in the adult ES a l ß l NaK-ATPase
generates a local electrochemical gradient that is an important factor in the process of
absorption and secretion of solutes and electrolytes In the light of the current opinion on the
role of the ES in endolymph homeostasis the expression of a l ß l NaK-ATPase in the ES prior
to that in the endolymphatic duct and vestibular and cochlear parts is quite remarkable It may
suggest that this structure is involved in the development ot the remaining part of the inner
ear
In conclusion, the present data together with re-evaluation of the current biochemical data
leads to a better understanding of the specific involvement of different inner ear cell types in
endolymph homeostasis
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INTRODUCTION
The presence of pigmented cells has been demonstrated in both the vestibular and cochlear
partitions of the inner ear in various mammalian species Although their distribution can vary
between different species or individuals of the same species, they are found consistently in
definite areas In the vestibular partition, pigmented cells are chiefly present in the utricle,
ampullae and parts of the semicircular canals There is a close correlation between the
distribution of pigmented cells and dark cells and they are separated from the dark cells by a
basal lamina ' In the cochlea, pigmented cells are found near the vascular plexus of the
modiolus and in the stna vascularis
In the latter structure, they represent the so-called
intermediate cells Hilding and Ginzberg demonstrated that the pigmented cells in the stria
vascularis were true melanocytes and not melanin host cells which acquire melanosomes from
melanocytes Melanocytes are charactensed by different stages of melanosome formation
(stages 1-4) and the presence of tyrosinase, which catalyses the conversion of tyrosine to
melanin
During development of the inner ear of the rat, Hilding and Ginzberg observed an
accumulation of melanosomes containing cells beneath the basal lamina of the marginal cells
shortly before birth They suggested that these cells were melanocytes originating from the
neural crest, which could migrate along blood vessels to the stna vascularis However, in a
study in the mouse. Steel et al observed the migration of melanocyte precursors from the
mesenchyme around the developing inner ear to the developing stna vasculans between Ε Π
and 16 Convincing evidence has been given by Schrott and Spoendhn " and Steel et al that
intermediate cells originate from the neural crest In the deaf viable dominant spotting mouse
mutant (Wv/W%), which is known to have a pnmary neural crest defect, they observed a partial
or total absence of intermediate cells This mutation resulted in deficiencies in the production of
melanocytes, germ cells and haematopoietic cells Also vestibular melanocytes were usually
absent or defective in this mouse mutant
In the W7WV mouse, the marginal cells did not
17 18

develop normally and their function was senously disturbed
It is still a matter of debate whether melanin synthesis in the intermediate cells is ol significance
regarding striai function Melanin is a free-radical scavenger and can act as a cation exchanger
The latter property explains its ability to bind with ototoxic drugs and the difference between the
effects of these drugs on the inner ear of pigmented and albino animals
" Based on the
observation that there is no difference in heanng thresholds between albino and pigmented
animals, Cable et al assumed that melanin formation did not affect the structure and function
of the adult stna vasculans However, Conlee and Bennet and Conlee et al " suggested that
the absence of melanin was the underlying cause for the differences in cell volume of the
marginal and intermediate cells, which was reflected in the difference in size of the
endocochlear potential between pigmented and albino animals
Albino animals have a similar distribution of skin melanocytes as pigmented animals They
contain only stages 1-2 melanosomes and are unable to synthesise melamsed melanosomes
(stages 3-4) because they lack the enzyme tyrosinase Hardly any investigations have been
performed on melanocytes in the albino inner ear Hilding and Ginzberg demonstrated
organelles in the intermediate cells of albino rats, which were very similar to the melanosomes
observed in the skin However, Cable and Steel did not find such organelles in the stna
vasculans of the adult albino mouse, while LaFemere et al failed to detect these cells in the
vestibular portion of the albino guinea pig
In the present study, a melanocyte antibody was used to investigate the features of inner ear
melanocytes dunng development in pigmented and albino rats This antibody specifically reacts
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with a membrane component which is only present in (pre)melanosomes It therefore offers the
opportunity to examine melanocytes irrespective of the presence and synthesis of melanin
pigment in pigmented and albino animals To trace the process of integration of melanocytes
into the stria vascularis, an antibody directed against collagen IV, which is a major component
of the basal lamina, was included
MATERIAL AND METHODS
Animals
In this study pigmented (Brown Norway) and albino (Wistar) rats were used throughout the
developmental period from E10 up to P30 The day of the vaginal plug was considered as day 1
The gestational period of the rat is about 21 days The care and use of the animals reported on in
this study were approved by the Animal Care and Use Committee of the Nijmegen University
Inununohistochemistry
For immunohistochemistry at least four animals from each strain at each age were examined
All embryos were decapitated and the head was immediately frozen in liquid nitrogen Newborn
and older animals were decapitated and the inner ear was dissected from the skull and then
frozen Immediately after dissection, the specimens from rats aged P4 and older were stored in a
decalcification solution containing 10% EDTA and 7 5% polyvinylpyrrolidone (PVP) in TnsHC1 buffer (pH 7 4)" for a penod ranging from 1 h to 24 h owing to progressive calcification of
the otic capsule This procedure did not affect immunohistochemical staining with the
antibodies After rinsing in the same solution but without EDTA for 1 h at 40C, the specimens
were frozen in liquid nitrogen Cryosections (7 μιτι) placed on poly-L-lysine coated slides were
dned for 30 min in a cold air stream and stored at -7()0C until required Cryosections were fixed
in cold acetone for 10 mm Immunostainmg was performed according to the indirect
immunoperoxidase technique as previously described." To demonstrate melaroblasts and
melanocytes the monoclonal antibody NKI/beteb (Sanbio, Uden, the Netherlands) was used.
This antibody was diluted I 50 in phosphate buffered saline (PBS) The antigens recognised by
the antibody are glycoproteins of 100 and 7 kD, which are localised at the inner side of
(pre)melanosomal vesicles " In order to discriminate between immunoperoxidase-stained
structures and melanin pigment granules, immunostained sections were nnsed in ethanol 70%.
This procedure removed the reaction product of the peroxidase reaction, but left the melanin
pigment granules intact. A monoclonal antibody M3F7 (DSHB, Baltimore, USA) was used for
staining the basal lamina This antibody recognizes a single unique determinant on the collagen
IV molecule " The sections were counterstained with Mayer's hemalum and mounted in
glycerin jelly Control sections were incubated in non-immune serum
Transmission Electron Microscopy
Electron microscopy studies of the integration of melanoblasts into the stna vascularis were
performed on animals ranging m age from El 8 to P30 The cochleas of three animals from each
strain at each age were examined The animals were killed by decapitation The lateral wall of
the cochlea was dissected and fixed in phosphate buffered (0 1 M, pH 7 4) glutaraldehyde
(2 5%) Decalcification was performed in a solution containing 10% EDTA and 1.25 %
glutaraldehyde (pH 7 4) at 40C, followed by rinsing in 0 1 M phosphate buffer (pH 7 4) The
specimens were then postfixed in osmium tetroxide (1%) in a 0 1 M phosphate buffer (pH 7 4),
dehydrated in ethanol and embedded in Epon Ultrathin sections of the second turn were stained
with 2% uranylacetate and lead citrate (0 1%) and examined with a Philips EM 301 electron
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microscope.
RESULTS
ElO-13
The presence of cells which reacted with the NKI/beteb antibody was first observed in the
pigmented rats at E13. At this age a few weakly staining cells were present in the mesenchyme
between the otic vesicle and the epidermis.
E15
At E15, when the otic vesicle had developed into a vestibular portion with outgrowing
semicircular canals and a cochlear duct, a larger number of cells stained with the NKI/beteb
antibody in the pigmented strain, while they could only be detected occasionally in the albino
animals. Many stained cells were scattered throughout the mesenchyme between the developing
inner ear and the epidermis (Fig. 1A). A minor number was found in the vicinity of the
epithelium of the proximal part of the cochlear duct and the epithelium of the lateral wall of the
common cms and the utricle (Fig. 1B,C). Positive cells were also observed in the area of the
developing meninges and occasionally a positive cell was observed in the epidermis.
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Fig. I. Immunohistochemical staining of mesenchyme lateral from the inner ear of pigmented rat with the antibody
NKI/beteb, at El5. (A) Scattered melanoblasts (*) in mesenchyme between inner ear and epidermis (d: cochlear
duct). (B) Detail of proximal part of cochlear duct (d) surrounded by melanoblasts (*). (C) Detail of utricle (u) and
common crus (c) showing melanoblasts (*) close to the epithelial lining. Α χ 150: Β χ 350: C x400.

E16
At EI6 all compartments of the inner ear could be clearly distinguished. Accumulations of cells
stained with the NKI/beteb antibody were observed close to the non-sensory epithelium of the
utricle, the lateral wall of the cms commune (Fig. 2A,B) around the ampullae and at locations
anterior and lateral from the hook, region and the basal turn of the cochlea (Fig. 2D). In addition,
NKI/beteb positive cells were observed in the vicinity of the lateral wall of the saccule (Fig.
2C). The saccular wall lacks melanocytes in the adult, therefore these cells and those present at
locations anterior and lateral from the basal part of the cochlear duct might be assumed to
migrate to the developing higher cochlear turns. Staining cells were also scattered in the area of
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the developing meninges and the internal acoustic pore, as well as in the epidermis and dermal
mesenchyme. At this age no obvious difference was observed in the distribution of cells which
reacted with the melanocyte antibody between pigmented and albino animals, although staining
was less marked in albino cells.

Fig. 2. Immunohistochemical staining of various parts of the inner ear of pigmented rat with the antibody
NKI/beteb, at E16. (A) Melanoblasts accumulating at utricle (u) and at lateral wall of the common cms (c). (B)
Meianoblasts arranged along non-sensory epithelium of the utricle (u). (C) Melanoblasts close to non-sensory
epithelium of the saccule (s). (D) Melanoblast accumulation around ampulla (a) and close to non-sensory
epithelium of the basal tum of the cochlea (b). Note linearly arranged melanoblasts in the hook region. Α-D χ 90.

E18
At El 8, both pigmented and albino animals revealed a similar distribution of cells which stained
with the NKI/beteb antibody. In the cochlear duct, stained cells were present below the
developing marginal cells of the stria vascularis of the hook region and basal and second turns
(Fig. 3A-C), and were first observed in the basal part of the modiolus. In the vestibular partition,
NKI/beteb postive cells were mainly limited to the areas of the presumptive dark cells (Fig.
3D,E). The collagen FV antibody showed that the basal lamina was virtually intact at all sites of
the epithelial lining, but electron microscopy revealed small discontinuities of the basal lamina
in the hook region at sites where melanoblasts penetrated between the marginal cells. The
penetrating melanoblasts contained several melanosomes, while the marginal cells were loaded
with glycogen. At this age, numerous stained cells were observed in the meninges, the basal
layer of the epidermis, the dermis and the developing hair follicles.
Pl-4
At PI, NKI/beteb positive cells were present below the stria vascularis along the whole cochlear
duct (Fig. 4A,C,E,G). In the albino strain (Fig. 41) they contained fewer stained granules than
the pigmented strain. It could be concluded from the discontinuity of the basal lamina that
penetration of these cells between the marginal cells was limited to the basal turn (Fig.
4B,D,F,H). Simultaneously, capillaries were found to have invaded the stria vascularis (Fig.
4B,F). Penetration of NKI/beteb positive cells progressed further from base to apex and reached
the apex at P4. At this age, the number of granules had increased markedly. In the stria
vascularis of the pigmented strain few irregularly distributed melanin pigment granules could be
distinguished. In the vestibular portion of both strains, stained cells were mainly situated below
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the basal lamina of the areas composed of dark cells. They had a dendritic appearance and
contained many granules which stained with the melanocyte antibody and a varying number of
melanin pigment granules in the pigmented animals. In the common crus, dendritic cells were
also found below the columnar epithelium of the crista neglecta and the adjacent area of
cuboidal epithelium. In the modiolus they were mainly limited to the vascular coils. During
further maturation of the inner ear, no distinct changes were observed in the distribution and
features of the cells in the vestibular partition and the modiolus (Fig. 3F-I). The number of
pigment granules in the epidermal and dermal melanocytes of the pigmented animals increased
steadily during this period.

Fig. 3. Immunohistochemical staimng of various parts of the inner ear of pigmented and albino rats with the
antibody NKi/beteb, at EÌ8 (Α-E) and Ρ JO (F-I). (A) Hook region of cochlear duct of pigmented rat showing
melanoblasts penetrating between marginal cells, at EI8. (B) Second turn of cochlear duct of pigmented nil
showing melanoblasts (*} below the area of the developing stria vascularis, al EIS. (C) Idem of albino rat, at EIS.
(D) Melanoblasts (*) below the area of developing dark cells in ampulla of pigmented rat, at E18. (E) Idem in
utricle of pigmented rat, at E18. (F) Melanocytes below the area of dark cells in ampulla of pigmented rat, at P30.
(G) Idem of albino rut. (H) Perivascular melanocytes in modiolus of pigmented rat, at P30. (I) Idem of albino rat.
Λ χ 150; B,Cx 200: D.Ex 150; F-I χ 400.

