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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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Inner ear evolution 
 
Retzius 
The inner ear is of various morphology in different animals. Also within 
animal-groups inner ears can be very different in morphology. Gustaf 
Retzius (1842-1919; fig. 1), a Swedish anatomist/histologist, wrote in two 
volumes (1881, 1884) Das Gehörorgan der Wirbeltiere; morphologisch-
histologische Studien, an extremely detailed and eminent work concerning 
all comparative anatomical studies of the ear in different vertebrate species. 
His antique masterpiece describes the labyrinths from Myxine glutinosa 
(Hagfish; fig. 2) up to Rana esculenta (Edible frog; fig. 3) in volume 1, and 
from Chelodina longicollis (Eastern snake-neck turtle; fig. 4) up to Felis 
domesticus (Domestic cat; fig. 5) and humans in volume 2. Gustaf Retzius 
himself was responsible for the vast number of drawings and the 
accompanying anatomical desciptions of a total of 100 vertebrate species. 
His drawings and descriptions were in such detail that, for example, his 
drawing of inner and outer hair cells in the human organ of Corti is highly 
comparable to the scanning electron micrograph used in the second half of 
the twentieth century (Grant, 1999). 
Retzius discovered the macula acustica neglecta, an auditory endorgan in 
cod and other bony fishes (Hawkins, 2005). 
 

 
Figure 1. Gustaf Retzius (1841-1918) 
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Figure 2. Drawing of the inner ear of Myxine glutinosa (Hagfish) from 
Das Gehörorgan der Wirbelthiere; morphologisch-histologische 
Studien; Volume 1. 
 

 
Figure 3. Drawing of the inner ear of Rana esculenta (Edible frog) from 
Das Gehörorgan der Wirbelthiere; morphologisch-histologische 
Studien; Volume 1. 
 

 
Figure 4. Drawing of the inner ear of Chelodina longicollis (Eastern 
snake-neck turtle) from Das Gehörorgan der Wirbelthiere; 
morphologisch-histologische Studien; Volume 2. 
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Figure 5. Drawing of the inner ear of Felis domesticus (Domestic cat) 
from Das Gehörorgan der Wirbelthiere; morphologisch-histologische 
Studien; Volume 2. 
 
 
Lateral line organ 
The most accepted view on the origin of the vertebrate inner ear is the 
acousticolateralis hypothesis (Bergeijk, 1967). The acousticolateralis 
hypothesis proposes that the inner ear is evolutionary derived from the 
lateral line in fish, based on evidence from structure, ontogeny and function. 
The lateral line organ and the inner ear have the same kind of ciliated 
sensory hair cells, they develop from the same mesodermal origin and are 
very similarly covered and innervated. Hearing is supposed to be a 
secondarily acquired capability of a generalised mechanoreceptor system, 
like the lateral line organ. This hypothesis is still discussed. Wever (1974) is 
in the belief that the lateral line system and the labyrinth evolved parallel. 
The lateral line organ is distributed along definite stripes on head and trunk 
of aquatic vertebrates (head, supra-, infra-orbital, preopercular) and has its 
function in the detection of water motion (Netten, 1987). The lateral line 
organs are stimulated by the flow of water along the fish body and by low-
frequency vibrations, produced by swimming of, for instance, a predator 
(Dijkgraaf, 1962). The detectional structure is called a neuromast. It consists 
of a group of pear-shaped sensory cells surrounded by long supporting cells. 
The hairs, or stereocilia, on the top of the sensory cells stretch out into a 
jelly-like substance, the cupula. Deflection of the stereocilia opens and 
closes the mechanoelectrical transduction channels (Howard et al., 1988). 
 
In this chapter the labyrinth/endolymphatic space of subsequent species, 
according to the traditionally classification of animal familiar groups, will be 
considered: fish (perch and dogfish), reptilian (lizard) and amphibian (frog). 
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The avian (pigeon) and the mammalian (guinea pig) inner ear will be 
discussed in other chapters (3, 5, 7 and 8). The inner ear of these animal 
groups does not show an improvement from lower to higher vertebrates; 
they have evolved parallel (Manley, 1998). 

 
Figure 6. Schematic drawing (drawn by RH) of the fish membranous 
labyrinth with the seven sensory areas. AAC: anterior ampullar crista, 
CC: crus communis, HAC: horizontal ampullar crista, LM: lagenar 
macula, MN: macula neglecta, PAC: posterior ampullar crista, SM: 
saccular macula, UM: utricular macula. 
 

 
Figure 7. Drawing of the inner ear of Acanthia vulgaris (Dogfish) from 
Das Gehörorgan der Wirbelthiere; morphologisch-histologische 
Studien; Volume 1. 
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Fish 
Different fish exhibit very different inner ear morphology. Fish have, as most 
vertebrates, a pair of membranous labyrinths embedded in the neurocranium 
on either side of the head close to the midbrain. Like in other vertebrates, the 
labyrinth can be divided in two parts. Dorsally, the pars superior consists of 
three semicircular canal ducts and the utricule. Ventrally, the pars inferior 
consists of the saccule and the lagena. The anterior and the posterior canal 
ducts are vertical and lie perpendicular to one another. The third canal duct 
lies in the horizontal plane. Each canal duct widens into an ampulla. 
Emerging dorsally from the sacculus or utriculus is an endolymphatic duct, 
which in some fish terminates in an endolymphatic sac. 
In fish there are seven sensory areas: the three cristae ampullares, the large 
utricular and saccular maculae, the lagenar macula and the macula 
neglecta. The maculas are covered by a large otolith plate in the utriculus, 
the saccule and lagena (fig. 6) (Ramprashad et al., 1986).  
The maculas of the otolith organs are all sound receptors. The otolith in the 
utricle is called the lapillus, in the saccule the sagitta and in the lagena the 
asteriscus (Platt, 1993). The macula of the saccule is considered to be the 
major auditory end organ (Lewis et al., 1985). Each macula is scattered with 
thousands of hair cells. The ciliairy bundles consist of kinocilia and 
stereocilia. The first ones being longer than the last, but varying in length 
dependent on which macula is considered and on the location on the macula 
(Bang et al., 2001).  
Another function of the otolith organs is gravity reception. Fish can determine 
their orientation with respect to the gravitational field. The heavy otolith tends 
to shift as the head of the fish tilts, deflecting the cilia of the sensory hair 
cells. Secondly, the system is sensitive to linear acceleration, the velocity 
change of the otolith being delayed with respect to that of the fish body 
(Pitcher, 1993). Otoliths in the different sacs have a characteristic species-
specific shape. Otoliths show periodic growth rings that vary in composition 
throughout the lifetime of the fish (Degens et al., 1969). 
It is supposed that endolymph is involved in the regulation of calcification of 
the otoliths, or in absorption of otolith degradation products (Borelli et al., 
2001). 
The macula neglecta is situated basally at the crus commune, where the 
ampulla of the posterior semicircular canal duct meets the utricule. It is 
located adjacent to the endolymphatic duct. The macula contains a small 
patch of sensory epithelium and is not covered with an otolith (Pitcher, 
1993). 
 
Each semicircular duct has an expanded region, the ampulla, opposite to the 
crus communis. The sensory epithelium is located on an elevated ridge of 
connective tissue, the crista. The cupula is a gelatinous wedge overlying the 
entire sensory epithelium. It seems to obstruct the entire perimeter of the 
ampulla. In response to large stimuli, it moves like a swinging door 
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suspended basally at the crista in response to the stimulus (Flock, Goldstein, 
1978). 
The endolymphatic duct in the Perca fluviatilis (European perch) originates 
from the superior margin of the sacculus, winding up to a blind ending. The 
duct is almost perpendicular in direction to the sinus superior of the crus 
communis. Retzius (1881) does not make any report of an endolymphatic 
sac in this fish. Others mention that bony fish do not have an endolymphatic 
duct at all and, as a consequence, no endolymphatic sac (Schimkewitch, 
1910).  
In elasmobranchs or cartilaginous fish (e.g. sharks and rays) the 
endolymphatic duct also originates from the superior margin of the sacculus. 
But it passes the apex of the sinus superior and ascends in the cranium. 
Before passing the musculature of the cranium it makes a sigmoid-like curve 
where the volume is indicated as endolymphatic sac. More cranial the duct 
continues and meets the external world (Retzius, 1881) (Acantias vulgaris; 
dogfish; fig. 7). This exceptional feature, exclusively present in 
elasmobranches is frequently used in experimental models for elucidating 
the pathofysiology of endolymphatic hydrops because of the easy access to 
the endolymphatic sac (Arenberg et al., 1976, Portmann, 1921). To our 
knowledge no report about the function of this specific connection between 
the endolymphatic system and the outer world exists. 

 
Figure 8. Schematic drawing (drawn by RH) of the lizard membranous 
labyrinth. AA: anterior ampulla, CC: crus communis, CD: cochlear duct, 
HA: horizontal ampulla, L: lagena, OD: otic duct, OS: otic sac, PA: 
posterior ampulla, S: saccule, U: utricle. 



