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General introduction 
 
Inner ear anatomy and function 
The human inner ear contains highly sophisticated sensory epithelia, which 
are responsible for hearing and equilibrium. At the location of these sensory 
epithelia mechanical stimuli are transduced into electric neural responses. In 
both hearing and equilibrium the basic stimuli are movements of inner ear 
fluids: endolymph and perilymph.  
The labyrinth consists of a membranous part surrounded by a, protective, 
bony part. The bony labyrinth is tightly embedded in the mastoid bone. The 
membranous labyrinth is filled with endolymph, encased completely by 
membranous (compliant) epithelia. The space inside the (non-compliant) 
bony labyrinth, surrounding the membranous labyrinth, is filled with 
perilymph (fig.1).  
The membranous labyrinth can be divided in a superior part, with equilibrium 
functions (ampullary cristae, semicircular ducts, utricule) and an inferior part, 
mainly with hearing functions (cochlea). The saccule is - in evolutionary 
perspective - part of the inferior labyrinth, but has its primary function in 
equilibrium. The vestibular and the cochlear part are connected by the 
ductus reuniens. 
The endolymphatic sac is situated beside and roughly between the two parts 
of the labyrinth. 
The above mentioned endolymphatic spaces comprise a closed 
compartment, in which the separate spaces are interconnected by narrow 
ducts: saccular duct, utricular duct, endolymphatic duct and endolymphatic 
sinus (fig.1). 
 
The sensory epithelium for hearing is located inside the spiral shaped 
endolymphatic space of the cochlea (scala media or cochlear duct). It is part 
of the organ of Corti (fig. 2) (Corti, 1851), which is attached to the basal 
membrane that spirals in 2.5 turns around the modiolus. Hair cells in the 
organ of Corti generate an electrical potential when the cilia on top of it are 
deflected by an incoming soundwave. These cilia are bathed in endolymph, 
whereas the hair cell bodies inside the organ of Corti are surrounded by a 
perilymph-like fluid: cortilymph.  
Depending on its direction deflection of the cilia causes ion channels to open 
or close, resulting in de- or hyperpolarization of the cell membrane. As a 
result the amount of neurotransmitters released at the base of the hair cells 
changes. 
Endolymph has a high potassium concentration and a low sodium 
concentration. It resembles the intracellular fluid of the hair cells, in which the 
potassium concentration is somewhat lower. 
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Figure 1. Schematic drawing (drawn by RH) of membranous labyrinth 
of human inner ear embedded in the bony labyrinth. Space filled in 
black is endolymphatic space. ASA: anterior semicircular ampulla, ED: 
endolymphatic duct, ES: endolymphatic sac, ESi: endolymphatic sinus, 
HSA: horizontal semicircular ampulla, OW: oval window, PS: 
perilymphatic space, PSA: posterior semicircular ampulla, RW: round 
window, S: saccule, SD: saccular duct, SM: scala media, ST: scala 
tympani, SV: scala vestibuli, U: utricle, UD: utricle duct. 
 

 
Figure 2. Schematic drawing (drawn by RH) of scala media and the 
organ of Corti. AN: auditory nerve, IHC: inner hair cells, IPC: inner pillar 
cells, OHC: outer hair cells, OPC: outer pillar cells, RM: Reissner’s 
membrane, SM: scala media, ST: scala tympani, StV: stria vascularis, 
SV: scala vestibuli, TM: tectorial membrane. 
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Perilymph is similar to extracellular fluid, with a high sodium concentration 
and low potassium concentration. It is an ultrafiltrate of cerebrospinal fluid 
(Salt and Tallman, 1988). The difference in ionic concentrations in 
endolymph and perilymph creates an endocochlear potential in scala media. 
Inside the cochlea the perilymphatic spaces are situated superior (scala 
vestibuli) and inferior (scala tympani) of the medial space. Scala vestibuli 
ends at its basal side in the oval window. Scala tympani ends in the round 
window. Scala media and scala vestibuli are separated by Reissner’s 
membrane (Reissner, 1851). The lateral border of the medial space is 
formed by the stria vascularis, which is, similar to the dark cells in the 
vestibular labyrinth, involved in endolymph secretion. 
Soundwaves are transmitted from the tympanic membrane (ear drum), 
through the malleus, incus, stapes, oval window and inner ear fluids to the 
organ of Corti.  
 
The vestibular labyrinth consists of the utricle, the saccule and the three 
semicircular ducts (lateral, anterior, posterior). The sensory epithelia with a 
function in maintaining equilibrium are located in the utricular and saccular 
maculas and in the cristas inside the ampullae of the semicircular ducts. The 
ampullar cristas detect rotational acceleration. The utricular macula detects 
linear acceleration in the horizontal plane and the saccular macula in the 
vertical plane. 
The cilia on top of the hair cells in the ampullas and the maculas are 
embedded in a jelly-like layer (fig. 3). Deflection of the cilia causes an 
electrical respons of the vestibular nerve-endings.  
 