P5-10
Between P5 and 10, the stria vascularis developed extensive vascularisation, while the cells
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which reacted with the NK^eteb antibody became fully integrated into the stria vascularis
along the whole length of the cochlear duct. Simultaneously, the number of stained granules
increased further. The granules varied in size and were fairly homogeneously distributed in both
pigmented and albino rats, but in the albinos they were less numerous (Fig. 5A,B,F,G). The stria
vascularis of the pigmented strain showed increased pigmentation, but the number of melanin
pigment granules varied widely from site to site and between individual animals. In the
intermediate cells, electron microscopy showed well developed Golgi complexes and numerous
melanosomes (stages 1-4) in the perinuclear area and in the developing cell processes (Fig.
6A,B).

Fig. 4. Immunohistochemical staining of basal and apical turn of cochlear duct of pigmented and albino rats with
the antibody NKI/beteb (A,C,E,G,I) and collagen IV antibody (B,D,F,H). at PI. Basal turn, survey fA) and higher
magnification (E), showing melanoblasts penetrating between the marginal cells. Note discontinuity of basal
lamina (B,F). Apical turn, survey (C) and higher magnification (G), showing melanoblasts still separated from the
marginal cells by a basal lamina (D,H). (1) Melanoblasts penetrating between the marginal cells of the basal turn
of albino rat. A-Dx 100; E-I χ J00.

In the albino animals, melanosomes were less numerous and only stages 1 and 2 were present
(Fig. 6A). The cell processes of the intermediate cells interdigitated with the basolateral
projections of the marginal cells and numerous junctions were formed between both cell types
as well as with the basal cells. The projections of the marginal cells showed an increasing
number of mitochondria, while the amount of glycogen gradually decreased. Projections of the
intermediate and marginal cells were found to be in close contact with the capillaries. At
approximately PIO, the ultrastructure of the stria vascularis showed adult features.
PI 1-30
During this period the number of NKI/beteb positive granules in the intermediate cells
decreased considerably. In the albino animals, very small heterogeneously distributed granules
were observed at PI 7 (Fig. 5H); at P30 they could no longer be detected
immunohistochemically (Fig. 51). A comparable phenomenon was observed in the pigmented
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strain, but there were some differences. At PI7, the major part of the intermediate cells
contained a largely reduced number of granules, but locally heavily stained areas were observed.
They had an irregular shape and varied widely in size (Fig. 5C,D). Their distribution differed at
various sites of the stria vascularis and between individual animals. Removal of the
immunoperoxidase reaction product with ethanol revealed the presence of numerous melanin
pigment granules in these areas (Fig. 5E). In the lightly stained areas, melanin pigment granules
were only observed rarely. At P30 a few heterogeneously distributed granules could still be
detected immunohistochemically (Fig. 5J). From about PIO and onwards, electron microscopy
revealed the presence of lysosomes which contained a varying number of melanosomes (stages
2-4) in the intermediate cells of the pigmented strain (Fig. 6C).

Fig. 5. Immunohistochemical staining of the stria vascularis of basal turn in pigmented and albino rats with the
antibody NKl/heteb during postnatal development. Stria vascularis, survey (A) and higher magnification (B). of
pigmented rat at P8. Stria vascularis, survey (C) and higher magnification (D), of pigmented rat at Ρ17. Note dark
and light staining areas. (E) Same section as depicted in ID) showing melanin pigment granules persisting after
removal of the peroxidase reaction product after rinsing in ethanol. Stria vascularis, survey (F) and higher
magnification (G), of albino rat at P8. (H) Detail of stria vascularis of albino rat at Ρ17 showing heterogeneously
distributed minute stained granula (*). (I) Detail of adult stria vascularis of albino rat. No stained granula can be
detected. (J) Detail of adult stria vascularis of pigmented rat, showing locally a few staining granula (*). A χ 380;
Sx 1000: Cx380; D,Ex 1000, F χ 300; G-J χ 1000.
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In the albino strain, these organelles were only seen occasionally With increasing age, there was
a decrease in the number of melanosomes in the majority of intermediate cells However, in a
proportion of the cells of the pigmented rats, large melanosome complexes became visible (Fig
6F) These complexes, which occupied nearly the whole cytoplasmatic compartment, contained
vanous stages (2-4) of intact and disintegrating melanosomes (Fig 6H) These cells were very
irregularly distributed and persisted up to P30 At P30 the majonty of intermediate cells in the
mature cochlea of the pigmented rats contained a few discrete melanosomes (stages 3-4) (Fig
6E), while in the albinos only rarely melanosomes (stage 2) could be detected (Fig 6D,G)
Aggregates of melanosomes were observed incidentally in basal and marginal cells
DISCUSSION
In mice, melanocyte precursors start to migrate from the neural crest at about E9
Although
no data are available on the behaviour of melanocyte precursors during rat development,
melanocyte migration can be expected to parallel that in the mouse, because embryological
development is very similar in both species Early migration of melanocyte precursors could not
be detected with the melanocyte antibody The reaction of this antibody depends on the presence
of melanosomes and these appeared first at E13 This observation agrees with the findings
reported by Steel et al In the inner ear of pigmented mice, they detected the first presence of
tyrosinase at a comparable stage of development The synthesis of this enzyme is closely
associated with the formation of melanosomes. The present immunohistochemical
observations suggest that inner ear melanocytes reach the inner ear along different pathways
Melanocytes entering the modiolus through the internal meatus appear to belong to the
melanocyte population residing in the meninges The melanocytes which settled below the
various epithelia of the inner ear can be assumed to originate from a population, which migrates
to the epidermis They moved from the dermal mesenchyme towards the developing utricle,
ampullae, semicircular canals and cochlear duct and subsequently became exclusively localised
below the target epithelia, ι e the areas of dark cells in the vestibular partition and the marginal
cells of the stna vascularis Steel et al reported comparable observations in pigmented mice at
E165
Penetration of melanoblasts through the basal lamina of the marginal cells triggered the
transformation of the embryonic stria vascularis which consists of simple epithelium, into a
complex vasculansed structure composed of marginal, intermediate (melanocytes), and basal
cells During this maturation process, the basal lamina disappeared completely and remarkable
changes took place in the activity of the melanocytes The underlying mechanism of basal
lamina breakdown is not clear. Although melanoblasts can be assumed to be involved, it is
likely that marginal cells also contribute to this process, because in the W7WV mouse mutant, in
which melanocytes do not enter the stna vascularis, the basal lamina also disappears After
penetrating the basal lamina, the melanoblasts showed an increasing rate of melanosome
production, which lasted up to approximately PIO Thereafter, melanosome production became
largely reduced or arrested Simultaneously, the number of melanosomes decreased rapidly by
lysosomal digestion In the adult cochlea, no clear signs of melanosome production were
observed in the intermediate cells
The penod of high-rate melanosome production coincided with the development of the dendritic
cell processes of the melanocytes and their interdigitation with the basolateral projections of the
marginal cells and other components of the stna vascularis Melanosome production appeared
to be arrested after an intimate structural relationship had been established and the stna
vasculans had developed adult characteristics, at about PIO
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Fig. 6. Electron micrographs of melanocytes (intermediate cells) in the stria vascularis of second turn in pigmented
and albino rats during postnatal development. (A) Intermediate cell of albino rat at P5 showing melanosomes (m).
(B) Cell processes of mtermediate cells in pigmented rat at P7. containing stage 2-4 melanosomes. (C)
Intermediate cell of pigmented rat at P12 showing lysosomes containing stage 2-4 melanosomes. Survey (D) and
detail (G) of mtermediate cell in adult stria vascularis of albino rat containing a few type 2 melanosomes (m). (E)
Area of adult stria vascularis of pigmented rat showing intermediate cells containing a few scattered melanosomes
(m). (F) Area of adult stria vascularis of pigmented rat showing intermediate cells containing melanosome
complexes. These complexes contain intact and desintegrating stage 2-4 melanosomes (Η). A χ 3000: Β,C χ 4000:
D χ 2000: E.F χ 1500: G χ 15000: Η χ 8000.
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At the same time the stna appeared to be functionally mature This can be concluded from the
developmental studies on the ionic composition of the endolymph by Bosher and Warren
They demonstrated that adult values of the peculiar ionic composition of the endolymph, which
is assumed to be regulated by the NaK-ATPase enzyme system in the marginal cells, were
reached at about P8
Studies on the W% AVV mouse mutant, have shown that melanocytes are of crucial importance for
the morphological and functional development of marginal cells
If no melanocytes enter the
stna vascularis, the marginal cells initially develop their normal pattern of basolateral
projections, but they start to regress at P6 In addition, their function is seriously disturbed,
because they do not develop the normal intracellular positive potential and no endocochlear
potential arises, which is assumed to be generated by the NaK-ATPase in the marginal cells
The observed coincidence of high melanosome production and the formation of the complex
network of interdigitating cell processes of melanocytes and marginal cells suggests that
melanosome-producing melanocytes appear to be required for this developmental process This
process is reminiscent of the behaviour of epidermal and vestibular melanocytes after they have
been triggered by external stimuli Epidermal melanocytes triggered by UV light show increased
melanosome production The melanosomes migrate into the dendntes which show increased
arborization and make contact with the keralinocytes Meyer zum Gottesberge observed
comparable behaviour of the vestibular melanocytes in the dark cell areas of the guinea pig,
after obstructing the ES or administering ethacrymc acid The dendntes of the activated
melanocytes penetrated the basal lamina and inserted themselves between the basal infoldings
of the dark cells These observations indicate that there is a close relationship between the
production of melanosomes and the formation of dendntic processes and their interdigitation
with the target cells.
Melanocyte behaviour did not differ fundamentally between pigmented and albino animals
dunng the establishment of the complex structural relationship between melanocytes and
marginal cells This indicates that this process is unrelated to the ability of melanocytes to
produce melanin Conlee and Bennet" and Conlee et al suggested that the small size of
intermediate cells in albino mutants of both guinea pigs and rats was associated with their
inability to synthesise melanin The present study showed that there is another feature of the
albino mutation in addition to the inability to synthesise melanin, namely that the intermediate
cells produce a smaller number of melanosomes dunng structural maturation According to the
above proposed relationship between melanosome production and arbonzation of the dendrites,
the number of melanosomes might be the determining factor tor the size of the intermediate
cells instead of the inability to synthesise melanin
After melanosome production had stopped and the number of melanosomes in the majonty of
intermediate cells had decreased, a limited population of heavily pigmented cells which
contained melanosome complexes, became apparent in the pigmented strain The presence of
heavily pigmented cells has also been observed in the chinchilla, cat, and mouse, but their
distnbution vaned between the different species and there is no unanimity of the character of
these cells In the chinchilla and cat they were reported to have a close structural association
with the capillary network, but no specialised association was observed in mice or in the
present study on the rat According to Wnght and Lee the heavily pigmented cells represent a
separate cell population distinct from the intermediate cells, while Conlee et al and Cable and
Steel questioned whether these cells are capable of melanogenesis The latter authors suggested
that these cells, which were only found in the adult mice and had a similar structure as in the rat,
were probably a degenerate form of intermediate cells involved in melanosome breakdown
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The involvement of these cells in melanosome breakdown agrees with our observations in the
rat They did not appear to be degenerating, but this may be related to the limited observation
penod of 30 days In addition, there were no indications that these cells represent a separate cell
population originating from a source other than the light intermediate cells The melanosome
complexes were similar to those found in keratinocytes and melanophages, where they are
regarded as lysosomes
However, these cells receive their melanosomes from melanocytes and
there are no indications that striai melanocytes can receive melanosomes from other cells
The wide variation in distribution of heavily pigmented cells between individual animals and
their absence in albinos makes it unlikely that these cells contribute fundamentally to the
function of the stna vascularis The arrest of melanosome production after the stria vascularis
has attained structural and functional matunty, demonstrates that the melanosome-producing
capacity of the intermediate cells is not required for the normal function of the stria In addition,
functional involvement of melanosomes or melanin seems unlikely because melanosomes are
very scarce in the intermediate cells of the adult cochlea in pigmented rats and only rarely
observed in these cells in albinos, in which melanin synthesis does not occur It is not yet clear
how intermediate cells contribute to the function of the mature stna vascularis Salt et al,
failed to find any substantial evidence that intermediate cells contribute to the generation of the
endocochlear potential and they consequently ascribed them a supporting role in marginal cell
function Rarey et al suggested that cochlear melanocytes could be involved in the regulation
of ion concentrations, because melanin can bind norepinephrine They observed the presence
of non-neuronal norepinephrine in the lateral wall of the cochlear duct However,
norepinephrine was also found in small quantities in the lateral wall of albino animals Although
it was suggested that tyrosinase could also fulfill this role, it does not serve as an explanation
because tyrosinase is not found in albino melanocytes
The distribution of melanocytes in the modiolus and vestibular partition agreed very well with
that reported in other species
and no difference was observed between the distribution of
melanocytes in pigmented and albino animals In contrast to the striai melanocytes, they showed
the same characteristics as skin melanocytes in both strains Meyer zum Gottesberge stated
that the melanin in the vestibular melanocytes represents an important reservoir for essential
trace elements which may play a key role in enzymatically-conlrolled processes of ionic pumps
in the dark cells However, it still remains to be proven whether melanin makes an important
functional contribution to vestibular function, because albino animals do not show any
abnormalities of vestibular function
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CHAPTER 4
DEVELOPMENTAL ASPECTS OF
THE RAT ENDOLYMPHATIC SAC
AND FUNCTIONAL IMPLICATIONS

ES CHARACTERISTICS

INTRODUCTION
Endolymph homeostasis is important for the normal functioning of the inner ear It has
become clear from several studies that the ES forms an essential link in the control of
endolymph composition, predominantly through its resorption and secretion capacities
According to Guild the epithelial lining of the rat ES can be divided into proximal
intermediate and distal parts Based on morphological characteristics a differentiation
between cell types can be made ι e light and dark cells Distinct transport properties have
been ascribed to both cell types
However, more detailed characteristics of the ES cells are
required for a more concise functional differentiation
The intermediate filament proteins (IFPs), ι e cytokeratins (CKs) and vimentin, are valuable
markers for cell differentiation Expression of IFPs is developmentally regulated
Furthermore, presence of certain IFPs is assumed to be indicative of specific cell functions
At present twenty different CK polypeptides have been determined CKs 7, 8, 18 and 19 are
specific components of simple (glandular) epithelial cells (for more details see Kuijpers et
al ) In addition, basal lamina proteins (BLPs) are essential in cell<=>matrix interactions and
provide additional information about cellular function
89

IFP expression in the adult ES has been investigated in two species only humans and
guinea pigs Developmental studies have been restricted to newborn mice, mice E20, "
and 14 24 week-old human fetuses
These studies did not show any differences in
expression of IFPs between the proximal, intermediate and distal parts of the ES
Furthermore, some observations are contradictory
The present study determines the expression of a range of IFPs (10 CKs and vimentin) and
BLPs (collagen FV, heparan sulphate proteoglycan (HSPG) and lamimn) during the
development of the rat ES In addition the presence of the enzymes cytochrome oxidase
(COX) and succinate dehydrogenase (SDH), which are indicative of cellular energetic
activity, is studied The results invite speculation concerning the functional properties of
different parts of the ES
MATERIAL AND METHODS
Animal experiments were conducted in accordance to international guidelines Wistar rats
(own breeding facility) were sacrificed at different stages of development E14 16, 18 and
PI, 4, 10, 15, 20 The heads of PIO, 15, and 20 were dissected or decalcified with a short
EDTA treatment
Cryosections (7 μΐΏ) of frozen heads were cut on a Bright 5(
microtome
Table I.