Chapter 2 

 
 

27 

Lizards 
The lizard inner ear is difficult to describe, because of the large 
heterogeneity in the class of Reptilia. Some ears may be considered 
primitive, others highly specialized, even within the same taxonomic group. 
We decided to give a description of the membranous labyrinth of the 
‘general’ lizard (Acanthodactylus cantoris) (fig. 8). 
Like in fish, the membranous part of the labyrinth is protected by a bony, 
partially cartilaginous, otic capsule. The labyrinth consists of a few sacs, 
which are interconnected by ducts. It is roughly separated into two parts: a 
saccular and an utricular part. The saccule is the bigger of the two and is 
composed of flat epithelium. At the macular area of the saccule the 
epithelium is more columnar. These columnar cells have hair cells which are 
surrounded by supporting cells. The hair bundles of the hair cells are 
covered by an otoconial mass in a gelatinous layer. 
Posteroinferiorly in the saccule the ductus reuniens descents to the cochlear 
duct. The latter is also an epithelial sac. In some lizards (gekkonoids) the 
cochlear duct has a cavity filled with sensory epithelium, in which hair cells 
are embedded. It is called the basilar papilla or reptilian auditory papilla. The 
basilar papilla is located on the basilar membrane which stretches over a 
limbic lip that consists of supporting cells (fig. 9). The basilar papilla is 
supposed to be the functional auditory part of the inner ear (Wever, 1974). 
Also present in the cochlear duct is the lagenar macula. The exact function 
of this sensory epithelium remains uncertain. 
The utricule is located medial to the saccule. Both spaces are interconnected 
with the sacculo-utricular duct (fig. 10). Like in pigeons (Hofman et al., 2009) 
and guinea pigs (Hofman et al., 2008) the utricular side of the duct is 
equipped with some sort of valve (fig. 11). Superiorly located from and 
connected to the utricle are the three semicircular ducts and their ampullas. 
The anterior and the horizontal duct are situated close to each other at the 
anterior part of the utricle. The semicircular ducts and their accompanying 
ampullas are, like in fish, equipped with a crista and a cupula (fig. 12). 
Consequently they have a function in head motion detection and equilibrium 
maintenance. 
Mediosuperior in the saccule the otic duct (an equivalent of the mammalian 
endolymphatic duct) ascents along the utricular space (fig. 13), eventually 
ending as the otic sac (an equivalent of the endolymphatic sac) in the cranial 
cavity. In some families the sac ends between two layers of meninges. In 
others (gekkonoids) the sac expands intracranially in the direction of the 
neck musculature. 
The described membranous labyrinth is largely surrounded by a network of 
periotic reticulum and periotic fluid, which borders the whole of the lateral 
side of the otic capsule. It is located between the footplate of the columella 
auris and the otic capsule. The periotic space is the precursor of the scala 
vestibuli and the scala tympani, which is not present in every lizard. Both 
spaces are connected by the helicotrema that bridges the proximal border of 
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the cochlear duct. The lagenar macula is located in close vicinity of the 
helicotrema (Hamilton, 1964, Gehr, 2005). 
Soundwaves reaching the tympanic membrane move the columella auris, as 
well as the footplate. The latter exerts its movements to the periotic fluid and 
the basilar membrane and thus to the hair cells on top of this membrane 
(Wever, 1974). 

 
Figure 9. Light microscopic slide of the basilar papilla (BP) in 
Acanthodactylus cantoris (Lacerta: Lizard). C: columella auris, CD: 
cochlear duct, L: limbic lip, SS: saccular space. 

 
Figure 10. Light microscopic slide of the region between saccule and 
utricle in Acanthodactylus cantoris (Lacerta: Lizard). SS: saccular 
space, US: utricular space, USD: utriculo-saccular duct. 



Chapter 2 

 
 

29 

 

 
Figure 11. Light microscopic slide of the region between saccule and 
utricle in Acanthodactylus cantoris (Lacerta: Lizard). The circle 
indicates the valve-like structure. SS: saccular space, US: utricular 
space. 
 

 
Figure 12. Light microscopic slide of lateral ampulla in 
Acanthodactylus cantoris (Lacerta: Lizard). A: ampullary lumen, CA: 
crista ampullaris, Cup: remnants of cupula. 
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Figure 13. Light microscopical slide of the saccular region in 
Acanthodactylus cantoris (Lacerta: Lizard). Arrows: proximal side of 
the otic duct, red stripped arrow: indication of course of otic duct to 
intracranial, B: brain, SS: saccular space, US: utricular space. 
 
Amphibians 
The membranous labyrinth, enclosed in a bony labyrinth of fibrous and 
hyaline cartilage, is divided in a pars inferior and a pars superior. The pars 
inferior includes the auditory structures; the pars superior the vestibular 
structures. Inside the endolymphatic compartments eight sensory areas are 
present: the amphibian and basilar papilla, the maculae in the sacculus, the 
utriculus and the lagena and the three cristae inside the three ampullae of 
the semicircular canal ducts (fig. 14). The endolymphatic duct originates 
from the sacculus, just beside the branches of the VIIIth nerve toward two 
ampullae, the utriculus and the posterior part of the sacculus. The duct is 
ascending to the cranial cavity to form the endolymphatic sac, which runs out 
into the vertebral canal to form processes on the spinal ganglia (Wever, 
1985, Lewis et al., 1982, Gray 1907).  
The inner ear is equipped with a perilymphatic cistern; a spacious system, 
filled with perilymph, surrounding the membranous labyrinth filled with 
endolymph. It functions as a shock absorber. It is connected via the 
perilymphatic duct to the perilymphatic sac at the base of the skull, into 
which the incompressible perilymph is able to extend. 
Soundwaves are transmitted by the tympanic membrane, and mechanically 
coupled via the columella/operculum-complex to the oval window. 
Subsequently the vibrations of the perilymph and the coupled endolymph 
produce an oscillatory displacement of the tectorial membrane and the ciliary 
processes of the hair cells, depending on frequency in either the amphibian 
or the basilar papilla. The endolymph motion is released through the 
perilymphatic space toward the round window (Wever, 1985, Capranica, 
1976). 
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Figure 14. Schematic drawing (drawn by RH) of the frog membranous 
labyrinth. AA: anterior ampulla, BP: basilar papilla, HA: horizontal 
ampulla, L: lagena, PA: posterior ampulla, S: saccule, U: utricle. 
 

 
Figure 15. Light microscopic slide of the limbic recess with the 
amphibian papilla in Rana pipiens (Leopard frog). The tectorial layer 
(asterix) is not completely covering the hair cells in this slide.  
 
The amphibian papilla is located in the posterior wall of the saccule, just 
below the utricle. It consists of a limbic recess filled with sensory hair cells, 
which are covered with a tectorial layer (fig. 15). The basilar papilla is 
probably the least developed hearing organ among terrestrial vertebrates. Its 
physiology is not exactly understood yet. It is sensitive for higher frequencies 
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than the frequency range of the amphibian papilla (Wever, 1985, Ronken, 
1990, Smotherman, 1999).  
The vestibular organs are sensitive to acceleration, gravity and vibration and 
provide information for orientation and propriocepsis. These organs are 
supposed to be irresponsive to sound. The vestibular system consists of 
three semicircular canals, a utricle, a saccule and a lagena (fig. 16). The 
sensory areas of the semicircular ducts, the cristae, are located in the 
ampullae, a widening of the duct. The semicircular canals are similarly 
arranged and have the same function as in other vertebrates.  
The maculas of the utricle and the saccule are covered by an otolithic mass. 
The saccule is located infero-lateral of the utricle. The lagena is located at 
the posterior side of the saccule (Retzius, 1881, Capranica, 1976, Wever, 
1985).  
 

 
Figure 16. Light microscopic slide of lagena (L) and amphibian papilla 
(AP) in Rana Pipiens (Leopard frog). Adjacent to the amphibian papilla 
is the eighth nerve. Red arrow indicates tectorial membrane, NVIII: 
eighth nerve. 
 
The endolymphatic duct originates from the superior part of the saccule, just 
beside the utriculosaccular foramen (fig.17). The duct runs dorsomedial and 
passes through the cranium. At this point the duct widens into the 
endolymphatic sac, which lies in the intradural space. A part of the sac runs 
cranially. Another part of the sac runs caudally. Both parts run along the 
vertebral canal and eventually meet with the contralateral side (Whiteside, 
1920, Marmo et al., 1986, Wever, 1985). 
The supposed function of the endolymphatic sac is to regulate 
endolymphatic pressure inside the endolymphatic system by absorption of 
endolymph from the saccule (Hasse, 1868). Goa et al. (1998) suggested a 
role in calcium storage, needed to produce otoconia, to mineralise the 
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skeleton and/or to produce eggs. Histological features, like the numerous 
microvilli on the surface of the endolymphatic sac cells, are clues for its 
resorptive and phagocytic abilities (Marmo et al., 1986). 
 