Menière’s disease 
Prosper Menière was the first to describe the triadic symptomatology of 
vertigo, hearing loss and tinnitus in 1861, later referred to as Menière’s 
disease (Menière, 1861). He stated that this chronic disease has its origin in 
the inner ear and not in the brain or the mind, as many his of contemporaries 
believed.  
Menière’s disease is characterized by fluctuating, progressive, unilateral or 
bilateral, sensorineural hearing loss, unilateral or bilateral tinnitus and 
periodic episodes of vertigo. Later on, in 1938, the dilated endolymphatic 
space or endolymphatic hydrops was established as the histopathological 
basis for this disease (Hallpike and Cairns, 1938, Yamakawa, 1938).  
Endolymphatic hydrops can be caused by disturbance of the inner ear fluid 
homeostasis, described as reduced absorption and/or overproduction of 
endolymph (Paparella, 1991, Dunnebier, 1997). Blockage of the 
endolymphatic duct and sac causes obstruction of outflow of endolymph, 
leading to endolymphatic hydrops (Kimura, 1967). As a result Reissner’s 
membrane can be seen bulging into scala vestibuli in histological slides (fig. 
4). The hydrops (volume increase) causes a hypertension in the 
endolymphatic system. This is a higher hydrostatic pressure inside the 
closed endolymphatic compartments compared to that in the 
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Figure 3. Schematic drawing (drawn by RH) of ampullar crista. A: 
ampulla, CA: crista ampullaris, Cup: cupula, N: nerve fibers, SC: 
sensory cell (hair cell); SCC: semicircular canal; SuC: supporting cell. 
 

 
Figure 4. OPFOS-image of guinea pig cochlea. Bulging of Reissner’s 
membrane (arrows) into the scala vestibuli (endolymphatic hydrops), 
SM: scala media. (Original image from: Valk, W.L., 2005. Acute 
endolymphatic hydrops, thesis) 
 
surrounding perilymphatic compartments. The endolymphatic pressure is 
dependent on the mechanical properties of the membranes enclosing the 
endolymph (Arenberg, 1982). Because of the high compliance of these 
membranes the endolymphatic hypertension has a very small value (Wit et 
al., 2000). 
Under the circumstance of endolymphatic hypertension the basilar 
membrane with Corti’s organ on top of it is slightly displaced (Klis and 
Smoorenburg, 1985, Valk et al., 2004). 

N 

SM 
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Since the endolymphatic sac has a major function in endolymph absorption 
and production (Guild, 1927, Kimura and Schuknecht, 1965) it is thought that 
it plays a role in the pathophysiology of Menière’s disease. Different 
therapies for Menière’s disease therefore focus on the endolymphatic sac 
(Portmann, 1927, Brinson et al., 2007, Wetmore, 2008). 
After many years of research by a large number of researchers the exact 
pathophysiology of Menière’s disease and as a consequence an effective 
treatment are still not unrevealed. 
 
Among all possible lines of approach to obtain insight in the pathophysiology 
of Menière’s disease and its trias of symptoms, little attention has been given 
to a comparison of the morphology of the inner ear of evolutionary classes of 
animals. For instance: has the endolymphatic system changed during 
evolution? If so, what can be learned from those changes? Does every class 
of animals have an endolymphatic sac?  
 
Objectives of this thesis 
The first objective of this thesis was to create an overview of the morphology 
of the inner ear in vertebrates following an evolutionary scheme from fish to 
amphibians to reptiles to birds to finally mammals. 
 
The second objective of this thesis was the evaluation of imaging techniques 
to create accurate three dimensional (3D-) reconstructions of the guinea pig 
inner ear. 
 
The third objective of this thesis was to use 3D-reconstructions to achieve 
insight in details of morphology and function of the inner ear. 
 
In chapter 2 a description of the morphology of the fish, amphibian and 
reptile inner ear is given. 
 
In chapter 3 we compare Orthogonal Plane Fluorescence Optical Sectioning 
(OPFOS)-imaging (Voie et al., 1993) with Light Microscopy (LM) imaging 
and 3D-reconstructions obtained using the two methods. 
 
The cochlear aqueduct is thought to play a role in maintaining fluid and 
pressure balance between the inner ear and the cerebrospinal fluid (CSF). 
For sudden variations of CSF-pressure the aqueduct behaves as a low-pass 
filter (Thalen et al., 2002). In chapter 4 3D-reconstruction of the connection 
of the membranous cochlear aqueduct and the round window membrane are 
given. A possible function of this connection is discussed. 
 
Bast’s valve (utriculo-endolymphatic valve, 1928) is located between the 
cochlear and vestibular part of the labyrinth. Its exact function is still unclear. 
In chapter 5 detailed three-dimensional reconstructions of Bast’s valve and 
its surrounding region in the intact guinea pig inner ear are shown and 
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suggestions for its function are given. The reconstructions were made by 
means of orthogonal-plane fluorescence optical sectioning (OPFOS). 
 
The wider part of the saccular duct, the endolymphatic sinus, has been 
proposed to play a role in endolymph volume regulation, by acting as a 
mechanical valve that limits the flow of endolymph from the saccule to the 
endolymphatic sac when pressure is applied (Salt and Rask-Andersen, 
2004, Salt, 2005). In chapter 6 a hydrodynamic model challenging the 
proposed functioning of the endolymphatic sinus is discussed. 
 
Observation of small details in light microscopic slides of the pigeon inner 
ear raised the question of the presence of a structure comparable to Bast’s 
valve in the pigeon. In chapter 7 3D-reconstructions of the investigated 
region of the pigeon inner ear are given.  
 
The vestibular part of the avian labyrinth has extensively been investigated 
in earlier days (Smith, 1968, Takasaka et al., 1971). To our knowledge 3D-
reconstructions of the avian inner ear, including its cochlea, have never been 
made. In chapter 8 a combination of OPFOS and light microscopic data and 
resulting three dimensional reconstructions of the pigeon inner ear are given. 
 
Chapter 9 discusses the objectives of this thesis and what we may have 
learned about Menière’s disease and the inner ear fluid homeostasis. 
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