SPECIFICITY OF MONOCLONAL ANTIBODIES APPLIED IN THIS STUDY

Antibody

Antigen

Dilution

Distribution

6B10
RCK 105
E2
RKSE 60
1C7
RCK 107
1X002
CK 18 2
RGE53
LP2K
V9
M3F7
C17
2E8

CK 4
CK 7
CK 8
CK 10
CK 13
CK 14
CK 14
CK 18
CK 18
CK 19
Vimentin
Collagen IV
HSPG
Laminin

undiluted
13
15
undiluted
undiluted
undiluted
undiluted
undiluted
15
undiluted
1 20
12
1 10
12

strdtified/non comifying
simple/glandular/secretory
simple/glandular
stratified/comifying
stratified/non comifying
stratifiedfodsal
strati fied/basdl
simple/glandular
simple/glandular
simple/glandular
mesenchymal
basal lamina
basal lamina
basal lamina
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Immunohistochemistry was performed on cryosections according to the indirect
immunoperoxidase method. A range of monoclonal antibodies against IFPs and BLPs were
used (Table I). Specific details and procedures have been described previously.
Enzymehistochemistry on cryosections for detection of COX and SDH activities was
performed according to standard procedures using diaminobenzidine and disodium
succinate, respectively as substrates.
RESULTS
The otocyst, originating from the primitive ectoderm, differentiates into cochlear and
vestibular portions with the ES as appendage at between El2 and 14. CKs, vimentin, COX,
and SDH were detected in the epithelial cells of the ES at the following developmental stages.
E14-18
In this period the epithelium of the ES changes from a pseudostratified epithelium with flat
cuboidal cells to a simple epithelium composed of a single layer of cylindrical cells.
Homogeneous expression of CKs 8 (Fig. 1A), 18 (CK 18-2) (Fig. IB) and 19 (Fig. ID) is
observed in all epithelial cells, whereas heterogeneous reactivity of CK 18 is detected with
RGE 53 (Fig. 1C).

Fig. 1. Expression of CKs 8 (A), 18 (CK 18-2) (Β), 18 (RGE 53) (C), 19 (D). vimentin (E) and HSPG (F) in
developing rat ES (es) epithelial cells at E14. Note heterogeneous staining of CK 18 (RGE 53) and vimentin. AEx 200; Ex 300.
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Expression of CK 7 (Fig. 2A) is seen from E16 in a limited population of epithelial cells. All
epithelial cells show COX and SDH activity. Vimentin (Fig. IE) is heterogeneously
expressed in the epithelial cells.
PI-4
During this period the light and dark cells become distinguishable by light microscopy. CKs 8
and 18 (CK 18-2) are present in the epithelial cells of the proximal, intermediate and distal
parts. CK 18 (RGE 53) is expressed heterogeneously until PI. At P4 this CK 18 expression
becomes homogeneous throughout the ES (Fig. 3A). CK 7 expression is seen in an increasing
population of epithelial cells in the intermediate and proximal parts. Starting at PI, increasing
activities of COX and SDH are detected in those epithelial cells that show CK 7 expression.
At P4 CK 19 starts to disappear from the epithelial cells of the distal part (Fig. 3B). Vimentin
is expressed heterogeneously in the epithelial cells of the whole ES.

Pig. 2. Expression of CK 7 (Α,Β) and activity of SDH (C> al E1H (A) and PI 5 (B,C) in distinct rat ES epithelial
cells. Note that high SDH activity (C) parallels CK 7 expression (Β). A χ 400; B,Cχ 100.

PIO - 20
The ES reaches maturity in this period with a periodic acid-Schiff-alcian blue-positive
luminal content. Expression of CKs 8 and 18 (CK 18-2 and RGE 53) is still homogeneous in
the epithelial cells of all the different parts. Co-expression of CK 7 (Fig. 2B) and COX/SDH
(Fig. 2C) persists. At P15 a heterogeneous staining pattern of CK 19 is observed in the
epithelial cells of the intermediate part (Fig. 3C), whereas a homogeneous expression persists
53
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in the epithelial cells of the proximal part. In the distal part vimentin expression has become
prominent in all cells (Fig. 3D).
Throughout development no expression of CKs typical for stratified epithelial cells are
observed in the epithelial ES cells.
All used antibodies against BLPs show a homogeneous reactivity in the basal lamina, with a
prominent presence of HSPG (Fig. IF) and laminin from EI4 onwards.

Fig. 3. Expression of CK 18 (RGE 53) (Λ). CK 19 (B,C) and vimentin (D) at P4 (A,B) and PÌ5 (C,D) in rat ES
epithelial cells. Note disappearance of CK 19 from the distal (B) and intermediate part (Cj and prominent
staining of vimentin in the distal part. A,C χ 100: Β.D χ 200.

DISCUSSION
Differences in reactivity between CK 18-2 and RGE 53 are most likely a consequence of
structural differences in the configuration of the two different epitopes recognized in CK 18
by these antibodies, as has been described earlier. This masking phenomenon may be
correlated with a specific cell function. This is in concordance with findings from other parts
of the inner ear where RGE 53 reactivity is found exclusively in the epithelia involved in
endolymph homeostasis, i.e. cochlear marginal cells and vestibular dark and transitional cells,
whereas CK 18-2 reactivity is expressed more ubiquitously.
Expression of CK 7 begins at E16 in a limited population of cells. During development the
54
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number of CK 7-positive cells in the intermediate part increases In addition, certain cells in
the proximal part also become positive From PI these CK 7-positive cells show increased
concentrations of COX and SDH This implies that these are mitochondna-nch cells, ι e light
cells Expression of CK 7 is considered to be a characteristic of secretory cells, indicating a
secretory function for light cells as well The high energy provided by oxidative
phosphorylation may be used for energy-requiring transport processes
The disappearance of CK 19 in the distal part and in a large region of the intermediate part of
the ES resembles the situation in gastrointestinal epithelia, where the less differentiated crypt
cells do not express CK 19 in contrast to epithelial cells of the villi
According to
Stammberger and Baczako
loss of CK 19 indicates that cells lose their differentiation
capacity while acquiring proliferative capabilities
Co-expression of vimentin and CKs is regularly found in non-glandular epithelia lining
cavities with low-protein body fluids and is considered to be indicative of secretory and/or
absorptive capacities of cells '
Strong homogeneous expression of vimentin (and CKs) may confer viscoelastic properties'
on the distal (extraosseous) part of the ES This has also been suggested for the transitional
cells of the cornea" and for the supporting cells of the sensory organs of the inner ear, both
of which are subjected to mechanical forces Furthermore, it has been indicated that the distal
part of the ES plays a role in pressure regulation
Thus, the distal part of the ES may
indeed posses the capacity for expansion and thus may play a role in the cushioning of
fluctuations in endolymph pressure
Our recent observation that functional NaK-ATPases are already present at an early stage of
development in the ES coincides with the early expression of HSPG Thus, in addition to
NaK-ATPases, the occurrence of HSPG (a link in ion transport) also indicates early ion
transport processes in the ES
In conclusion, this developmental study has allowed us to speculate more precisely on the
function of different parts of the ES Ongoing studies focus on ultrastructural characteristics
of the developing ES, with emphasis on functional aspects
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INTRODUCTION
Since 1999, it has become more clear that the mammalian ES is dynamically involved m
regulation of endolymph composition and endolymph volume, otherwise known as
endolymph homeostasis
Three different mechanisms of endolymph flow have been
proposed for the human ES, based on five different epithelial cell types that can be
distinguished ultrastructurally In addition, morphological indications for an involvement of
ES epithelial cells in immunological defense has been provided
Recent biochemical studies in mammals established a clear difference between ES and
cochleovestibular endolymph composition First, with respect to the ionic content, Nd+
concentrations are higher in the ES, whereas K+, CI and HCOi concentrations are lower (for
an overview see Salt' ) Second, endolymph protein concentrations in the ES are considerably
higher when compared with the cochleovestibular endolymph Interestingly, ultrastructural
indications of different stages of apparent glycoprotein secretion are found in human ES
epithelial cells ' ' l2 Third, pH values in ES endolymph are lower compared with cochlear pH
An important observation made in the biochemical studies is the variability in ion and protein
concentrations in the ES endolymph between individuals of the same species These
dynamics in endolymph composition led Couloigner et al to the speculation that this may
reflect variations in the physiological or functional state of the ES
Rask-Andersen et al ' and Salt and DeMott conducted in guinea pigs a series of experiments
in which they changed the endolymph volume by injection or withdrawal of cochlear
endolymph The ensuing observations indicated that these volume changes led to distinct
changes in morphological appearance of ES epithelial light and dark cells (also termed
mitochondna-rich cells and nbosome-nch cells, respectively, based on ultrastructural
characteristics) In addition, variations in size of the lateral intercellular spaces of the ES have
been observed after induced changes of Na+ concentration in experimental studies in mice
The changes in morpholical appearance of ES epithelial cells prompted us toward a more
detailed study of ES mitochondna-nch cell ultrastructure of the rat, leading to a classification
into subtypes and configurations Renal mitochondna-nch cells in the connecting tubule and
collecting duct (i e , the intercalated cells) bear strong resemblance to ES mitochondna-nch
cells and have also been classified into subtypes and configurations Interestingly,
morphological differences between renal intercalated cells reflect differences in function or
physiological state
that may also apply to ES mitochondna-nch cells In addition, we
determined the expression of cytokeratins 7 and 19 in ES mitochondna-nch cells, which is
indicative for cellular differentiation Consequently, the remarkable similarities between the
ultrastructural features of ES mitochondna-nch cells and renal intercalated cells enables us to
speculate more concisely on the specific role of the former in endolymph homeostasis
MATERIAL AND METHODS
Animals
For the present study, Wistar rats were used (own breeding facility) Animals were housed in
standard cages and received water and food ad libitum Animal experiments were conducted
in accordance with international guidelines Young adults (P60) (n = 20) and two relevant
developmental stages (embryonal [E15] [n = 5] and newborn [PI] [n = 5] specimens) were
investigated After decapitation, a tissue block containing the ES was dissected and processed
either for transmission electron microscopy or for immunohistochemical analysis
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Transmission Electron Microscopy
For transmission electron microscopy, tissues were fixed in 0 1 mol/L phosphate-buffered
(pH 7 4) glutaraldehyde (2 5%) and decalcified (only P60) in a solution of 10%
ethylenediamine tetra-acetic acid containing 1 25% glutaraldehyde After washing in phospate
buffer, the specimens were postfixed in 1% osmium tetroxide, dehydrated in ethanol and
embedded in Epon 812 (Merck, Darmstadt, Germany) Ultrathin sections were contrasted
with a saturated aqueous solution of 2% uranyl acetate and subsequently with 0 1 % lead
citrate The sections were examined with a Philips EM 301 electron microscope (Philips,
Eindhoven, the Netherlands)
Immunohistochemistry
Before freezing in liquid nitrogen the dissected specimens (P60) were decalcified in a
solution containing 0 1 mol/L Tns-hydrochlonde buffer (pH 7 4), 10% ethylenediamine tetraacetic acid, and 7 5% polyvinylpyrrolidone at 4°C for 1 day Immunostaining was performed
according to the previously described immunoperoxidase method Briefly, cryostat sections
were fixed in cold (4°C) acetone for 10 mm, rinsed in phosphate-buffered saline, and
subsequently incubated for 60 mm with the monoclonal antibodies RCK. 105 (diluted 1-3),
directed to cytokeratin 7 (CK 7), and LP2K (undiluted), directed to cytokeratin 19 (CK 19)
After rinsing in phosphate-buffered saline the sections were incubated for 30 mm with
peroxidase-conjugated rabbit anti-mouse immunoglobulin G (Dakopatts, Glostrup, Denmark)
Peroxidase activity was detected after a 10-min incubation with 3'-amino-9-ethylcarbazole as
substrate The sections were counterstained with Mayer's hemalum and mounted in glycerin
jelly Control sections were incubated with non-immune mouse serum
RESULTS
Ultrastructural characteristics
Young adult rats
In addition to common morphological features of ES mitochondna-nch cells that have been
previously desenbed,
(i e, basally placed, light, rounded nucleus, smooth and rough
endoplasmic reticulum, Golgi, coated vesicles and pits, multivesicular bodies, and lysosomal
structures) we distinguish differences in apical microprojections, amounts and localization of
mitochondria and cytoplasmic vesicles, cytoplasmic densities, and cell shapes These
differences have been observed in renal intercalated cells as well
The majonty of mitochondna-nch cells found in the intermediate and proximal part of the ES
are charactenzed by a moderate number of slender (some branched) microvilli, moderate
amounts of predominantly supranuclear localized mitochondria, many to numerous apical
vesicles, electron-lucent cytoplasm and slight apical bulging (Fig 1 A,B) These ultrastructural
features resemble those of the renal subtype A intercalated cells (A-ICs) Therefore we name
them subtype A mitochondna-nch cells (A-MRCs). Two different configurations of the AMRCs can be distinguished in the intermediate part of the ES 1 ) the suggested veiled subtype A
mitochondna-nch cells (vA-MRCs) (Fig 1C), which closely resemble A-MRCs with the
exception that they are veiled by the neighboring nbosome-nch cells that are connected with
each other by tight junctions, and 2) the proposed protruding subtype A mitochondna-nch cells
(pA-MRCs) (Fig ID), which are luminally protruding A-MRCs with the distinct features of
numerous dispersed mitochondria and few dispersed vesicles Moreover, pA-MRCs show many
slender microvilli and, occasionally, microphcae-like structures
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Fig. 1. Electron micrographs of different .subtype A mitochondria-rich cells (A-MRCs) in the intermediate part
of the ES in young adult animal (stage P60). (A) An A-MRC with characteristic slender microvilli, many
supranuclear mitochondria, and apical vesicles (original magnification .x7000). (B) An A-MRC with a large
numher of apical vesicles (original magnification x9000). (C) A veiled subtype A mitochondria-rich cell (vAMRC). The vA-MRC is veiled by neighboring ribosome-rich cells connected with each other by tight-junctions.
The large number of apical vesicles is evident (original magnification xllOOOj. (D) A protruding subtype A
mitochondria-rich cell (pA-MRC): an intraluminally protruding A-MRC with slender microvilli and numerous
dispersed mitochondria (original magnification x6500). Arrow = microvilli: e = endolymph: I = lysosomal
structures; V = vesicles.