 
Figure 17. Light microscopical slide of the region around the 
utriculosaccular foramen (USF) in Rana pipiens (Leopard frog). Red 
arrow: entrance of the endolymphatic duct, red stripped arrow: 
indication of course of endolymphatic duct to intracranial. ED: 
endolymphatic duct, SS: saccular space, US: utricular space. 
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Abstract 
Three-dimensional (3D) reconstruction of anatomical structures can give 
additional insight in morphology and function of these structures. We 
compare 3D-reconstructions of the guinea pig inner ear, using light 
microscopy (LM) and Orthogonal Plane Fluorescence Optical Sectioning 
(OPFOS) microscopy. Applications of 3D-reconstruction of the inner ear are 
further explored. 
For each method two bullas were prepared for 3D-reconstruction. Both 
methods are explained. In general the 3D-reconstructions using OPFOS-
microscopy are superior to LM.  
The exact spiral shape of the cochlea could be reconstructed using OPFOS 
microscopy and the length of the basilar membrane is measured. 
When a resolution of 20 µm is sufficient, OPFOS microscopy is a superior 
technique for 3D-reconstruction of inner ear structures in animals. 
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Introduction 
Three dimensional (3D) reconstruction of the inner ear, giving additional 
insight in anatomical details, has proven to be useful in morphological and 
physiological research. Also, inner ear abnormalities can be better 
investigated in 3D reconstructions than in 2D images (Isono et al., 1997). 
Extensive 3D-reconstructions of parts of the middle and inner ear have been 
made using various methods; histological sectioning (Harada et al, 1990; 
Takahashi et al., 1990; Wada et al., 1998); OPFOS (Voie et al., 1995; Santi, 
2002; Hofman et al., 2005, 2008), CT-scanning (Van Spaendonck et al. 
2000; Decraemer et al., 2003) and magnetic resonance microscopy (MRM) 
(Henson et al., 1994; Wilson et al., 1996; Thorne et al., 1999). 
Orthogonal-plane fluorescence optical sectioning (OPFOS) is a whole-
specimen imaging technique, developed by Voie et al. (1993) to investigate 
the cochlear architecture. This method turned out to be very suitable for 3D-
reconstruction. In OPFOS the specimen can be illuminated in various 
directions by rotating the specimen. Different series of 2D-images of the 
same specimen can be made for different orientations of the illuminating 
beam. This is an advantage compared to the use of histological slides for 
light microscopy (LM), where the microtome cutting plane is predefined. 
In the present study, 3D-reconstructions of the whole vestibular system of 
the guinea pig, obtained with LM and OPFOS-microscopy, are compared 
and applications of 3D-reconstruction of the inner ear are further explored. 
 

Materials and methods 
Two healthy female albino guinea pigs, Cavia Porcellus (Harlan 
Laboratories, UK) weighing 450 g were used. Animal care and use were 
approved by the Experimental Animal Committee of Groningen University, 
protocol No. 2883, in accordance with the principles of the Declaration of 
Helsinki. One guinea pig was used for LM 3D-reconstruction, one for 
OPFOS 3D-reconstruction. 
 
Fixation procedure 
The animals were terminated by lethal administration of sodium 
pentobarbital (hospital farmacist). After decapitation the bullas were 
dissected and fixated by immersion in a 8% formalin solution, neutral 
buffered. Then the bullas were rinsed in aqua-dest (Millipore Direct Q 3 UV 
system). Decalcification in ethylenediaminetetraacetic acid 10% solution 
(EDTA; Sigma, ED5SS, pH 7.4) took place at a temperature of 50°C in a 
microwave oven (T/T MEGA microwave histoprocessor, Milestone) in eight 
sessions of six hours. After decalcification the bullas were again rinsed with 
aqua-dest and dehydrated in a graded seven-step ethanol series (30%, 
50%, 70%, 90%, 96%, 100%, and 100%).  
No difficulties caused by intransparant haemoglobin were encountered, 
because very little is present in the inner ear capillaries. 
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Sequel procedure for LM 
Two bullas were placed in ethanol:2-Hydroxypropyl Methacrylate (HPMA; 
Polysciences Inc.) (1:1) for 8 hrs. Finally the bullas were embedded in HPMA 
with addition of a catalyst (N,N-dimethylaniline, PEG 400; 15:1, Fluka 
Chemie AG). Around the bullas five holes (fiducial markers) were drilled 
(diameter 0.5 mm) in the HPMA-block, perpendicular to the surface.  
The holes are references for 3D reconstruction. Sections of 4µm were taken 
and each 5th section was stained with toluidine blue and contrast-stained 
with basic fuchsine for reconstruction. Sectioning was not automated 
(Microm microtome, Heidelberg). A total of 264 sections was used for 3-D 
reconstruction. 
 
Sequel procedure for OPFOS 
The other two bullas were placed in Spalteholz fluid, a 5:3 solution of methyl 
salicyclate (Sigma, M-6752) and benzyl benzoate (Sigma, B-6630) 
(Spalteholz, 1914), to achieve transparency of the specimens. The clearing 
process consisted of application of a succession of Spalteholz-ethanol 
solutions, 24 hours each. The Spalteholz fluid fraction in the clearing session 
was 25%, 50%, 75%, 100%, 100% respectively. Hereafter the specimens 
were dyed in a fluorescent dye bath of Rhodamine-B Isothiocyanate (RITC; 
Sigma, R-1755). RITC absorbs maximally at 570nm and emits at 595nm. 
The dye bath was prepared by dissolving 1.0 mg/ml RITC into ethanol, 
followed by dilution in Spalteholz fluid to a final dye concentration of 5 x 10-4 

mg/ml (Voie et al., 1993, 2002, 2003). The specimens were dyed for four 
days. 
 
OPFOS imaging system 
A schematic of the OPFOS imaging system is given in figure 1. The beam of 
a green 100mW Ventus type 532 pulsed diode LASER (wavelength 532nm) 
is expanded into a 3 cm diameter parallel bundle. The 30x beam expander 
consists of two independently positionable lenses with focal lengths of 0.7cm 
and 20cm respectively. A cylindrical lens (Newport Valumax PCX, f = 15cm) 
focuses the bundle into a line at the centre of the specimen chamber.  
The illuminated plane in the specimen is projected onto the charge-coupled 
device (CCD) in the camera (Vosskühler CCD-1300D + IEEE1394 module) 
by an objective lens (Newport PAC 040 Valumax Achromatic Doublet; f = 
5cm). Magnification can be adjusted by changing object and image distance. 
Light intensity can be adjusted with an iris diaphragm (Newport M-ID-1.0). A 
bandpass filter (Chroma HQ 585/40) blocks scattered laser light (532nm) 
from entering the camera and admits fluorescent light (595 nm). 
Specimen chambers (2.5 x 2.5 x 7.5) were made of microscope glass slides 
glued together between anodised aluminium bottom and top covers. The 
specimen is vertically suspended from a metal wire and can be rotated. The 
chamber is placed on a motorised linear stage (Newport M-MFN 25 PP), 
controlled by a Newport ESP-100 driver unit. 
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Pictures were taken every 20 µm of the illuminated plane and stored in a 
personal computer. In total 278 images were used for reconstruction 
 

 
Figure 1. Schematic of the OPFOS setup. 
 
Two-dimensional stored images (LM and OPFOS) were processed with an 
IMOD (http://bio3d.colorado.edu/imod) software package for 3D-
reconstruction (Kremer et al., 1996).  
Input of relevant contours in each 2D-image was manually performed with a 
writing tablet (Wacom Cintiq 15X). 
Stacking of the LM-slides was executed with MIDAS software for manual 
alignment and adjustment (MIDAS is part of IMOD), using the drilled fiducial 
markers as references. Corrections to be made were at most a few percent 
of the 2D-image cross section. If after 3D-reconstruction larger irregularities 
were observed, the MIDAS procedure was repeated for the relevant 
subsequent 2D-slides.  
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Results 
Figure 2 shows a 2D-image of the endolymphatic system obtained with LM. 
Figure 3A shows a 2D-image of the endolymphatic system obtained with the 
OPFOS technique. Figure 3B shows an inverted image of the endolymphatic 
system obtained with the OPFOS technique, in which the contours of the 
endolymphatic space are drawn. Figures 4A, B and 5A, B show respectively 
the resulting LM- and OPFOS-reconstructions of the guinea pig inner ear. 
The vestibular space, endolymphatic space, tympanic space and stapes are 
reconstructed. In the OPFOS-reconstruction the endolymphatic sac and part 
of the endolymphatic duct are not depicted, because the anatomical integrity 
of the intradural part of the duct and sac is disrupted during the (microscopic) 
dissecting process, removing all neural tissue. 
Figure 6 is a 3D-reconstruction from OPFOS images, showing the 
endolymphatic spaces of the inner ear. Figure 7 shows the area around the 
vestibular maculas in detail.  
X-Y-Z-coordinates of the midpoints of the basilar membrane (fig. 3B) were 
obtained with the IMOD software package and used to establish the shape 
of the cochlear spiral (figs. 8A, B, C) and the length of the basilar membrane 
(20.8 mm), from apex to base.  
 

 
Figure 2. 2D-image of the cochlear endolymphatic system of the guinea 
pig made with LM. ES: endolymphatic space, TS: tympanic space, VS: 
vestibular space. The asterix indicates the rim of one of the drilled 
reference holes. 
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Figure 3. 

A. 2D-image of the cochlear endolymphatic system of the guinea 
pig made with OPFOS. ES: endolymphatic space, TS: tympanic 
space, VS: vestibular space. 

B. Figure 3A inverted. Coloured lines indicate the contours of the 
inner ear fluid spaces (blue: vestibular space, green: 
endolymphatic space, red: tympanic space), as they were 
drawn for the 3-D reconstruction. The white dot indicates the 
midpoint of the basilar membrane.  

A 

B 
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Figure 4. 

A. Ventral view on 3D-reconstruction of the guinea pig inner ear 
made with LM (light blue: vestibular space, green: 
endolymphatic space, purple: tympanic space, dark blue: 
stapes, red: endolymphatic sac, transparent yellow; 
perilymphatic space).  

B. Dorsal view on 3D-reconstruction of the guinea pig inner ear 
made with LM (light blue: vestibular space, green: 
endolymphatic space, purple: tympanic space, red: 
endolymphatic duct and sac, transparent yellow; perilymphatic 
space, S: saccule, U: utricle, ED: endolymphatic duct, DR: 
ductus reuniens).  