In contrast, a smaller number of mitochondria-rich cells in the intermediate and the distal part of
the ES are characterized by few blunt microvilli, abundant dispersed mitochondria, some
vesicles dispersed throughout the cell, electron-dense cytoplasm, and only slight apical bulging.
These ultrastructural features resemble those of the renal subtype Β intercalated cells (B-ICs);
thus, we suggest naming them subtype Β mitochondria-rich cells (B-MRCs) (Fig. 2A).
A different configuration of this subtype can be found in the intermediate part of the ES. This
suggested subtype, veiled subtype Β mitochondria-rich cells (vB-MRCs) (Fig. 2B), is veiled by
neighboring ribosome-rich cells, comparable to vA-MRCs.
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Flg. 2. Electron micrographs of different subtype Β mitochondria-rich cells (B-MRCs) in the intermediate part
of the ES in young adult animal {stage P60). (A) View ofB-MRC with characteristic blunt microvilli, abundant
dispersed mitochondria, and some dispersed vesicles (original magnification xSOOO). (B) A veiled subtype Β
mitochondria-rich cell (vB-MRC). The vB-MRC is veiled by neighboring ribosome-rich cells in a manner
comparable to that in the vA-MRC shown in Figure IC (original magnification x7000).

An occasional mitochondria-rich cell in the intermediate part of the ES is characterized by
numerous thick (some fused or branched) microvilli, abundant dispersed mitochondria, few
vesicles dispersed throughout the cell, electron-dense cytoplasm, and an extremely protruding
appearance. Such cells resemble the renal intercalated cells that are neither subtype A nor
subtype Β (non-A/non-B-ICs); accordingly, they are called non-A/non-B mitochondria-rich cells
(non-A/non-B MRCs) (Fig. 3).

Fig. 3. Electron micrograph of the non-A/non-B mitochondria-rich cell (non-A/non-B MRC) in the intermediate
part of the ES in young adult animal (stage P60). An intraluminalty protruding mitochondria-rich cell with
numerous thick microvilli and abundant dispersed mitochondria (original magnification JC6500).

Table I depicts a schematic overview of the ultrastructural characteristics and localizations of
the different ES mitochondria-rich cell subtypes/configurations and comparison with renal
intercalated cell subtypes/configurations.
Embryonal and newborn rats
To determine when these morphological differences develop, investigation of stages E15 and PI
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is included in the present study.
T a b l e I.

U L T R A S T R U C T U R A L CHARACTERISTICS A N D LOCALIZATIONS OF THE D I F F E R E N T

ES MRC SUBTYPES/CONFIGURATIONS AND COMPARISON WITH
RENAL IC SUBTYPES/CONFIGURATIONS
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Mitochondria

Already at developmental stage E15 (Fig. 4A), a sparse number of mitochondna-nch cells can
be distinguished in the pseudostratified epithelial lining of the primordial ES. The luminaily
located mitochondria-rich cells are characterized by the following ultrastructural features:
slender (some branched) microvilli, many mitochondria, variable numbers of apically located
vesicles, and a bulging cell shape. No differences in subtypes or configurations can be
established.
At developmental stage PI (Fig. 4B), an increased number of mitochondria-rich cells with
identical ultrastructural features are present. However, at this stage, veiling of some of these
mitochondria-rich cells by ribosome-rich cells can be observed. Until stage PI, only A-MRCs
and vA-MRCs can be distinguished.
Cytoskeletal characteristics
Young adult rats
In a former study, typical distribution patterns for cytokeratins 7 and 19 have been observed in
the epithelial cells of the ES (particularly in mitochondria-rich cells) during development. In the
present study, the expression of these cytokeratins at the young adult stage (P60) is determined.
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Fig. 4. Electron micrographs ofA-MRCs ui (A) embryonal (EIS) and (B) newborn (PI) developmental stages.
The characteristic slender microvilli, mitochondria, and apical vesicles are evident (original magnification
x5500).

In all ES regions CK 7 expression is found in a specific population of epithelial cells, the largest
number of which is detected in the intermediate (rugose) portion (Fig. 5A). Cytokeratin 19
expression is seen in almost all epithelial cells in the proximal part and in some cells in the
intermediate part (Fig. 5B).
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<
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Fig. 5. Imnnmohistochemical staining of the cytoskeletal proteins (A) cytokeratin 7 (CK 7) and (B) cytokeratin
19 (CK 19) in two serial sections of the intermediate part of the ES at stage P60 Cytokeratin 7-positive
mitochondria-rich cells with (plus sign) and without (minus sign) CK 19. (original magnification x300).

Comparing serial sections stained alternately for CK 7 or CK 19, we can distinguish two distinct
types of CK 7-positive epithelial cells: those expressing CK 7 and CK 19 (in the intermediate
and proximal parts) and those expressing only CK 7 (in the intermediate and distal parts).
DISCUSSION
It is thought that ES mitochondria-rich cells (light cells), whose numbers vary from 5% to
30% between individuals and species and during development,""'" are actively involved in
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the transcellular transport of ions and water
Moreover, Dahlmann and von During
speculated that, besides the involvement of mitochondna-nch cells in the exchange of ES ion
components, they also may function as proton secreting cells Recent experiments of RaskAndersen et al and Salt and DeMott revealed that after injection of artificial endolymph,
mitochondna-nch cells become deactivated as indicated by the veiling of mitochondna-nch
cells by nbosome-nch cells (dark cells) Inversely, the authors described, after an induced
endolymph volume decrease, the activation of mitochondna-nch cells refelected by secretion
of solutes These observations indicate that ES mitochondna-nch cells are able to respond to
endolymph volume changes This response may be reflected by a change in the morphological
appearances of mitochondna-nch cells
In the present morphological study, we established sinking similarities in ultrastructural
characteristics between ES mitochondna-nch cells and renal intercalated cells, which allow
us to speculate more precisely on the specific involvement of mitochondna-nch cells in
endolymph homeostasis These similarities are based on morphological (ultrastructural)
charactenstics as depicted in Table I Analogous to A-ICs, B-ICs and non-A/non Β ICs in the
kidney, "
we distinguish at least two (A and B) or three (A, B, and non-A/non-B)
mitochondna-nch cell subtypes, along with different configurations for A-MRCs (A MRCs,
vA-MRCs, and pA-MRCs) and B-MRCs (B-MRCs and vB-MRCs) Until the present, only
minor differences in mitochondna-nch cell morphology have been described in the human"
and in rat
All the above mentioned subtypes and configurations of mitochondna-nch
cells are represented in the intermediate part (metabolic, most active part) of the ES, whereas
in the proximal part, only A-MRCs and in the distal part, only B-MRCs can be distinguished
Immunostaining for CK 7, specific for mitochondna-nch cells, confirms that mitochondnanch cells are found in all three parts of the ES, with the largest number in the intermediate
section However, until developmental stage PI, only the A-MRC subtype and its veiled
configuration (vA-MRC) can be distinguished, whereas at stage P60 all morphologically
different subtypes and configurations can be observed The period after PI is also the period
in which the endolymph composition reaches mature values "
The A-MRCs (A-MRCs and pA-MRCs) resemble A-ICs from which different configurations
have also been descnbed, even within the same tubule segment, with the exception of the
veiled type (vA-MRC) observed in the ES Differences in cell configuration may reflect
distinct functional states of the cells and may be correlated to their physiological state We
suggest that pA-MRCs reflect an active secreting state because of numerous mitochondria,
strong reduction in numbers of cytoplasmic vesicles, and enlarged luminal surfaces through
microvilli, as well as intraluminal protrusion The former apically located cytoplasmic
vesicles present in A-MRCs may have been fused with the apical plasma membrane This is
based on similar morphological alterations observed in renal intercalated cells after acid/base
disturbance," K+ depletion," or carbonic anhydrase inhibition All these alterations resulted
in proton-secreting cells Whether non-A/non-B MRCs, which resemble the non-A/non-B
ICs, are a distinct subtype or merely represent a different configuration of A-MRCs or BMRCs remains as questionable as for renal non-A/non-B ICs
The observed veiling aspect
of ES mitochondna-nch cells has been observed previously (i e, after induced changes in
endolymph composition or volume
and during development ) Thus, as for renal
intercalated cells, different subtypes or configurations of ES mitochondna-nch cells can be
determined suggesting analogy in function
An interesting observation is that most of the vesicles in the ES mitochondna-nch cells
ultrastructurally resemble those of the renal intercalated cells in which they are unique
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vesicles containing H+-adenosine triphosphatase (H+-ATPase) and are involved in acid/base
balance processes The A-ICs secrete protons through H+-ATPase that is located in the apical
plasma membrane and in membranes of intracellular vesicles In addition, they reabsorb
anions by a specific CI /HCOi exchanger (AE1) located on the basolateral plasma membrane
The H+-ATPase located in intracellular vesicles may be incorporated into the plasma
membrane or may account for intracellular acidification processes " In contrast, B-ICs
secrete anions, mediated by an apical Cl/HCCh exchanger (distinct from AE1) and contain
H+-ATPase in their basolateral plasma membrane, as well as in vesicles throughout the cell
The non-A/non-B ICs display apically located H+-ATPase only, and it has been suggested that
they secrete protons exclusively
The ES endolymph is acidic, in contrast to cochleovestibular endolymph, and until the
present, the following protein distribution patterns involved in acid/base balance processes
have been described. Stankovic et al determined expression of H+-ATPase on the apical
pole of epithelial ES cells and a basolateral expression oi CI /HCOi exchanger, although
from their research it cannot be concluded that all epithelial cells display those expression
patterns In addition. Karet et al depicted differences in intensity of apical staining of H+ATPase (Bl subunit) between the epithelial cells of the ES in the 5-day-old (P5) mouse,
which may be indicative for differences in mitochondna-nch cells as well For corroboration,
investigation of adult animals is needed, because only at that age can all different
mitochondna-nch cell subtypes or configurations be distinguished
A remarkable observation is the difference in cytokeratin expression patterns in
mitochondna-nch cells Although CK 7 is expressed in mitochondria-rich cells from
developmental stage E16 onward, CK 19 expression disappears after stage PI in part of these
cells.1 Expression of CK 19 is generally an indicator for cellular polarization, 5 whereas loss
of CK 19 indicates aquisition of proliferative capacities or changes in intracellular
translocation processes, or both. Thus, similarly, the findings in the present study indicate
differences in ES mitochondna-nch cells or differences in function, or both
As described by Karet et al , a mutation in the gene encoding the Bl subunit of H+-ATPase
{ATP6B1) results in renal tubular acidosis and sensonneural deafness Apical expression of
this subunit is determined in renal intercalated cells,
as well as in some cells of the ES
We suggest that ES mitochondna-nch cells expressing apical H+-ATPases (A-MRCs) are
potential candidates for the affected cell types and thus are cells that are involved in the
maintenance of endolymph and the endocochlear potential by secretion of protons into the ES
lumen
Recently, several studies have been published on Pendred syndrome that are of importance
for the interpretation of our results Pendnn, a protein encoded by the Pendred syndrome
gene, may function as an anion exchanger for CI with either I, HCO2, NO1, or HCOi
In the kidney, pendnn resides in the apical region of renal intercalated cells and is assumed to
function as CI /HCOi exchanger In inner ear structures that are involved in endolymph
homeostasis, pendnn gene expression has been determined (1 e , it has been depicted in a
subpopulation of ES epithelial cells ) It is conceivable that B-MRCs in the ES are the most
likely candidates for apical pendnn expression (CI /HCOi exchanger) and therefore may play
an important role in endolymph homeostasis (e g , counter-regulatory to proton secreting AMRCs). Additional ultrastructural studies in which H+-ATPase and pendnn expression can be
ascribed to a specific mitochondna-nch cell subtype may support this
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ULTRASTRUCTURAL CHARACTERISTICS
OF RAT ENDOLYMPHATIC SAC
RIBOSOME-RICH CELLS AND
CONSIDERATIONS ON THEIR ROLE
IN ENDOLYMPH HOMEOSTASIS
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INTRODUCTION
Contemporary research of the mammalian ES is mainly focused on its dynamic involvement
in endolymph homeostasis Apparently this involvement may be attributed to absorption as
well as secretion activities of the local epithelial light (mitochondria-rich) and dark
(nbosome-nch) cells Rask-Andersen et dl and Salt and DeMott proposed that changes in
activities of these cells may result in a modification of the magnitude of osmotically active
macromolecular complexes within the endolymph
The presently detected macromolecules in mammalian ES endolymph are predominantly
acidic (generally glycosylated) proteins The endolymph protein concentration in the ES is
considerably higher compared to that of the cochleovestibular endolymph Moreover, these
protein concentrations are highly variable between individuals of the same species
Autoradiographical and (immuno)histochemicdl studies have revealed the presence of the
following groups of proteins or protein-components in mammalian ES endolymph
1) tyrosine-containing proteins, 2) sulphated glycoproteins, " 3) N-acetylgalactosamine,
1 I 14

N-acetylglucosamine, fucose, galactose, glucose, mannose,
4) hyaluronan, and to a minor
extent chondroitin-4-sulphate, dermatan sulphate, and keratan sulphate
The presence of
these substances in ES epithelial cells, described by these authors, is variable and it still
remains unclear which proteins and/or components are synthesized, secreted, absorbed or
degraded by different types of ES epithelial cells
Ultrastructural characteristics indicative for cellular function suggest that ES mitochondria
rich cells are the major candidates for transcellular transport of water and ions
absorption/secretion of protons and anions, and secretion of macromolecules
" ES
nbosome-nch cells may potentially be involved in transcellular transport of water and ions,
absorption/secretion of macromolecules, and secretion of lytic enzymes
The aim of this study was to investigate the involvement of ES nbosome-nch cells in
endolymph homeostasis with special emphasis on protein components Therefore, we
examined in detail the ultrastructural features indicative for production, secretion, absorption
and degradation of proteins (i e nbosomes, endoplasmic reticulum, Golgi complexes,
vesicles, and endosomes/lysosomes) during different developmental stages of the rat ES In
addition, autoradiography was performed to determine the presence of tyrosine-containing
proteins and fucose-containing glycoproteins in ES epithelial cells as well as in the
endolymph
MATERIAL AND METHODS
Animals
In this study, Wistar rats (own breeding facility) housed in standard cages and receiving water
and food ad libitum, were used Animal experiments were conducted in accordance with
international guidelines
Transmission Electron Microscopy
Different developmental stages were investigated embryonal (El5, 17, 19, and 21, n=5 for
each stage), neonatal (PI and 5, n=5 for each stage) and young adult (P60, n=20) After
decapitation, a tissue block containing the ES was dissected and fixed in 0 1 mol/L phospate
buffered (pH 7 4) glutaraldehyde (2 5%) for two days Decalcification (P5 and P60 only) was
performed in a solution of ethylenediamine tetra-acetic acid (10%) containing glutaraldehyde
(1 25%) for one to two weeks After rinsing in phosphate buffer, the specimens were
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postfixed in 0 1 mol/L phosphate buffered (pH 7 4) osmiumtetroxide (1%) for one hour,
dehydrated, and embedded in Epon 812 Ultrathin sections were contrasted with a saturated
aqueous solution of uranyl acetate followed by lead citrate (0 1%) Sections were examined
with a Philips EM 301 electron microscope
Autoradiography
Young adult rats (P60, n=30, bodyweight 170 g) were injected intrapentoneally with either L[3,5- HJtyrosine (1 5 μΟ per gram body weight, specific activity 50 Ci/mmol) or L-[5,6H]fucose (1 5 μΟ per gram body weight, specific activity 30 Ci/mmol)(Amersham,
Buckingshdmshire, England) Newborn animals (P5, n=15, bodyweight 15 g) were injected
with L-[5,6- H]fucose at the same concentration as the young adult animals After 1, 2, 4, 6,
and 24 hours, animals were sacrificed by decapitation The inner ear was dissected, fixed in
0 1 mol/L phosphate buffered (pH 7 4) glutaraldehyde (2 5%) for two days, followed by
decalcification in etylenediamine tetra-acetic acid (10%) for one to four weeks Specimens
were then dehydrated and embedded in glycol methacryldte (JB-4) For light microscopic
autoradiogrdphy, sections (2 μιτι) were coated with Tlford K-5 liquid nuclear emulsion by the
dipping technique After an exposure time of 15 weeks the slides were developed with
Amidol, fixed and subsequently stained with toluidin blue
RESULTS
Ultrastructural characteristics of ES ribosome-rich cells
Changes in ultrastructural characteristics of intracellular organelles involved in the processes
of synthesis, secretion, absorption, and degradation of proteins are observed in ES nbosomench cells during development These structures include the endoplasmic reticulum, Golgi
complex, vesicles, and endosomes/lysosomes In addition, differences in cellular distribution
of these organelles, indicative for cellular function, are determined The developmental period
of E15 through P60 is divided into three distinct stages embryonal (E15-17), perinatal (E19Pl), and maturation (P5-60) In all these stages free nbosomes and polyribosomes in the
cytoplasmic matrix are typical for ES ribosome-rich cells
An overview of the most pronounced ultrastructural differences of ES ribosome-rich cells at
P60 is depicted in Table I
Table I.

OVERVIEW OF THE MOST PRONOUNCED ULTRASTRUCTURAL DIFFERENCES OF
E S RIBOSOME-RICH CELLS AT P 6 0

Apical vesicles
Lysosomal stages
Phagosomes
Bulkvdcuoles
Distribution
large uncoated

State A

State Β

State C

±
±
Ρ (I/O)

++
++
±
I/D

±
++
++
+
I
Ρ = proximal
I = inlermediate
D = distal

Embryonal (E15-17)
In this developmental period the intracellular structures of ES nbosome-nch cells are
74

ES RIBOSOME RICH CFl.LS

characterized by: 1) a moderate amount of randomly distributed endoplasmic reticulum with
many ribosome-free areas and short, mostly dilated, cistemae (Fig. 1A); 2) a small number of
supranuclearly localized Golgi complexes composed of 3-4 short, flat cistemae (Fig. 1 A); 3)
some small uncoated vesicles in the Golgi area (Fig. 1A) and few coated pits and small coated
vesicles in the apical part of the cell (Fig. IB); 4) few multivesicular bodies in the apical part
of the cell (Fig. IB) and, occasionally, other endosomes as well as (primary) lysosomes.
On the cell surface a few blunt microvilli (Fig. IB) and an occasional apical kinocilium are
found. Neighboring cells are connected by short tight junctions. Very small intercellular
spaces are present at the basolateral cell membranes and the endolymph contains an electronlucent heterogeneous granular debris.

Perinatal (E19-P1)
Several changes have taken place in the intracellular structures compared to the previous
period. 1) The amount of well-grouped endoplasmic reticulum (some ribosome-free areas)
with enlarged, sometimes dilated cistemae has increased significantly (Fig. 2A). 2) In
addition to the supranuclear localization, extensive Golgi complexes are also situated apically
and are composed of 4-6 long, flat cistemae (Fig. 2B). 3) The number as well as diversity of
vesicles has increased. Apart from small coated and uncoated vesicles, large uncoated
vesicles are present around the Golgi complexes (Fig. 2A,B) as well as in the apical part of
the cells (Fig. 2C). 4) Apical multivesicular bodies and other endosomes are more common
and, apart from the increased numbers of primary lysosomes, secondary lysosomes have
become discernible (Fig. 2A).
Tight junctions have become well-developed, intercellular spaces have opened up at the
basolateral cell membrane, and endolymph contains a significantly electron-denser
heterogeneous granular debris.
Maturation (P5-60)
In this developmental period, differences in the intracellular structures are observed between
the ribosome-rich cells of the distal and intermediate parts (Fig. 3A-F) of the ES and those of
the proximal part (Fig. 4). In distinct distal and intermediate ES ribosome-rich cells a large
number of different vesicles is found at the apical side (Fig. 3A,B) including a variation of
primary and secondary lysosomes (Fig. 3C).
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Fig. 2. Electron micrographs of ES rihosome-rich cells at newborn stage PI. Apical cytoplasmatic area (A)
showing endoplasmic reticulum (er) with long mostly undilated cistemae (note the increased amount of
ribosome-containing areas), a multivesicular body (mb), small coated vesicles (arrow), diverse lysosomal stages
(I) and (B) an extensive Golgi complex (g) with 4 to 6 long flat cistemae surrounded by small uncoated (v) as
well as large uncoated vesicles (Iv). Apical region (C) with small coated (arrow), uncoated (v) as well as large
uncoated vesicles (Iv). e = endolymph: m = mitochondrium. A: 24000x: B: SOOOOx; C: 19000x.

Also different stages of phagosomes can be detected, e.g. phagoendosomes (Fig. 3E). The
formation of phagosomes is evidenced by pseudopodia-like structures on the apical cell
membrane as well as invaginations (Fig. 3D). In addition, in the intermediate part ES
ribosome-rich cells containing phagolysosomes (in bulkvacuoles) and lesser amounts of
organelles (i.e. endoplasmic reticulum. Golgi complex and vesicles) can be seen (Fig. 3F).
Extracellularly, the widened intercellular spaces at the basolateral membrane and the
extensive interdigitations at the lateral cell membranes are typical for ES epithelial cells in the
intermediate part. In this region the endolymph contains a heterogeneous flocculent debris
that becomes homogeneous towards the distal end.
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Fig. 3. Electron micrographs of ES riho.some-rich cells at the young adult stage (P60) in the intermediate part.
Apical region (A) with large uncoated vesicles (Iv) and (B) small coated vesicles (arrow) and endosomes. Cell
cytoplasm (C) with different lysosomal stages. Apical region (D) with pseudopodia-like structures (p) and
phagosome invagination. Apical cytoplasmatic area (E) showing a phagoendosomal structure. Cytoplasm (F)
with phagolysosomes of different stages. Note the significantly reduced number of organelles, e = endohmph.
AD: 19000x: E: SOOOÒx: F: 7000x.

Fig. 4. Electron micrograph of an ES ribosome-rich cell at the young adult stage (P60) in the proximal part of
the endolymphatic sac. Characterized by only a few number of apical vesicles and the absence of different
lysosomal stages, e = endolymph. I2000x.

Protein secretion into the endolymph
Light microscopic examination of autoradiographs of ES sections reveals differences in
distribution patterns of Η-tyrosine (at P60) and ' H-fucose (at P60 and 5).
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One hour after injection, Η-tyrosine is detected in part of the epithelial cells in the
intermediate and distal parts of the ES (Fig. 5A). The ES epithelial cells of the proximal part
display less isotope incorporation. After one day the label is detected in the ES lumen and is
confined to regions that stain dark pinkish-purple with toluidin blue in the intermediate as
well as distal parts (Fig 5B).
One hour after administration of "H-fucose, the label is detected in distinct epithelial cells of
all parts of the ES (Fig. 5C). As soon as six hours after injection a homogeneous dispersed
staining is detected in the lumen of all parts of the the ES (Fig. 5D). No differences are
observed between P60 and P5.

Fig. 5. Light microscopic autoradiography of the intermediate part of the ES at P60. Η-tyrosine (A,B) and Hfucose (C,D): one hour (A,C), six hours (D) and one day (B) after administration, e = endolymph. A,B: lOOOx;
CD: 1200x. All sections toluidin blue stain.