 

A B 
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Figure 5. 

A. Ventral view on 3D-reconstruction of the guinea pig inner ear 
made with OPFOS (light blue: vestibular space, green: 
endolymphatic space, purple: tympanic space, dark blue: 
stapes, transparent yellow; perilymphatic space).  

B. Dorsal view on 3D-reconstruction of the guinea pig inner ear 
made with OPFOS (light blue: vestibular space, green: 
endolymphatic space, purple: tympanic space, transparent 
yellow; perilymphatic space, S: saccule, U: utricle, ED: first part 
of endolymphatic duct). 

A B 
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Figure 6. 3D-reconstruction of the endolymphatic spaces of the guinea 
pig inner ear made with OPFOS, showing the spiral configuration of 
scala media and both vestibular maculas located in perpendicular 
planes. (SM: saccular macula, UM: utricular macula). 

 
Figure 7. 3D-reconstruction made with OPFOS of a small part of the 
endolymphatic spaces shown in figure 6A. (ED: endolymphatic duct, 
SM: saccular macula, SS: saccular space, UD: utricular duct, UM: 
utricular macula, US: utricular space). 
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Figure 8. 

A. 3D-plot of the spiral shape of scala media in the guinea pig 
cochlea, showing its actual size. The plot was obtained by 
connecting the midpoints of the basilar membrane in 
subsequent 2D-OPFOS-sections, as shown in figure 3B.  

B. Projections of the spiral shown in figure 8A on the XZ- and on 
the YZ-plane. 

 

 
C. Projection of the spiral shown in figure 8A on the XY-plane, 

with its (3D)length measured from top to bottom.  
 

A B 

C 
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Discussion 
Recently good quality 3D-reconstructions of the guinea pig cochlea were 
published by Liu et al. (2007). These authors used a “photographing while 
slicing” technique to obtain 2D-images of the cochlea.  
As far as we know our figures 4 and 5 are the first good quality 3D- 
reconstructions of the entire guinea pig inner ear, showing the both cochlea 
and the vestibular system in their mutual dimensions and orientation. 
The reconstructions (figs. 4A and 4B, compared to 5A and 5B) clearly show 
the better quality of the OPFOS 3D-reconstructions, when about the same 
number of 2D-slides is used for LM- and OPFOS-reconstructions. Three-
dimensional reconstructions with LM are less smooth, due to distortions 
introduced during material preparation and preparation of the LM-slides. 
Although the influence of these distortions could be minimized by using the 
MIDAS alignment and adjustment procedure, small irregulaties remain 
visible in the LM 3D-reconstructions. 
Besides this, LM is more time consuming than OPFOS. Serial sectioning and 
especially superposition of the obtained slides, takes much time in LM. 
It is not unlikely that the smoothness of the LM-reconstructions could have 
been improved if more slides were taken (better resolution in the Z-
direction), but than the LM-reconstructions would have been even more time 
consuming. 
The guinea pig inner ear is very suitable for the OPFOS technique since all 
soft tissue around the bulla is completely removable and the bulla itself is 
relatively easy to decalcify. In other animals, e.g. birds, soft tissue in the 
proximity of the inner ear (neural tissue) is difficult to dissect without 
damaging the inner ear. 
Henson et al. (1994) mention distortion and shrinkage of the specimen due 
to hydration as a disadvantage of microscopic techniques other than MRM. 
This should be kept in mind when absolute dimensions of dehydrated 
specimens are considered.  
With “standard” OPFOS spatial resolution is limited down to around 20 µm 
(Voie et al., 1993), which is the minimal “thickness” of the plane-focussed 
laser bundle. This number can be improved to 2 µm with high resolution 
(HR) OPFOS (Buytaert et al., 2007). Magnetic resonance imaging (MRI), 
used to measure cochlear fluid space dimensions, has a resolution of 25-
27µm (Thorne et al., 1999; Pettit et al., 2002). In comparison: limited by the 
wavelength of visible light, the highest resolution that can be obtained with 
LM is 0.2 µm, which is one to two orders of magnitude better. (When 
comparing figures 2 and 3a, b it is immediately clear that the X-Y resolution 
of LM is much better than that of standard OPFOS.) 
Wilbrand et al. (1986) produced plastic mouldings of the human inner ear to 
study the complex anatomy of the temporal bone. Although this method 
shows the exact topographical relations between the different parts of the 
inner ear, its resolution is limited to an estimated 100 µm, and the method 
does not give information about the dimensions of the different fluid 
compartments.  



Chapter 3 

 
 

49 

In stead of the 1.25mW helium-neon LASER (wavelength 543.5 nm) used by 
Voie et al. (1993), we used a 100 mW pulsed diode LASER (wavelength 532 
nm), because of its limited size and its higher and adjustable intensity.  
Unfortunately, three dimensional reconstructions of the endolymphatic duct, 
joining the vestibular endolymphatic spaces with the endolymphatic sac, can 
not be made with the OPFOS technique, because all neural tissue has to be 
removed by dissection to obtain a fully transparent specimen. Since the 
endolymphatic sac is located between two layers of the dura mater, it is 
impossible to keep the sac in its original shape and position when dissected. 
For this reason we only used LM slides for 3D reconstructions of the 
endolymphatic sac.  
Shinomori et al. (2001) found a cochlear length of 18.17mm (±0.15) for the 
guinea pig, measured along the apical junctions of the inner and outer pillar 
cells. This number is close to the value given by Fernandez (1952), 
determined from rectangular mid-modiolar histological sections across the 
cochlea. He found a basilar membrane length of 18.8mm (±0.5), measured 
along points right under the tunnel of Corti. Both the numbers given by 
Shinomori et al. and by Fernandez are based on histological serial 
sectioning (LM) of the guinea pig inner ear. Our figure 8C, obtained with 
OPFOS, gives a 10% larger value for the length of the basilar membrane, 
measured along points located approximately halfway the basilar membrane 
(see fig. 3B). More research is needed to decide if this length difference is 
based on the different techniques to obtain it (LM vs. OPFOS). 
OPFOS-microscopy is relatively inexpensive and little time consuming. Once 
a specimen has been prepared, it can be used over and over again, 
although due to photo bleaching the fluorescence of the specimen will 
gradually decrease in a few months time. 
Three dimensional reconstructions of the guinea pig inner ear can give a 
better insight in the relative dimensions and positions of the different parts of 
the inner ear with respect to each other (figs. 6 and 7).  
Three dimensional reconstruction also proved to be useful in obtaining 
insight in a possible function of Bast’s valve (Hofman et al., 2008) and the 
round window membrane (Hofman et al., 2005) in the inner pressure 
dependent regulation of fluid transport through the cochlear aqueduct (Feijen 
et al., 2004). 
 

Conclusion  
When a resolution of 20 µm is sufficient, OPFOS microscopy is a superior 
technique for 3D-reconstruction of inner ear structures in animals. 
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Abstract 
The round window membrane and cochlear aqueduct complex in the guinea 
pig are reconstructed with 3D-imaging, using OPFOS (Orthogonal Plane 
Fluorescence Optical sectioning). 
The 3D-images show that the periotic duct and the aqueduct are connected 
to a pouch-like extension of the round window. 
The function of this may be regulation of aqueduct flow resistance under the 
influence of a pressure difference between inner ear fluid and middle ear. 
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Introduction 
The cochlear aqueduct is a narrow channel between the subarachnoid 
space and the inner ear. In the inner ear its opening is in scala tympani, 
close to the round window membrane (Ghiz et al., 2001). The cochlear 
aqueduct was first noticed by DuVerney (1683), and about one century later 
Cotugno (1761) described it in detail. 
In humans it is about 1 cm long and has a smallest diameter of 0.14 mm. 
The aperture of the aqueduct at the dural end has the shape of a flat funnel 
(Gopen et al., 1997). In guinea pigs the aqueduct is much shorter (about 2 
mm) but not narrower than in humans (Ghiz et al., 2001). 
The cochlear aqueduct is defined as the bony duct passing through the 
temporal bone from the inner ear on the lateral side to the dura on the 
medial side. The periotic duct tissue within the lumen of the cochlear 
aqueduct consists of fibroblasts and loosely arranged connective tissue 
(Nishimura et al., 1981). Pressure and fluid exchange is possible through the 
periotic duct (Palva et al., 1969). 
The round window membrane is fixated to the temporal bone. It has a 
pouch-like extension, just adjacent to the opening of the cochlear aqueduct. 
The membrane is a single cell-layer structure, while the extension is multi 
cell-layered, about 400 µm in length and 100 µm in diameter (Thalen, 2004) 
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 it behaves as a low-pass filter with a 
time constant of about 2 seconds in the guinea pig (Thalen et al., 2002). 
Based on the finding that the resistance for fluid flow of the aqueduct is 
related to the position of the round window membrane, it is assumed that the 
permeability of the connective tissue (Duckert, 1974; Toriya et al., 1991a) 
inside the aqueduct changes if the position of the round window membrane 
changes (Wit et al., 2003). This assumption is supported by the fact that this 
connective tissue is attached to the pouch-like extension of the round 
window membrane (Toriya et al., 1991b). 
In the present work three-dimensional (3D) reconstructions are presented of 
the membranous aqueduct and the round window membrane together, with 
the aim to give insight in the morphology of the round window membrane-
cochlear aqueduct region of the inner ear.  
Orthogonal-plane fluorescence optical sectioning (OPFOS) microscopy was 
used to obtain these 3D-reconstructions (Voie et al., 1993; Voie et al., 1995; 
Voie, 2002).  
 
 
Materials and methods 
One healthy female albino guinea pig (Harlan Laboratories, UK) weighing 
450 g was used. Animal care and use were approved by the Experimental 
Animal Committee of Groningen University, protocol No. 2883, in 
accordance with the principles of the Declaration of Helsinki. 
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Fixation procedure 
The animal was terminated by lethal administration of sodiumpentobarbital. 
After decapitation the bulla was dissected and fixated in a 8% formalin 
solution, neutral buffered. Then the bulla was rinsed in aqua-dest. 
Decalcification in ethylenediaminetetraacetic acid 10% solution (EDTA; 
Sigma, ED5SS, pH 7.4) took place at a temperature of 50°C in a microwave 
oven (T/T MEGA microwave histoprocessor, Milestone) in eight sessions of 
six hours. After decalcification the bulla was again rinsed with aqua-dest and 
dehydrated in a graded seven-step ethanol series (30%, 50%, 70%, 90%, 
96%, 100%, 100%).  
Spalteholz fluid, a 5:3 solution of methyl salicyclate (Sigma, M-6752) and 
benzyl benzoate (Sigma, B-6630) (Spalteholz, 1914), was thereafter used to 
achieve transparency of the specimen. The clearing process consisted of 
application of a succession of Spalteholz-ethanol solutions, 24 hours each. 
The Spalteholz fluid fraction in the clearing session was 25%, 50%, 75%, 
100%, 100% respectively. Hereafter the specimen was dyed in a fluorescent 
dye bath of Rhodamine-B Isothiocyanate (RITC; Sigma, R-1755). RITC 
absorbs maximally at 570 nm and emits at 595 nm. The dye bath was 
prepared by dissolving 1.0 mg/ml RITC into ethanol, followed by dilution in 
Spalteholz fluid to a final dye concentration of 5 x 10-4 mg/ml (Voie et al., 
1993, 2003). The specimen was dyed for four days. 
 
OPFOS imaging system 
An overall schematic of the OPFOS imaging system is given in figure 1. The 
beam of a green 2.0 mW He-Ne LASER (Research Electro Optics R-30972; 
wavelength 543 nm) is expanded into a 3cm diameter parallel bundle. The 
30x beam expander consists of two independently positionable lenses with 
focal lengths of 0.7 cm and 20 cm respectively. A cylindrical lens (Newport 
Valumax PCX, f = 15 cm) focuses the bundle into a line at the centre of the 
specimen chamber.  

 
Figure 1. Schematic of the OPFOS setup.  
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The illuminated plane in the specimen is projected onto the CCD in the 
camera (Vosskühler CCD-1300D + IEEE1394 module) by an objective lens 
(Newport PAC 040 Valumax Achromatic Doublet; f = 5 cm). Magnification 
can be adjusted by changing object and image distance. Light intensity can 
be adjusted with an iris diaphragm (Newport M-ID-1.0). A bandpass filter 
(Chroma HQ 585/40) blocks scattered laser light (543 nm) from entering the 
camera and admits fluorescent light (595 nm). 
Specimen chambers (2.5 x 2.5 x 7.5) were made of microscope glass slides 
glued together between anodised aluminium bottom and top covers. The 
specimen is vertically suspended from a metal wire and can be rotated. The 
chamber is placed on a motorised linear stage (Newport M-MFN 25 PP), 
controlled by a Newport ESP-100 driver unit. 
Photographs of the illuminate plane were taken at 10 µm steps and stored in 
a personal computer. 
Two-dimensional stored images were processed with an IMOD 
(http://bio3d.colorado.edu/imod) for Linux software package for 3D-
reconstruction. Input of relevant contours in each 2D-image was manually 
performed with a writing tablet (Wacom Cintiq 15X). 
 

Results 
Figure 2 shows an example of the 2D-raw data obtained with the OPFOS 
technique. Figure 3 shows the resulting 3D-reconstruction, as seen from 
opposite viewing points, of the round window-cochlear aqueduct complex. 
The distance from medial to lateral is 3.2 mm. For comparison the 3D-
images are combined with a photograph of the same structures, obtained 
with light microscopy in an earlier study (Laurens-Thalen, 2004).  
 

Discussion 
In this work we show a 3D-reconstruction of the round window-cochlear 
aqueduct-complex obtained in one guinea pig. These results are not 
essentially different from those of pilot studies in other guinea pigs.  
The inner ear is complicated in anatomy. 3D-reconstruction of the inner ear 
can give a better understanding of relations between various specific parts of 
the inner ear. 
For 3D-reconstruction OPFOS has the advantage over reconstruction from 
histological slides that no problems are encountered due to distortions 
induced by the passage of the microtome blade or to problems with restoring 
the exact superposition of the 2D-images. The spatial resolution of OPFOS 
(about 20 µm; Voie, 2002) is sufficient for the present purpose. Beside this, 
the specimen can be illuminated in various directions by turning the 
specimen suspension wire. 
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Figure 2. 

A. 2D-image of cochlear aqueduct-round window membrane-
complex made with OPFOS. ME: middle ear, PD: periotic duct, 
RWM: round window membrane, RWME: round window 
membrane extension, ST: scala tympani. 

B. Same image with the contours, manually drawn to calculate the 
3D-reconstruction. Colours are the same as in figure 3. 
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Figure 3. 
A. Lateral view on the round window membrane. Red: round window 

membrane; green: extension of the round window membrane, 
yellow: membranous cochlear aqueduct.  

B. Medial view on the cochlear aqueduct.  
C. Light microscopic view of the same structures as shown in figures 

A & B. Colours in this figure correspond with the colours in the 
upper panels, CA: cochlear aqueduct, ME: middle ear, PD: periotic 
duct, RWM: round window membrane, RWME: round window 
membrane extension, ST: scala tympani, SV: scala vestibuli, TB: 
temporal bone.  
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If structures are difficult to decalcify completely, or if partly transparent soft 
tissue can not be removed, the OPFOS-technique has the limitation that the 
specimen can not be illuminated completely. 
The 3D-reconstructions show clearly that the round window membrane of 
the guinea pig has a pouch-like extension, as suggested before (Wit et al., 
2003; Toriya et al., 1991b). The tip of the membrane extension is adjacent to 
the opening of the cochlear aqueduct (Wit et al., 2003). It is conceivable that 
the entrance of the aqueduct is obstructed when the inner ear fluid pressure 
is low and the membrane is moving inwards (with a resulting high flow 
resistance in the cochlear aqueduct). Vice versa the loose connective tissue 
inside the aqueduct is stretched when the round window membrane moves 
outward, resulting in a low flow resistance (Wit et al., 2003). This view is 
supported by the morphology derived from the 3D reconstructions as shown 
in this paper. It sustains the findings that the resistance for fluid flow through 
the aqueduct is dependent on the position of the round window membrane 
(Feyen et al., 2004). 
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Abstract 
The utriculo-endolymphatic valve was discovered by Bast in 1928. The 
function of Bast’s valve is still unclear. By means of orthogonal-plane 
fluorescence optical sectioning (OPFOS) microscopy 3D-reconstructions of 
the valve and its surrounding region are depicted. 
The shape of the duct at the utricular side is that of a flattened funnel. In the 
direction of the endolymphatic duct and sac this funnel runs into a very 
narrow duct. The valve itself has a rigid ‘arch-like’ configuration. The 
opposing thin, one cell-layer thick, utricular membrane is highly compliant. 
We propose that opening and closure of the valve occurs through movement 
of the flexible base/utricular membrane away from and toward the relatively 
rigid valve lip. 
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Background 
At the utricular end, the utricular duct has a valve-like opening. This structure 
was discovered by Bast (1928), who called it the utriculo-endolymphatic 
valve. It is since then also called Bast’s valve. The morphology of the valve 
has been researched in humans and several mammalians (Anson, 1934, 
Bast, 1937). 
The function of Bast’s valve is still unclear. Bast himself suggested the 
closure of the utricular duct as the main function (Bast, 1928, 1934). Bachor 
and Karmody (1995) follow Bast’s view, postulating that decreasing pressure 
in the whole endolymphatic system, secondary to collapse of the ductus 
reuniens, causes closure of the valve to prevent more loss of endolymph 
from the utricular system. Zechner (1980) proposes that dysfunction of the 
valve causes endolymphatic hydrops. 
In this paper orthogonal-plane fluorescence optical sectioning (OPFOS) 
microscopy (Voie et al., 1993; Voie et al., 1995; Voie, 2002; Buytaert and 
Dirckx, 2007) was used to obtain detailed three-dimensional reconstructions 
of Bast’s valve and the surrounding region in the intact guinea pig inner ear, 
as it is a technique capable of visualizing bone as well as soft tissue 
structures with high resolution, and is non-invasive. 
 