DISCUSSION
Previous ultrastructural studies of the ES revealed polymorphism of the epithelial cells within
one individu, between individuals of the same species, as well as between different species. It
has been proposed that this may be a consequence of the capacity of the ES epithelial cells to
22

adapt their activities according to the requirements at that time-point. ' More recently, RaskAndersen et al. have shown that ES mitochondria-rich cells as well as ribosome-rich cells
respond differently to (extreme) induced endolymph volume changes, which is reflected by
their differences in morphological features. These observations have prompted us previously
to a more detailed study of ES mitochondria-rich cells which permitted a classification into
subtypes or configurations based on ultrastructural characteristics and analogies with renal
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intercalated cells Consequently, it was hypothesized that they play different but specific roles
in endolymph homeostasis Rask-Andersen et al proposed that ES nbosome-rich cells may
secrete substances with lytic activity after an induced endolymph volume increase In
addition, they state that after an induced endolymph volume decrease some cells may be
associated with synthesis and transport of macromolecules while others secrete substances
with a lytic activity This prompts further considerations
In a recent ultrastructural study of ES epithelial cells, Qvortrup et al " that nbosome-nch
cells contain all the organelles and characteristics of synthesis, secretion, absorption and
digestion of proteins, simultaneously Accordingly, we observed changes in ultrastructural
characteristics and differences in cellular distribution of organelles known to be involved in
these processes during development of the rat ES This allows us to elaborate on functional
differences between ES nbosome-nch cells and their specific roles in endolymph
homeostasis
The observed ultrastructural characteristics of the ES nbosome-nch cells in stage E15-17 may
be interpreted as follows the endoplasmic reticulum with large nbosome-free areas is likely
to be predominantly involved in lipid biosynthesis " whereas the bound nbosomes may
realize a restricted protein translation The limited differentiation of the Golgi complexes
indicates simple modifications (i e glycosylation, sulphation and phosphorylation) of these
lipids and select proteins The small uncoated vesicles surrounding the Golgi are indicative
for retrograde as well as apically directed transport ' ' Furthermore, the few apically
localized small (clathnn) coated vesicles and pits are indicative for endocytosis of receptorligand complexes Known ligands for cell membrane receptors are proteins, antigens,
25 28

hormones and lipids
Cell membrane-associated molecules such as lipids may be the most
relevant ligands in this stage The few apically localized multivesicular bodies (late
endosomes) are generally involved in dissociation of internalized receptor-ligand
complexes" " and lipid catabolism " Apparently in this penod (E15-17), ES nbosomench cells seem to be predominantly involved in the synthesis of lipids and some selected
proteins that may be used as components for the generation of intracellular components or
organelles (e g lysosomal membranes) as well as cell membranes This is further indicated by
the presence of apically located small (clathnn) coated vesicles and pits that together with
multivesicular bodies reflect turnover of cell membrane-associated molecules In addition,
very small intercellular spaces indicate low apical exchange activities
The heterogeneous
electron-lucent granular ES endolymph as well as its negative staining for protein-bound
carbohydrates
supports this theory
Dunng E19-P1, distinct changes in quantities and organization of the endoplasmic reticulum,
Golgi complex, vesicles and endosomes/lysosomes occur The relation between these changes
may reflect specific activities The increased amounts of endoplasmic reticulum as well as the
change towards more nbosome-containing areas and less nbosome-free areas are indicative
for high protein translation activities and only limited lipid biosynthesis activities "
Subsequently, the enlarged Golgi network enables modification into complex proteins In
addition, the appearance of Golgi complexes at the apical cellborder suggests the occurrence
27 35

of secretion processes
This is supported by the presence of large uncoated vesicles
around the Golgi and at the apex of the cells It is assumed that these specific vesicles are
27 15

involved in exocytosis of proteins
The large numbers of small uncoated vesicles around
Golgi is indicative for high activity The small (clathnn) coated vesicles around Golgi are
assumed to transport newly synthesized hydrolases to organelles with lysosomal activities
Multivesicular bodies and other endosomes are more common apically and are generally
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involved in dissociation of receptor-hgand complexes after their internalization by apical
coated vesicles and pits " " The small uncoated vesicles in the area underlying the apical
cell membrane are the major candidates for peripheral recycling of free receptors and/or may
originated from the Golgi complexes " " The dissociated hgands and other soluble
macromolecules can be transferred from the multivesicular bodies and endosomes towards
lysosomes or Golgi complexes where they may be used in recycling or as signalling
molecules for (regulated) exocytosis " " More concise information on the role of the
different vesicles may be given by determination of their specific coat proteins as well as after
elucidation of their cellular routing Summarizing, ES ribosome-nch cells in this penod (E19Pl) contain the intrinsic capabilities for synthesis, transport, modification and secretion of
proteins as well as for absorption, dissociation and recycling and degradation This indicates
that the ES ribosome-nch cells' activities have changed from synthesis and organization of
intracellular and membraneous structures towards production of endolymph components as
well as towards the maintenance of its composition This is supported by the widening of the
intercellular spaces indicative for high apical exchange activities " and by the increase in
electron-density of ES endolymph as well as the increase in the amount of protein-bound
carbohydrates
Eventually at the young adult stage (P60) differences in the intracellular structures between
ES ribosome-nch cells indicate differences in function. In addition to small (clathrm) coated
vesicles and pits, ES nbosome-nch cells of the intermediate part and in some cells of the
distal part also display evidence of phagocytosis, ι e internalization of phagosomes by
pseudopodia-like structures Phagosomes may fuse with endosomes or lysosomes resulting in
degradation of their content It is generally assumed that the phagocytotic pathway involves
25 "Ί

components similar to those involved in the receptor-mediated endocytosis pathway " In
addition, some cells of the ES intermediate part are filled with phagolysosomal structures and
contain reduced numbers of other organelles. These are considered to be end stages of the
absorption process followed by apoptosis and degradation of the cell Thus based on the most
pronounced differences in ultrastructural features, three different functional states (A, Β and
C) of ES nbosome-nch cells may be observed at P60 (Table I) State A may represent the
basic state based on the few numbers of apical vesicles and limited lysosomal stages This
state is predominantly seen in the proximal and to a lesser degree in the intermediate and
distal parts of the ES Based on the high amounts and various types of apical vesicles as well
as high numbers and different types of lysosomal stages, state Β resembles a cell with high
endo- and exocytotic activities In addition, an occasional phagosome can be found This state
is mainly detected in the intermediate and distal parts of the ES Finally, state C is only found
in the intermediate part and contains many (bulk)phagolysosomes and only few other
organelles and is typical for a terminal apoptotic cell stage Thus, ES nbosome-nch cells
appear to be dynamically involved in endolymph homeostasis and are able to adapt their
activities to maintain the endolymph composition
The autoradiography data suggest that ES nbosome-nch cells are capable of synthesis and
secretion of tyrosine-containing proteins Since aromatic amino acids are able to bind cations
or water molecules through cation/water-π interactions, these proteins may be involved in
the binding (or transport) of cations as well as water molecules and may therefore affect the
osmotic activity of the endolymph Remarkably, in an aqueous environment the affinity of
aromatic amino acid residues tor K+ ions is the highest Sulphation of tyrosine-containing
proteins is considered to enable (extracellular) protein-protein interactions and may reflect a
37 38

mechanism of regulation of endo-, exo- or phagocytosis
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generally involved in digestion and degradation processes
the degradation or alteration of endolymph proteins.

'