Materials and methods 
Specimen preparation 
Two healthy female albino guinea pigs (Harlan Laboratories, UK), weighing 
450 grams, were used. Animal care and use were approved by the 
Experimental Animal Committee of Groningen University, protocol No. 2883, 
in accordance with the principles of the Declaration of Helsinki.  
The animals were terminated by lethal administration of sodium 
pentobarbital. After decapitation the bullas were dissected and fixated in a 
8% formalin solution, neutral buffered. Then the bullas were rinsed in aqua-
dest. Decalcification in ethylenediaminetetraacetic acid 10% solution (EDTA; 
Sigma, ED5SS, pH 7.4) took place at a temperature of 50°C in a microwave 
oven (T/T MEGA microwave histoprocessor, Milestone) in eight sessions of 
six hours. After decalcification the bullas were again rinsed with aqua-dest 
and dehydrated in a graded seven-step ethanol series (30%, 50%, 70%, 
90%, 96%, 100%, and 100%).  
Spalteholz fluid, a 5:3 solution of methyl salicylate (Sigma, M-6752) and 
benzyl benzoate (Sigma, B-6630) (Spalteholz, 1914), was thereafter used to 
achieve transparency of the specimen. The clearing process consisted of 
application of a succession of Spalteholz-ethanol solutions, 24 hours each. 
The Spalteholz fluid fraction in the clearing session was 25%, 50%, 75%, 
100%, 100% respectively. Hereafter the specimen was dyed in a fluorescent 
dye bath of Rhodamine-B Isothiocyanate (RITC; Sigma, R-1755). RITC 
absorbs maximally at 570 nm and emits at 595 nm. The dye bath was 
prepared by dissolving 1.0 mg/ml RITC into ethanol, followed by dilution in 
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Spalteholz fluid to a final dye concentration of 5 x 10-4 mg/ml (Voie et al., 
1993, 2002, 2003). The specimen was dyed for four days. 
 
OPFOS imaging system 
A schematic diagram of the optical setup of our custom-made OPFOS 
imaging device is shown in figure 1 (Buytaert and Dirckx, 2007). Laser light, 
originating from a green frequency doubled Nd:YVO4 neodymium-laser 
(model DPGL-2050, Suwtech), with an emission wavelength of 532 nm and 
52 mW maximal power, is expanded into a parallel beam of 28 mm diameter 
by a Galilean beam expander (BE, model 336, Spectra-Physics). The 
broadened and spatially filtered light falls onto a specially designed 
cylindrical lens (CL, custom-made by LiteTec Ltd., Essex, UK) of 30 × 30 
mm and 80 mm focal length, which focuses the light along a single 
dimension (Z), thus creating a hyperbolic light pattern along the X-axis. Near 
the centre of this focus, we can locally approximate the light intensity profile 
as a sheet of light in the X-Y plane, which will perform virtual slicing of a 
specimen object (O). In the plane where the object is sectioned by the sheet 
of light, the specimen emits fluorescence light, which is recorded by a CCD-
camera (C, Firewire FO442BIC, Foculus) in the direction orthogonal to the 
light plane. In this way, a 2D image of a virtual section within the object is 
obtained. For the specimen to be compatible with the OPFOS method, the 
above described specimen preparation is necessary to make the object 
transparent, refraction index matched and fluorescent. In our setup the 
specimen is positioned inside a container with optical quality glass windows 
at the laser and CCD side, and filled with Spalteholz fluid, and can be 
positioned within the container by an object translation stage (OTS). 

 
Figure 1. Orthogonal-Plane Fluorescence Optional Sectioning (OPFOS) 
setup. (BE: beam expander, FS: field stop, CL: cylindrical achromat, O: 
object, OTS: object translation stage, FTS: focusing translation stage, 
OL: objective lens with colour filter, CCD: charge coupled device 
camera) 
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Between recordings the object (and not the container) is moved along the Z-
axis in small slicing steps with a high-precision DC-motor driven translation 
stage with position encoder (M112.1 High-Resolution Micro-Translation 
Stage with C862 Mercury II DC-Motor Controller, PI Polytec). A long working 
distance microscope objective lens (OL) with good numerical aperture (M 
Plan APO x 5, NA = 0.14, Mitutoyo) projects the fluorescence image on the 
CCD. A colour filter (Kenko R1 SR-60) placed before the objective lens 
blocks scattered laser light and transmits fluorescence light. 
The virtual slicing is performed by a ‘plane’ with 3 µm 1/e²-thickness 
resolution in the centre of the image and slightly thicker at the edges (less 
than 10 µm), with slicing steps of 2 µm, followed by storage in a personal 
computer. The two-dimensional stored images were processed with an 
IMOD (http://bio3d.colorado.edu/imod) software package for 3D-
reconstruction. Input of relevant contours in each 2D-image was manually 
performed with a writing tablet (Wacom Cintiq 15X). 

Results 
Figure 2a shows an OPFOS image of a cross-section of part of the guinea 
pig inner ear. Figure 2b is an enlargement of the part of figure 2a inside the 
dashed box, in which Bast’s valve and its surrounding structures are clearly 
visible. Saccule, endolymphatic sinus, utricule and endolymphatic duct are 
filled with endolymph. Walls of the endolymphatic space are on the right side 
of figure 2b connected to bone (dense; non-compliant). The opposite walls 
are adjacent to perilymph (hypodense; compliant). Connective tissue 
(medium density; non-compliant) is present inside the lip of Bast’s valve and 
between the upper side of the utricule and bone. Figure 2c is another 
OPFOS image, showing Bast’s valve in detail. 
Figure 3 shows a 3D-reconstruction of the entrance of Bast’s valve as seen 
from inside the utricle. The proximal end of the valve shows a rather rigid 
‘arch-like’ configuration. Figure 4 shows a 3D-reconstruction of walls of 
Bast’s valve and the utricular duct. The shape of the utricular duct at the 
utricular side is that of a flattened funnel. This funnel quickly runs into a very 
narrow duct. 
Figure 5 is a 3D-reconstruction of part of the outer walls of the utricle and 
utricular duct. It again shows the small caliber of the utricular duct in relation 
to the size of surrounding structures. 



Chapter 5 

 
 

68 

  
Figure 2. 

A. 2D OPFOS-image of the region around Bast’s valve and the 
utricular duct, obtained with another OPFOS setup (Hofman, 
2005) than for figure 2c and following. The dashed box is shown 
in a larger magnification in figure 2b. 

B. Dashed box in figure 2a shown in a larger magnification (Wit et 
al., 2007). 

 

 
C. 2D OPFOS-image of Bast’s valve. The arrows point toward very 

narrow passages. 

A B 

C 
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Discussion 
In the 3D OPFOS-reconstruction of the entrance of Bast’s valve, shown in 
figure 3, the lip of the valve appears as a relatively rigid structure. In a 
comparable scanning electron microscopy (SEM) image the entrance of the 
valve is visible as a narrow slit in the utricular wall (Lim, 1991). The valve lip 
is filled with connective tissue (figure 2c). This is even better visible in figure 
6, which is a light microscopy (LM) image. This figure also clearly shows that 
the bottom of the valve has a thickness of only one cell-layer, and is as result 
highly compliant. 
Schuknecht and Belal (1975) showed that the corium of the valve consists of 
fibroblasts and fibrocytes.  
Based on the study of 170 human temporal bones these authors propose 
that the valve is closed in normal ears and that its anatomical structure is 
ideally suited to permit the occasional egress of excessive accumulation of 
endolymph to be processed in the endolymphatic sac, while preventing an 
excessive loss of endolymph with the possible consequence of membrane 
distortions and interference with the motion mechanics of the vestibular 
sense organs. Opening of the valve, still according to Schuknecht and Belal 
(1975), would then be accomplished by pressure displacement of the outer 
membraneous wall away from the more rigid inner valve lip. 
The arrows in figure 2c indicate positions were the valve appears to be 
closed. Also in figure 6 valve lip and bottom touch. 
Bast himself (1937) was not sure about the valve being opened or closed in 
the normal situation. He writes: “As a matter of fact in many histological 
sections the epithelium of the valve is in contact with the opposing wall of the 
slit-like opening of the duct which suggests that such a closure may exist, at 
least at times, in the living ear.” 
He also was not certain about the mechanism that closes the valve (Bast, 
1937). On the one hand he supposed that a high perilymphatic pressure 
could close the valve by moving the opposing wall against the valve lip, as 
shown in figure 7. On the other hand he proposed closing of the valve lip 
against the opposing duct wall in the case of a relatively greater intra-
utricular pressure. In this case he supposes that it is not the tip of the valve 
that moves, because it is bulky, but that the valve lip rotates at its base, 
where it is made up of loose perilymphatic tissue. 
In our opinion the latter mechanism is less likely, considering the observation 
that the valve opening in 3-D reconstruction is a rigid arch-like structure (fig. 
3), and not a flap hinged at its base, that could close an underlying opening. 
The latter mechanism may be inspired by 2-D pictures, like figures 2b, 2c 
and 6, where the valve tip appears as a flap-like structure.  
The rigidity of the valve tip was also noticed by Scheerer and Hildmann 
(1979), who also thought it to be improbable that this structure could function 
as a valve. 
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Figure 3. 3D-reconstruction of Bast’s valve as seen from inside the 
utricule.  
 