and thus could be involved in
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SUMMARY
Several inner ear disorders result in a disturbed endolymph homeostasis Clinical examples
are found in Meniere's disease, Pendred, Jervell and Lange-Nielsen, Bartter and renal tubular
acidosis (dRTA) syndromes, non-syndromic autosomal dominant deafnesses DFNA2 and
DFNA3, and non-syndromic autosomal recessive deafnesses DFNB1, DFNB4 and DFNB29
The cause and pathogenesis of these disturbances are at present an important topic of research
for otochmcians, otogeneticists as well as otophysiologists aiming at the development of new
therapies.
The knowledge of the mechanisms involved in the maintenance of endolymph homeostasis in
the normal inner ear is still far from complete. The animal studies described in this thesis
were undertaken to contribute to this knowledge through elucidation of some details of the
involved mechanisms The experiments were designed to determine morphological and
structural characteristics of the inner ear epitheha with secretory and/or absorptive
capabilities with special emphasis on the the ES In addition, inclusion of developmental
stages has contributed to the construction of theories on endolymph homeostatic mechanisms
Chapter 1 provides an introduction to the functional morphology and characteristics of the
inner ear structures involved in endolymph homeostasis
Chapter 2 describes the presence of NaK-ATPase isoforms in the inner ear of the rat and
addresses the role of different α/ρ subunit combinations in endolymph homeostasis
First, the combination alßl NaK-ATPase is ubiquitously distributed in epithelial,
mesenchymal and neural inner ear cells with an expression starting as early as from
embryonal day 14 (E14) in some ES epithelial cells Second, from postnatal day 1 (PI) and
onwards expression of alß2 NaK-ATPase is observed in stnal marginal cells, vestibular dark
cells and certain vestibular nonsensory epithelial cells Third, a transient expression of a2ßl
NaK-ATPase is found in suprastnal fibrocytes and spiral ligament fibrocytes type II between
PIO and 15 Fourth, starting at E16, the combination a3ßl NaK-ATPase is uniquely
expressed in inner ear neural cells (as in other neural tissues)
The prominent expression of alß2 NaK-ATPase in predominantly K+ ion transporting striai
marginal and vestibular dark cells is in accordance with the characteristic of this combination
and thus with the presumed function of these cells as important K+ suppliers for the
endolymph We suspect that in certain vestibular non-sensory epithelial cells this combination
is involved in K+ sensing. The developmental switch from a2ßl NaK-ATPase towards alßl
NaK-ATPase in suprastnal fibrocytes and in spiral ligament fibrocytes type II means a change
towards NaK-ATPases with a higher capacity. The expression of alßl NaK-ATPase in the
ES suggests the generation of a local electrochemical gradient that may be important for local
absorption and secretion of solutes and electrolytes In addition, the early expression of this
alßl NaK-ATPase in the ES, suggests an involvement in the development of the other parts
of the inner ear
Chapter 3 describes the distribution and features of inner ear melanocytes in pigmented and
albino rats
Melanocyte precursors can be traced from El 3 and onwards and their course is followed to their
targets in the inner ear Melanocytes that settle in the modiolus appear to reach their target along
another pathway than stnal and vestibular melanocytes. No differences were observed in the
melanocyte distnbution between pigmented and albino rats The integration of melanocytes
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(intermediate cells) into the stna vascularis is associated with an increased rate of melanosome
production in both rat strains, but in the albinos far fewer melanosomes are produced After the
stria has reached matunty, melanosome production is arrested and melanosomes are subject to
lysosomal digestion In the stna of pigmented species, cells with aggregations of disintegrating
melanosomes appear and persist into adulthood In the adult, the majonty of the intermediate
cells contain only a few scattered melanosomes, while melanosomes can only rarely be detected
in albinos
These observations indicate that there is a close relationship between (temporal) melanosome
production and the process of interdigitation of intermediate cells with marginal cells It seems
unlikely that melanosomes or melanin provide an important contribution to the function of the
adult stna vascularis Outside the stna, the features of melanocytes in both strains were similar
to skin melanocytes
In chapter 4 specific characteristics of ES cells considered to be involved in endolymph
homeostasis are determined during inner ear development
The presence of cytokeratins 8, 18 and 19 in all epithelial cells of the ES during the
embryonic stages is characteristic of simple (glandular) epithelial cells Interestingly, a
distinct population of these cells shows an additional expression of cytokeratin 7, which is a
feature of secretory cells These cytokeratin 7 positive cells also contain a high concentration
of oxidative enzymes and are neh in mitochondria indicative for light cells It is suggested
that light cells possess specific energy-requiring transport capabilities Loss of cytokeratin 19
expression in the distal part and in a large region ot the intermediate part of the ES implies
that these cells do not differentiate any further and acquire the capacity to proliferate
Furthermore, prominent co-expression ot vimentin with the cytokeratins in the distal part of
the ES may confer viscoelastic properties on this epithelium This may facilitate expansion
and thus enable cushioning of endolymph pressure fluctuations
Finally, the early and prominent occurrence of heparan sulphate proteoglycans in the basal
lamina of the ES together with the early NaK-ATPase expression indicates early ion transport
processes in the ES
The specific involvement of ES mitochondria-rich (light) cells in endolymph homeostasis is
addressed in chapter 5
Until birth, only one type of mitochondna-nch cell is observed in the ES In young adult
(P60) animals, distinct differences in mitochondria-rich cell ultrastructure enables
classification into subtypes or configurations Comparison of ES mitochondna-nch cells with
renal intercalated cells reveals striking similarities and provides additional information on
their specific function in endolymph homeostasis Furthermore, differences in cytokeratin 19
expression are determined in ES mitochondna-nch cells Differences in morphology of ES
mitochondna-nch cells develop after birth and may reflect a distinct functional or
physiological state of the cell In analogy to renal intercalated cells, the distnbution patterns
of H+-adenosine triphosphatase and CI /HCOi exchanger may differ between subtypes
We propose that subtype A mitochondna-nch cells, from which protruding A mitochondnanch cells are the activated state, are involved in proton secretion (apical H+-adenosine
tnphosphatase) and thus are potential candidates for heanng loss observed in renal tubular
acidosis (dRTA) Subtype Β mitochondna-nch cells are the most likely candidates to be
affected in Pendred syndrome because ot the assumed function of pendnn as apical CI /HCOi
exchanger
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Chapter 6 presents evidence for the involvement of ES ribosome-nch cells in endolymph
homeostasis
During embryonal stages ES ribosome-nch cells contain only a limited number and variety of
organelles and are predominantly involved in the production of components for cell growth
and differentiation In the young adult stage (P60) three different states of ES ribosome-nch
cells may be distinguished State A resembles a cell with only limited metabolic activities
whereas state Β is charactenzed by numerous different intracellular organelles and is
considered to be involved in production and secretion as well as absorption and degradation
of complex proteins A third cellular state, state C, is filled with phagolysosomes and contains
very few other organelles This is considered to be a final (pre)apoptotic state
Autoradiography data suggest that ES ribosome-nch cells are capable of synthesis and
secretion of tyrosine-containing proteins and may thus be involved in regulation of the
osmolanty of endolymph based on the capability of the π face of aromatic structures to bind
cations as well as water molecules In addition, ES ribosome-nch cells appear to synthesize
and secrete fucosylated glycoproteins into the endolymph
The present data suggest that ES nbosome-nch cells are actively involved in endolymph
homeostasis through secretion and absorption ot complex proteins and are able to adapt their
function or activities in response to changes in endolymph composition
CONCLUSIONS
• Striai marginal cells and vestibular dark cells express basolateral a NaK-ATPase (alß2)
with a high K+ affinity and a very high turnover rate They are therefore capable to
maintain a high K+ influx (simultaneously with Na+ extrusion) Irom a penlymph-like
fluid as source It is proposed that this NaK-ATPase plays an important role in the
uniquely high K+ concentration of the endolymph and is crucial for the generation of the
endocochlear potential
• The close relationship between temporary melanosome production of developing striai
intermediate cells and their interdigiation with marginal cells results in large contact areas
between these cells wich enables very efficient K+ conductance This implicates that this
melanosome production is essential for the adequate functioning of the stria vascularis in
adult animals
• The switch of cochlear fibrocytes (spiral ligament type II and suprastnal) towards a highcapacity NaK-ATPase (alßl) occurs at the same time the endocochlear potential reaches
adult values This may indicate that these fibrocytes contribute to the high K+ conductance
of the striai cells by being important K+ suppliers
• The early (El4) expression of NaK-ATPase (alßl) in the ES epithelial cells, together
with the prominent presence of heparan sulphate proteoglycans in its basal lamina enables
ion exchange processes We suggest that this results in the generation of a local
electrochemical gradient, that may contnbute to the generation of the endolymphatic fluid
• Based on cytokeratin 7 expression ES mitochondna-nch cells display characteristics of
secreting cells In addition, they contain the capability for specific energy-requiring
transport mechanisms The loss of cytokeratin 19 in ES epithelial cells of the distal and to
some extent in the intermediate part indicates aquisition of proliferative capabilities
and/or changes in intracellular translocation processes These data demonstrate different
functional properties between the epithelial cells as well as between different parts of the
ES
• The observed similarities between the ultrastructural features of ES mitochondna-nch
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cells and renal intercalated cells implicates that the different cell subtypes or
configurations may share corresponding functions Consequently, it is suggested that A
mitochondna-nch cells (particularly, protruding A mitochondna-nch cells) are involved
in secretion of protons whereas Β mitochondna-nch cells are involved in anion exchange
and that both subtypes thus play a different but specific role in endolymph homeostasis
• ES nbosome-nch cells may contnbute to endolymph homeostasis by secretion and/or
absorption of osmotically active protein components In addition, they are able to adapt
their functional state in response to changes in endolymph composition
Summarizing, the presence of specific basolateral NaK-ATPases (alß2) in stnal marginal
cells, together with the integral network of stnal intermediate cells and the NaK-ATPase
(alßl) containg cochlear fibrocytes, constitutes a pathway for high K+ conductance which is
of crucial importance for the maintenance of high endolymph K+ concentration and thus for
an optimal perception of sound When the local endolymph composition and/or volume
changes, ES epithelial cells are able to adapt their function in order to maintain its endolymph
homeostasis Mitochondna-nch cells are likely to play a role in the endolymph acid/base
balance through the suggested secretion of protons and anions Ribosome-rich cells may
predominantly contnbute to endolymph homeostasis by secretion and/or absorption of
osmotically active protein components
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SAMENVATTING
Verscheidene aandoeningen van het binnenoor gaan gepaard met een verstoorde
samenstelling van de binnenoorvloeistof endolymfe Voorbeelden hiervan zijn de ziekte van
Meniere, syndromale doofheden zoals Pendred, Jervell en Lange-Nielsen, Bartter en renale
tubulaire acidose (dRTA) met-syndromale slechthorendheid van het type DFNA2 en DFNA3
die beiden autosomaal dominant worden overgeërfd, en met-syndromale slechthorendheid
van het type DFNB1, DFNB4 en DFNB29 die allen autosomaal recessief worden overgeërfd
De oorzaak en Pathogenese van deze ziektebeelden zijn een belangrijk onderwerp van
hedendaags onderzoek voor KNO-artsen en genetici alsook voor fysiologen Betere inzichten
moeten uiteindelijk bijdragen aan de ontwikkeling van nieuwe therapieën
Welke factoren en processen een rol spelen bij de instandhouding van de endolymfe
samenstelling (oftewel de endolymfe homeostase) is slechts gedeeltelijk bekend Het
proefdieronderzoek beschreven in dit proefschrift is derhalve bedoeld om hierin meer inzicht
te krijgen De experimenten zijn ontworpen om de morfologische eigenschappen en de
daaraan gerelateerde functies te kunnen bepalen van met name die epithelia van het binnenoor
die secretie en/of absorptie capaciteiten bezitten Speciale aandacht is uitgegaan naar het
epitheel van de saccus endolymfaticus (ES) Het onderzoek heeft zich naast volwassen dieren
bovendien gericht op verschillende ontwikkelingsstadia
In het inleidende hoofdstuk 1 wordt ingegaan op de functionele morfologie en de
eigenschappen van binnenoorslructuren die betrokken zijn bij endolymfe homeostase
Hoofdstuk 2 beschrijft de aanwezigheid van NaK-ATPase isovormen in het binnenoor van
de rat en behandelt de functie van de verschillende α/β subunit-combinaties in de endolymfe
homeostase Daarbij valt het volgende op
- de uit alßl samengestelde NaK-ATPase blijkt verspreid aanwezig te zijn in de epitheliale,
mesenchymale en neurale cellen van het binnenoor, met een zeer vroege aanwezigheid vanaf
de 14e embryonale dag (E 14) in enkele epitheliale cellen van de ES
- vanaf 1 dag na de geboorte (PI) is de aanwezigheid van alß2 NaK-ATPase waargenomen
in de marginale cellen van de stria vascularis, in de vestibulaire 'dark cells' en in bepaalde
vestibulaire met-sensorische epitheliale cellen
- tussen PIO en 15 is een kortstondige expressie van a2ßl NaK-ATPase te zien in suprastnale
fibrocyten en in fibrocyten type II van het spiraal ligament
- vanaf E16 komt a3ßl NaK-ATPase uitsluitend tot expressie in de neurale cellen van het
binnenoor (alsook in neurale weefsels elders in het lichaam)
De waarneming van de opvallende aanwezigheid van alß2 NaK-ATPase, in hoofdzakelijk
K+-ionen transporterende marginale cellen en vestibulaire 'dark cells' is in overeenstemming
met de eigenschappen van deze subunit combinatie en dus met de veronderstelde functie van
deze cellen, zijnde belangrijke K+-leveranciers voor de endolymfe Wij verwachten dan ook
dat deze subumt-combinatie in bepaalde vestibulaire met-sensorische epitheliale cellen
betrokken is bij de regulatie van K+ concentraties Vervolgens geeft de wisseling van a2ßl
NaK-ATPase naar alßl NaK-ATPase in suprastnale fibrocyten en fibrocyten type Π van het
spiraal ligament een overgang weer naar een NaK-ATPase type met een hogere capaciteit
Tenslotte suggereert de aanwezigheid van alßl NaK-ATPase in de ES het ontstaan van een
lokale electrochemische gradient die van belang is voor de plaatselijke absorptie en secretie
van eiwitten en ionen Bovendien doet de vroege aanwezigheid van deze NaK-ATPase in de
ES een betrokkenheid vermoeden bij de ontwikkeling van andere binnenoorstructuren
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Hoofdstuk 3 beschrijft de verdeling en kenmerken van binnenoormelanocyten in
gepigmenteerde en albinoratten
Hoe de voorlopers van de melanocyten zich verplaatsen is gevolgd vanaf El3 tot aan de
eindbestemming die deze cellen hebben in het binnenoor Melanocyten die zich vestigen in de
modiolus blijken hun doel via een andere route te bereiken dan de melanocyten van de stria
en het vestibulaire gedeelte Wat de verdeling van melanocyten betreft zijn er geen
verschillen waargenomen tussen gepigmenteerde en albinoratten De integratie van
melanocyten (oftewel intermediaire cellen) in de stria vascularis gaat in beide soorten ratten
samen met een toegenomen productie van melanosomen, maar het uiteindelijke totale aantal
melanosomen dat in albino's wordt geproduceerd is veel geringer Nadat de stria uitgenjpt is,
stopt de aanmaak van melanosomen en worden zij onderworpen aan lysosomale afbraak In
de stria van de gepigmenteerde ratten verschijnen cellen met aggregaten van desintegrerende
melanosomen, deze blijven bestaan tot en met de volwassen leeftijd Bij volwassen
gepigmenteerde ratten bevat de meerderheid van de intermediaire cellen nog slechts enkele
verspreid liggende melanosomen, terwijl deze in albino's nauwelijks kunnen worden
waargenomen
Deze waarnemingen duiden op een nauwe relatie tussen de (tijdelijke) productie van
melanosomen en het interdigitatieproces van intermediaire cellen met marginale cellen Het
lijkt onwaarschijnlijk dat melanosomen of melanine een belangrijke bijdrage leveren aan de
functie van de volwassen stria vascularis De kenmerken van melanocyten die zich buiten de
stna bevinden zijn in beide soorten gelijk aan die van de huidmelanocyten
In hoofdstuk 4 zijn enkele eigenschappen van ES-cellen vastgesteld die indicatief zijn voor
de rol die deze cellen spelen in de endolymfe homeostase Volwassen stadia zowel als diverse
ontwikkelingsstadia zijn bestudeerd
De aanwezigheid van cytokeratinen 8, 18 en 19 in alle epitheliale cellen van de ES gedurende
de embryonale stadia is kenmerkend voor eenvoudige (glandulaire) epitheliale cellen Het is
opvallend dat een deel van deze cellen een additionele expressie van cytokeratine 7 vertoont,
hetgeen een kenmerk is van secernerende cellen Deze cytokeratine 7 positieve cellen bezitten
eveneens een hoge concentratie oxydatieve enzymen en ze zijn rijk aan mitochondnen,
kenmerkend voor mitochondnum-njke cellen ('light cells') Er wordt verondersteld dat
mitochondnum-njke cellen specifieke energie vereisende transportcapaciteiten bezitten
Verlies van cytokeratine 19 expressie in het distale gedeelte en in een overgroot deel van het
intermediaire gedeelte tijdens de uitnjping duidt erop dat deze cellen met meer verder
differentieren en de capaciteit tot proliferatie verwerven Verder wijst de opvallende coexpressie van vimentine met cytokeratinen in het distale gedeelte van de ES op mogelijke
visco-elastische eigenschappen van dit epitheel Dit maakt expansie en dus demping mogelijk
van drukschommehngen in de endolymfe
Tot slot, de vroege en opvallende aanwezigheid van heparan sulfaat proteoglycanen in de
basale membraan van de ES samen met de vroege NaK-ATPase expressie duidt op vroege
lon-transportprocessen in de ES
De overeenkomsten tussen mitochondnum-njke cellen in de ES en de 'intercalated cells' in
de nier en de hieruit volgende functionele analogieën worden beschreven in hoofdstuk 5
Tot de geboorte is slechts één type mitochondnum-njke cel waargenomen in de ES Bij jong
volwassen (P60) dieren maken duidelijke verschillen in de ultrastructuur van mitochondnumnjke cellen een indeling in subtypen en configuraties mogelijk. Ook zijn er verschillen in
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cytokeratine 19 expressie vastgesteld De verschillen in morfologie tussen de mitochondnumnjke cellen reflecteren waarschijnlijk een specifieke functionele of fysiologische staat van de
cel De opmerkelijke (ultrastructurele) overeenkomsten met 'intercalated cells' verschaft
aanvullende informatie betreffende de specifieke functie van mitochondnum-njke cellen in
de endolymfe homeostase Analoog met de 'intercalated cells' schept het distributiepatroon
van zowel H+-ATPdsen als dat van Cl /HCCh uitwisselaars de mogelijkheid een indeling in
verschillende subtypen te maken
Wij veronderstellen dat subtype A mitochondrium-rijke cellen, waarvan de geactiveerde
stadia herkenbaar zijn als uitstulpende cellen, betrokken zijn bij de protonsecretie (via apicale
H+-ATPasen) Deze cellen zijn mogelijk aangedaan als bij renale tubulaire acidose (dRTA
syndroom) doofheid wordt waargenomen Mitochondnum-njke cellen van het subtype Β zijn
de meest waarschijnlijke kandidaten die zijn aangedaan bij het Pendred syndroom, vanwege
het feit dat zij zeer waarschijnlijk het eiwit pendrine bezitten dat als apicale CI/HCO3
uitwisselaar kan fungeren
In hoofdstuk 6 wordt de betrokkenheid aangetoond van ES 'dark cells' oftewel ES nbosoomnjke cellen in endolymfe homeostase
ES nbosoom-njke cellen bezitten slechts een gelimiteerde hoeveelheid en verscheidenheid
aan organellen gedurende de embryonale stadia en zijn dan voornamelijk betrokken bij de
productie van componenten voor celgroei en differentiatie In het jong volwassen stadium
(P60) kunnen drie verschillende stadia van ES nbosoom-njke cellen worden onderscheiden
Stadium A lijkt op een cel met slechts beperkte metabole activiteiten, terwijl stadium Β wordt
gekenmerkt door talrijke intracellulaire organellen, tevens lijkt dit stadium betrokken te zijn
bij de productie en secretie alsook bij de absorptie en afbraak van complexe eiwitten Een
derde cellulair stadium, stadium C, is gevuld met phagolysosomen en bevat weinig andere
organellen Dit stadium kan worden beschouwd als een (pre)apoptotisch stadium
Autoradiografie data impliceren dat ES nbosoom-njke cellen in staat zijn om tyrosinebevattende eiwitten te synthetiseren en te secemeren Dit geeft een mogelijke rol aan bij de
regulatie van de osmolanteit van de endolymfe aangezien de π-electronenwolk van de
aromatische structuur zowel cationen als watermoleculen kan binden Bovendien lijken de
nbosoom-njke cellen van de ES fucose-bevattende glycoproteinen te synthetiseren die
gesecerneerd worden in de endolymfe
Al deze gegevens wijzen erop dat ES nbosoom-njke cellen actief betrokken zijn bij de
endolymfe homeostase vanwege hun vermogen tot secretie en absorptie van complexe
eiwitten Aldus zijn zij in staat om hun functie en/of activiteit aan te passen in reactie op
verandenngen in de endolymfe samenstelling
CONCLUSIES
•