 
Figure 4. 3D-reconstruction of walls of Bast’s valve and the utricular 
duct. The shape of the utricular duct at the utricular side is that of a 
flattened funnel. This funnel runs into a very narrow duct.  
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The walls of the endolymph filled spaces in the inner ear are highly 
compliant. As a result the pressure difference between endolymph and  
perilymph are negligible in the normal situation (Wit et al., 2000). If the valve 
is open it seems, at first impression, easy to understand how an increase of 
perilymphatic pressure will close the valve by compression of its bottom, as 
is shown in figure 7. However, an increasing perilymphatic pressure will also 
increase the endolymphatic pressure inside the utricule and force endolymph 
out through the slit-like opening and prevent closure of the valve (Salt, 2007; 
Wit and Hofman, 2007). 
As can be seen in figures 4 and 5 the utricular duct has a diameter in the 
order of 10 µm at its narrowest passage, preventing rapid flow of endolymph 
and possibly protecting the sensitive vestibular receptors against large fluid 
shifts in a short time.  
Konishi (1977) found an open utriculo-endolymphatic valve in guinea pigs 
with an (experimental) endolymphatic hydrops. It is conceivable that an 
excess of endolymph will force the base of the valve opening away from the 
lip, as shown in figure 7.  
In future work, high-resolution OPFOS (HROPFOS) with slicing, a resolution 
of 2 µm (Buytaert and Dirckx, 2007) is feasible and may reveal even more 
detail. 
 

 
Figure 5. 3D-reconstruction of part of the outer walls of the utricle and 
utricular duct. Note the small caliber of the utricular duct in relation to 
the size of surrounding structures.  



Chapter 5 

 
 

72 

 
Figure 6. Light microscopy image of lip and bottom of Bast’s valve. 
 

 
Figure 7. Possible mechanism of valve closure (black arrows) or valve 
opening (grey arrows). 

Conclusion 
The use of OPFOS imaging techniques and graphical 3D-reconstruction of 
the uticulo-endolymphatic (Bast’s) valve and its surroundings has given 
some additional insight in its functioning. It is most likely that opening or 
closure of the valve occurs through movement of the flexible base away from 
or toward the relatively rigid valve lip. 
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Does the endolymphatic sinus function as a 
one-way valve? 

 
H.P. Wit, R. Hofman 

Hear Res 2007, 224, 115-116 
 

(Does the endolymphatic sinus function as a one-way valve? was published 
as a letter to the editor. The response to this letter by A.N. Salt can be read 

subsequently.) 
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Figure 1 shows a 2D-image of the endolymphatic sinus region in the guinea 
pig, that we obtained with OPFOS-microscopy (Voie, 2002; Hofman et al., 
2005). This figure resembles figure 7 in a paper by Salt and Rask-Andersen 
(2004) to a large extent. (Apart from a discrepancy between the lengths of 
the calibration bars). In that paper, on responses of the endolymphatic sac to 
perilymphatic injections and withdrawals, a model is proposed for the 
regulation of endolymph flow toward the saccus endolymphaticus: at high 
perilymphatic pressures the sinus is compressed against the underlying 
bone to prevent flow from the saccule into the endolymphatic duct; flow is 
not obstructed for low enough perilymphatic pressures (or high enough 
endolymphatic pressures).  
The principle of the sinus working as a flexible membrane valve is shown in 
figure 2: A container filled with fluid is connected with two vertical pipes, also 
filled with fluid. The flexible membrane will not cover the two ports in the 
bottom of the central container if p1 (or p2) > p3 + p4. Fluid will then flow 
through the pipes in the shown direction if p1 > p2. Pressures p1, p2 and p3 
are hydrostatic pressures; p4 is the pressure exerted by the flexible 
membrane on the fluid below it. (p4 is positive if pressure is needed to lift the 
membrane and negative if pressure is needed to press the membrane 
down). If in the shown situation p3 increases (by pouring fluid into the central 
container) to a situation in which p3 + p4 > p1, the flexible membrane will be 
pressed against the container bottom and close off the ports, resulting in the 
flow to stop.  
Figure 3 is a schematic model for the endolymphatic and perilymphatic 
compartments in the vestibule of the inner ear. The situation to the right of 
the dashed line is comparable to the situation shown in figure 2. The 
pressure on the flexible sinus wall (p3) is now the pressure in the 
perilymphatic compartment. As in figure 2 flow will occur in the shown 
direction (toward the ductus endolymphaticus) as long as p1 > p3 + p4 (and p1 
> p2), or p1 > pperi + p4 [1]. Fluid pressure p1 is now the endolymphatic 
pressure inside the saccule. This pressure is the sum of the pressure 
exerted on the endolymph by the saccular membrane and the perilymphatic 
pressure. In formula: p1 = pperi +p5 [2]. So, the condition for flow to occur is: 
pperi + p5 > pperi + p4 (relations [1] and [2] combined). This condition simplifies 
into p5 > p4. Otherwise stated: perilymphatic pressure has no influence. The 
reason for this in words is: if perilymphatic pressure is increased to 
compress the sinus, the pressure inside the saccule will increase with the 
same amount and the fluid pressure from the saccule toward the sinus will 
precisely counteract the pressure that tries to compress the sinus.  
So we must conclude that the model for the regulation of endolymph flow 
through the sinus, as proposed by Salt and Rask-Andersen (2004, 2005), 
has to be rejected. 
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Figure 1. 2D-image of the endolymphatic sinus region in the guinea pig, 
obtained with OPFOS.  
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Figure 2. Hydrostatic model to explain the working principle of a 
flexible membrane valve.  
 

 
Figure 3. Schematic model for the endolymphatic and perilymphatic 
compartments in the vestibule of the inner ear. (Light grey: perilymph, 
dark grey: endolymph).  
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The endolymphatic sinus is a possible detector of 
endolymph volume status by A.N. Salt 

 (Hear Res 2007, 224, 117-8) 
 
In the paper questioned by Wit and Hofman (Salt and Rask-Andersen, 
2004), we presented direct measurements of hydrostatic pressure and 
potassium concentration from the luminal space of the endolymphatic sac 
during pressure manipulations of the perilymph. Negative pressures (i.e. 
suction) applied to the perilymphatic space induced ionic, hydrostatic 
pressure and resting potential changes in the sac while positive pressures 
typically did not. Thus, our evidence for a one-way valve between the 
vestibule and the endolymphatic sac, which is now questioned by Wit and 
Hofman, was based on experimental measurements. As anatomic data in 
the same study showed the membrane of the endolymphatic sinus was in 
close proximity to the opening of the endolymphatic duct into the vestibule, 
we proposed that the membrane of the endolymphatic sinus was the 
anatomic structure acting as the valve. Wit and Hofman provide no new data 
to question the experimental findings of our paper yet they pose the question 
“Does the endolymphatic sinus function as a one way valve?” Since they 
have no experimental data conflicting with our original findings and suggest 
no alternative anatomic structure to act as the valve that was demonstrated 
experimentally, we can find no rational basis to doubt our original 
conclusions that the sinus membrane can act as a valve between the 
endolymphatic spaces of the vestibule and the endolymphatic duct. 
Wit and Hofman go on to question the concept that the endolymphatic sinus 
could be involved in endolymph volume regulation. On the basis of their 
calculations, they conclude that “perilymph pressure has no influence [on 
endolymph flow]” and that “the model for the regulation of endolymph flow 
through the sinus, as proposed by Salt and Rask-Andersen, 2004 and Salt, 
2005 has to be rejected”. We strongly disagree with both of these 
statements. The flow explanation described in their Figs. 2 and 3 that their 
subsequent arguments appear to disprove, appears to be of Wit and 
Hofman’s own making and is completely different from the interpretation we 
presented in our papers (Salt and Rask-Andersen, 2004 and Salt, 2005). We 
have never suggested that perilymph pressure changes could induce a flow 
between the sacculus and the endolymphatic sinus in the manner presented 
in their Fig. 3. This is simply a “straw man argument” in which the concept 
they disprove is of their own making and has no bearing on the interpretation 
we presented in our paper. 

In order to clarify the situation, we present in Fig. 1 a more complete 
explanation of the pressures and flows involved in our original interpretation. 
Fig. 1a diagrams the membranous endolymphatic structures (thin lines) 
within the non-compliant bony otic capsule (heavy lines). Since neither 
endolymph or perilymph are flowing at a high rate, it is reasonable to 
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assume that perilymph pressure (Pp) and endolymph pressure (Pe) are 
uniform throughout each fluid space of the system. To our knowledge, no 
pressure differences between different parts of the endolymphatic system 
(P1 − P2 in Wit and Hofman’s Fig. 2; P1 in Wit and Hofman’s Fig. 3) have 
ever been demonstrated. If the membranes exert a small pressure on the 
endolymph then Pe = Pp + Pm, as Wit and Hofman suggest, but as 
endolymph and perilymph pressures have been measured to be equal in the 
normal ear (Takeuchi et al., 1991 and Wit et al., 2000), Pm appears to be 
very close to zero unless endolymphatic hydrops has been induced. With 
communication present through the cochlear aqueduct, both Pp and Pe will 
be close to PCSF. Middle ear pressure (Pme) is assumed to be equal to 
atmospheric pressure (Po). Communication with compartments outside the 
labyrinth can occur through four major routes (with their reference pressures 
shown in parentheses): via the stapes (Pme), the round window membrane 
(Pme), the cochlear aqueduct (PCSF) and the endolymphatic duct (PCSF). In 
Fig. 1b we demonstrate the consequences of a pressure increase in 
perilymph. Perilymph pressure increases were induced in our fluid-injection 
experiments and also occur during tensor tympani muscle contractions that 
occur during swallowing. Tensor tympani contractions drive the stapes into 
the labyrinth for a period of approximately 0.5 s (Salt and DeMott, 1999). The 
pressure increase in the labyrinth (Ps) causes the round window membrane 
to be visibly displaced towards the middle ear. As perilymph pressure 
(Pp + Ps) will now exceed PCSF, perilymph will be driven through the cochlear 
aqueduct. Since the bounding membranes of endolymph are compliant, 
endolymph pressure (Pe + Ps) will similarly exceed PCSF and endolymph will 
also be driven from the sinus through the endolymphatic duct. Thus, contrary 
to Wit and Hofman’s argument, in this situation perilymph pressure change 
does induce an endolymph flow. A small loss of endolymph from the sinus, 
possibly combined with Bernoulli forces of the flow passing the sinus 
membrane near the duct opening, would cause the membrane to collapse 
towards the bone. When the membrane contacts the bony wall and obstructs 
further flow into the duct, this would account for the “valve-like” properties we 
observed experimentally. We further suggested (Salt, 2005) that the degree 
of distension of the endolymphatic sinus could play an important part in 
detecting endolymph volume changes, as more endolymph would be 
available to enter the duct if the endolymphatic sinus had previously been 
distended by an endolymph volume increase. To demonstrate the validity of 
this assertion, we have constructed a simple physical model in which the 
principle is demonstrated. A brief movie showing operation of this model can 
be viewed at http://oto.wustl.edu/cochlea/sinus/. 