•

Marginale cellen van de stria en vestibulaire 'dark cells' bezitten basolateraal een NaKATPase (alß2) met een hoge K+-affiniteit en een zeer hoge turn-over Daardoor zijn deze
cellen in staat om een hoge K+-influx in stand te houden (tegelijk met een Na+-extrusie)
gevoed vanuit een penlymfe-achtige vloeistof Gedacht wordt dat expliciet deze alß2
NaK-ATPase een belangnjke taak vervult in het genereren van de unieke hoge K+concentratie van de endolymfe en cruciaal is voor het ontstaan van de endocochleaire
potentiaal
De tijdelijke productie van melanosomen in zich ontwikkelende intermediaire cellen van
de stria en hun interdigitatie met marginale cellen resulteert in uitgebreide contact91
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oppervlakten tussen beide celtypen, hetgeen een zeer efficiente K+-uitwisseling mogelijk
maakt. In volwassen dieren lijken de melanosomen niet essentieel te zijn voor het
adequaat functioneren van de stria vascularis
• De overgang in cochleaire fibrocyten (spiraal ligament type II en suprastnaal) naar een
NaK-ATPase (alßl) van hoge capaciteit vindt plaats in de periode dat de endocochleaire
potentiaal zijn uiteindelijke waarde bereikt Deze fibrocyten lijken dus aan de snelle K+
geleiding van de cellen in de stria bij te dragen door belangrijke K+-leveranciers te zijn
• De vroege (E 14) expressie van NaK-ATPase (alßl) in de epitheliale cellen van de ES en
de tegelijkertijd duidelijke aanwezigheid van heparan sulfaat proteoglycanen in hun
basale membraan creëren de voorwaarden voor lonen-uitwisselingsprocessen Wij
veronderstellen dat daardoor een lokale electrochemische gradient kan ontstaan die
bijdraagt aan de vorming van de endolymfatische vloeistof
• De mitochondnum-rijke cellen in de ES hebben vanwege hun cytokeratine 7 expressie
kenmerken van secernerende cellen. Bovendien bevatten zij de mogelijkheid tot
specifieke energievereisende transportprocessen Het verdwijnen van cytokeratine 19 in
de epitheliale cellen van het distale en voor een deel van het intermediaire gedeelte van de
ES wijst op het verkrijgen van prohferatieve eigenschappen en een verandering in
intracellulaire translocatie-mogehjkheden
Deze gegevens tonen verschillen in
eigenschappen aan tussen de epitheliale cellen alsook tussen verschillende gedeelten van
de ES
• De overeenkomsten tussen de ultrastructurele kenmerken van de mitochondnum-rijke
cellen in de ES en de 'intercalated cells' in de nier doen vermoeden dat de verschillende
cel subtypen of configuraties vergelijkbare functies vervullen. Derhalve nemen wij aan
dat subtype A mitochondnum-rijke cellen (in het bijzonder de uitstulpende cellen)
betrokken zijn bij de secretie van protonen, terwijl subtype Β mitochondnum-njke cellen
betrokken zijn bij de uitwisseling van anionen Beide subtypen lijken een verschillende,
specifieke taak te vervullen in de endolymfe homeostase
• Ribosoom-rijke cellen in de ES dragen mogelijk bij aan de endolymfe homeostase door
secretie en/of absorptie van osmotisch actieve eiwitbestanddelen Bovendien bezitten zij
zeer waarschijnlijk de mogelijkheid om hun functie aan te passen als reactie op
veranderingen in endolymfe samenstelling
Samenvattend Zowel de aanwezigheid van specifieke basolaterale NaK-ATPasen (alß2) in
de marginale cellen van de stria als het integrale netwerk van intermediaire cellen en
cochleaire fibrocyten die NaK-ATPasen (alßl) bevatten, faciliteren een snelle K+-geleiding
hetgeen van cruciaal belang is voor de instandhouding van de hoge endolymfe K+concentratie en dus voor een optimale perceptie van geluid Wanneer de plaatselijke
endolymfe samenstelling en/of het volume verandert, zijn de epitheliale cellen van de ES in
staat hun functie aan te passen om op die manier de endolymfe homeostase in stand te
houden. Mitochondnum-rijke cellen vervullen waarschijnlijk een functie in de endolymfe
zuur/base balans door de secretie van protonen en anionen terwijl ribosoom-rijke cellen
voornamelijk een bijdrage leveren door secretie en/of absorptie van osmotisch actieve
eiwitbestanddelen
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KORTE SAMENVATTING
van het proefschrift

THE ROLE OF RAT INNER EAR EPITHELIA
IN ENDOLYMPH HOMEOSTASIS
WITH SPECIAL EMPHASIS
ON THE ENDOLYMPHATIC SAC
Een aantal aandoeningen van het binnenoor gaan gepaard met een verstoorde
samenstelling van de binnenoorvloeistof, de endolymfe. Voorbeelden hiervan
zijn te zien bij patiënten met gehoor- en evenwichtsproblemen (ziekte van
Meniere), gehoor- en schildklierproblemen ('enlarged vestibular aqueduct'
syndroom, Pendred syndroom) en gehoor- en nierproblemen (renale tubulaire
acidose-dooiheid syndroom). De snelle ontwikkeling in het vaststellen van
mutaties in de genen die verantwoordelijk zijn voor ziektebeelden zoals het
Pendred syndroom (SLC26A4 gen) en het renale tubulaire acidose-dooiheid
syndroom (ATP6B1 gen) laten zien welke eiwitten en processen mogelijk
betrokken zijn bij het ontstaan van de symptomen. Tot op de dag van vandaag
zijn de bouwstenen die een rol spelen bij de instandhouding van de endolymfe
samenstelling slechts gedeeltelijk bekend. Het proefdieronderzoek (rat)
beschreven in dit proefschrift is erop gericht om hierin meer inzicht te krijgen.
De samenstelling van de endolymfe in de cochlea en het vestibulaire gedeelte
wordt gekarakteriseerd door een hoge concentratie K+-ionen, die voornamelijk
in stand wordt gehouden door het enzym NaK-ATPase. Hoge concentraties van
dit enzym zijn aangetoond in gespecialiseerde epitheliale cellen van het
binnenoor. In de cochlea is dit enzym aangetroffen in de marginale cellen van de
stria vascularis, en in het vestibulaire gedeelte in de zogenaamde donkere cellen.
Van het enzym NaK-ATPase zijn verschillende typen met verschillende
eigenschappen bekend. Het voorkomen van deze verschillende soorten in
bepaalde binnenoorstructuren gedurende de embryonale ontwikkeling wordt
behandeld in dit proefschrift. Bovendien wordt bediscussieerd wat hun
mogelijke functie is bij het in stand houden van de endolymfe samenstelling. De
stria vascularis bevat naast marginale cellen ook intermediaire en basale cellen.
In dit proefschrift wordt de integratie van de intermediaire cellen (oftwel
pigment cellen) met de andere cellen van de stria vascularis in kaart gebracht en
worden hun kenmerken vergeleken met die van andere pigment cellen, zowel in
als buiten het binnenoor. De discussie is gewijd aan de rol van deze cellen bij
het functioneren van de stria vascularis in toto. Naar aanleiding van de gegevens
uit deze studies kan worden geconcludeerd dat de vestibulaire donkere cellen en
de marginale cellen van de stria vascularis een type NaK-ATPase bevatten, dat

door zijn eigenschappen een cruciale rol speelt in het op peil houden van de
hoge concentratie K+-ionen in endolymfe. Verder blijkt de stria vascularis
zodanig uitgerust te zijn dat een snel en optimaal transport van K+-ionen
mogelijk is (bij K+-ionen recirculatie).
De vroege embryonale aanwezigheid van een NaK-ATPase type in de
epitheliale cellen van de saccus endolymphaticus en het feit dat er sprake is van
een andere endolymfe samenstelling in de saccus (lage concentratie K^ionen,
hoge concentratie eiwitten en een zure pH) ten opzichte van die in de cochlea en
het vestibulaire gedeelte, hebben geleid tot een nader onderzoek naar de functie
van deze binnenoorstructuur. De epitheliale cellen van de saccus
endolymphaticus zijn onder te verdelen in lichte en donkere cellen, ook wel
mitochondrium-rijke en ribosoom-rijke cellen geheten. Beide celtypen zijn in dit
proefschrift nader bestudeerd op specifieke (morfologische) eigenschappen. De
resultaten zijn beschreven in drie studies en maken een nauwkeurige classificatie
van deze cellen mogelijk. Geconcludeerd is dat de grote morfologische
verscheidenheid binnen deze celtypen op een zeer dynamische en specifieke
betrokkenheid duidt bij de regulatie van de endolymfe samenstelling. Daarnaast
leveren de huidige gegevens aanwijzingen op over de binnenoorpathogenese bij
het 'enlarged vestibular aqueduct' syndroom en het Pendred syndroom en het
renale tubulaire acidose-doofheid syndroom. Vervolgonderzoek zal vooral
gericht zijn op de dynamische rol van de saccus endolymphaticus bij de
endolymfe samenstelling van het totale binnenoor.
Theo A. Peters
11 december 2002

STELLINGEN
behorende bij het proefschrift

THE ROLE OF RAT INNER EAR EPITHELIA
IN ENDOLYMPH HOMEOSTASIS
WITH SPECIAL EMPHASIS
ON THE ENDOLYMPHATIC SAC
1. Een optimale perceptie van geluid is afhankelijk van de beschikbare K+ionen in de endolymfe, die op peil worden gehouden door de gevoelige K+transportmogelijkheden van de stria vascularis (ditproefschrift).
2. De dynamische betrokkenheid van de saccus endolymphaticus bij de
endolymfe homeostase is weerspiegeld in de grote morfologische
verscheidenheid van de epitheliale cellen (dit proefschrift).
3. Mitochondrium-rijke cellen van de saccus endolymphaticus vervullen
waarschijnlijk een zeer specifieke rol in de zuur/base balans van de
endolymfe, terwijl ribosoom-rijke cellen voornamelijk een bijdrage leveren
door secretie en/of absorptie van osmotisch actieve eiwitbestanddelen (dit
proefschrift).
4. Het progressief gehoorverlies, voorkomend bij patiënten met distale renale
tubulaire acidose, is mogelijk gerelateerd aan een verstoorde endolymfe
homeostase (Berrettini et al., Ann. Otol. Rhinol. Laryngol. 111: 385-391,
2002).
5. Het Pendred gen, SLC26A4 (voorheen PDS), komt tot expressie in de nier, de
schildklier en het binnenoor. De afwezigheid van nierfunctiestoomissen bij
Pendred-patiënten is waarschijnlijk een gevolg van de in de nier aanwezige
compensatiemechanismen (Lohi et al, J. Biol. Chem. 277: 14246-14254,
2002).
6. Van het recent door ons beschreven G90 gen is het idee geopperd dat het
betrokken is bij de terminale differentiatie van haar- en steuncellen in het
binnenoor van de muis. Dit moleculaire bouwsteentje draagt bij aan de
kennis van de complexe choreografie van genen en eiwitten die betrokken
zijn bij de normale ontwikkeling van het gehoor (Meunier et al., submitted).

7. De Pathogenese van Otitis Media is multifactorieel. Het is daarom onjuist te
veronderstellen dat dit gezondheidsprobleem de wereld uit geholpen kan
worden door slechts één geneesmiddel.
8. Het ruime voorschrijfbeleid van aminoglycosiden in de ontwikkelingslanden
zal bijdragen aan een verhoogde incidentie van doofheid (Ensink et al., Clin.
Otolaryngol. 23, 3-8, 1998).
9. Hedendaags wetenschappelijk onderzoek en voetbal is punten scoren en
doorgaan.
1 O.Aan de oren van politici mankeert niet altijd wat, maar het ware te wensen
dat ze beter konden luisteren.
11.Een politieke loopbaan verhoogt het risico op geheugenverlies als
beroepsziekte.

i2.'Hoerafeest'.
Theo A. Peters
11 december 2002