In trying to reconcile the calculations of Hoffman and Wit, we can accept the 
mathematical argument given by Wit and Hofman (their Fig. 3) that flow only 
occurs when P5 > P4 (when the membrane pressure of the saccule is greater 
than that of the sinus), and that an increase in perilymph pressure (Pperi) has 
“no influence [on endolymph flow]”, but only for the situation where there is 
no outlet for endolymph from their chamber. In the presence of the outlet 
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shown (at the right side of their Fig. 3) and with P2 remaining constant, then 
an increase in Pperi must increase endolymph pressure in the sinus (no 
symbol given), causing a pressure gradient between the sinus endolymph 
and P2, thereby inducing flow out of the chamber. This is exactly what our 
original interpretation proposed. 

Finally, we agree there was an error in our paper that Wit and Hofman 
pointed out. Calibration bars in Figs. 7 and 8 were stated to be 25 µ when 
the correct figure should have been 250 µ. We apologize for this scaling 
error. 

 
Figure 1. 

A. Schematic of the inner ear with the compliant membranous 
boundaries of endolymph (thin lines) and the bony otic capsule 
(heavy lines). Abbreviations for structures are ST: scala 
tympani, SV: scala vestibuli, RWM: round window membrane. 
Pressure symbols are explained in the text. 

B. Pressure changes and volume flows (heavy arrows) resulting 
from contraction of the tensor tympani muscle. Due to the 
pressure gradients, perilymph will be driven out thought the 
cochlear aqueduct and endolymph will be driven out through 
the endolymphatic duct. 
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Abstract  
The first description of the presence of a utriculo-endolymphatic valve in 
human fetuses was given by Bast in 1928. Since then this valve-like 
structure is called Bast’s valve. Its exact function has not yet been 
established. The general opinion is that it has a protective function by having 
the possibility to separate the superior endolymphatic compartments of the 
labyrinth from the inferior compartment. 
Phylogenetically seen birds are the first vertebrates with a cochlear duct and 
a distinct inferior and superior part of the labyrinth. A structure in the pigeon 
inner ear, resembling Bast’s valve in mammals, is described. 
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Introduction 
The utriculo-endolymphatic valve at the anteromedial wall of the utricle, was 
discovered by Bast in 1928 in human fetuses (Bast, 1928).The utricular duct 
connects the utricle with the saccular space, close to the entrance of the 
endolymphatic duct. Bast (1937) suggested that the function of the valve 
was closing of the utricular end of the utricular duct. 
Up to now the exact function of the valve is still not established. Bast himself 
proposed rotation of the valve lip at its base, where it is made of loose 
periotic tissue, as the functional mechanism. With rising intra-utricular fluid 
pressure the valve closes by pressing the lip against the opposing utricular 
wall (Bast, 1937).  
A second theory proposes the opposing utricular wall as the functional part 
of the valve: Bending of the single cell layer of the highly compliant utricular 
wall opposite the lip is responsible for the opening or closure of the valve 
(Anson et al., 1927, Schuknecht et al., 1975, Hofman et al., 2008).  
In the early decades of the twentieth century some experimental results 
indicated a possible function of the valve. Bast (1934) reported two cases of 
ruptured saccules in human ears, resulting in a closed valve and an 
expanded utricle. Bast and Eyster (1935) withdrew endolymph from the 
cochlear duct of the guinea pig, causing a collapsed saccule and cochlear 
duct, while the utricle was distended and the valve closed. Konishi (1977) 
found open valves in the guinea pig at various stages of endolymphatic 
hydrops, after operatively obstructing the endolymphatic duct. 
Although there is no conclusive evidence up to now, Bast’s valve seems to 
be capable of protecting the utricle and the semicircular canal system when 
the, evolutionary younger, cochlear part of the system ruptures.  
In the evolutionary chain of on land living vertebrates amphibians and 
reptiles have hearing organs that are small specialized regions of their 
vestibular systems. In birds, with a cochlear duct, a clear distinction can be 
made between an inferior and a superior part of the labyrinth. If the function 
of Bast’s valve in mammals is a protective one, it is expected to find a similar 
structure in birds between the two parts of the labyrinth. 
Retzius (1881) made highly detailed drawings of the labyrinth of the pigeon 
and depicted the connection between the utricle and the saccule as a simple 
hole in a membrane. No utricular duct, nor a valve-like structure, is visible in 
figure 1. 
The drawing of Satoh (1917) of a light microscopic slide shows a somewhat 
more detailed view of the same region in the pigeon. But also in this drawing 
little evidence for a valve-like structure between utricle and saccule can be 
found (fig. 2). 
As part of a larger project to reconstruct the entire pigeon’s inner ear in three 
dimensions we investigated the transition region between utricle and saccule 
in detail using light microscopy. Our objective was to obtain detailed 
information on a structure which resembles Bast’s valve to some extend.  
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Figure 1. Drawing of the junction between the utricle and saccule seen 
from the utricular side by Retzius (1881) (arrow indicating the hole 
between the utricle and the saccule). 
 

 
Figure 2. Drawing of a light microscopical slide of the region between 
the utricle and saccule in pigeon by Satoh (1917) (s: saccule, Sp: 
posterior part of utricle, Tv: tegmentum vasculosum, dsu: utriculo-
saccular duct). 
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This structure consists of a duct between utricle and saccule, with an 
overhanging ridge and a slit-like opening on the utricular side of the duct. 
Detailed light microscopy results and 3D-reconstructions from the light 
microscopy slides of the structure and its location are presented.  
 

Materials and methods 
Three healthy pigeons (Columba Livia), with a weight of 400-500g, were 
used. Animal care and use were approved by the Experimental Animal 
Committee of Groningen University, protocol No. 2883, in accordance with 
the principles of the Declaration of Helsinki General anaesthesia was 
induced by intraperitonial administration of pentobarbital (6%, overdose, 
hospital farmacist). After decapitation, all inner ears were fixated in an 8% 
neutral buffered formalin solution (pH 7.34) for at least 24hours. 
Then the specimens were rinsed in aqua-dest. Decalcification in 
ethylenediaminetetraacetic acid 10% solution (EDTA; Sigma, ED5SS, pH 
7.4) took place at a temperature of 50°C in a microwave oven (T/T MEGA 
microwave histoprocessor, Milestone) in eight sessions of six hours. After 
decalcification the specimens were again rinsed with aqua-dest and 
dehydrated in a graded seven-step ethanol series (30%, 50%, 70%, 90%, 
96%, 100%, 100%). 
The specimens were embedded in HPMA (hydroxypropyl methacrylate, 
Polysciences Inc.) with addition of a catalyst (N, N-dimethlaniline, PEG 400; 
15:1, Fluka Chemie AG).  
As fiducial markers for 3D reconstruction five holes (diameter 0.5 mm) were 
drilled in the HPMA-block, perpendicular to the surface. Sections of 4 µm 
were cut and each 6th section was stained with toluidine blue and contrast-
stained with basic fuchsine to facilitate reconstruction. Sectioning was not 
automated (Microm microtome, Heidelberg). A total of 13 sections was used 
for 3-D reconstructions. 
  
The stored two-dimensional images were processed with an IMOD 
(http://bio3d.colorado.edu/imod) software package for 3D-reconstruction. 
Input of relevant contours in each 2D-image was manually performed with a 
writing tablet (Wacom Cintiq 15X). 
Stacking of the LM-slides was executed with MIDAS software for manual 
alignment and adjustment (MIDAS is part of IMOD), using the drilled fiducial 
markers as references. Corrections to be made were at most a few percent 
of the 2D-image cross section. If after 3D-reconstruction larger irregularities 
were observed, the MIDAS procedure was repeated for the relevant 
subsequent 2D-slides.  
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Results 
Figures 3a, b, c and d show subsequent (24 µm distance) light-microscopy 
images of a duct connecting the utricular and saccular spaces. The images 
show the shape at the uticular side of the entrance of the utricular duct. Also 
the utricular and saccular spaces and maculas can be seen.  
The valve-like structure inside the box in figure 3a is shown in more detail in 
figure 4. In this figure connective tissue (dense; non-compliant) in the valve-
lip surrounded by a single cell-layer and the opposing single cell-layer wall of 
cylindrical epithelia (hypodense; compliant), separating the perilymphatic 
space from the endolymphatic space in this region, can be distinguished. 
Furthermore an accumulation of toluidine dyed endolymph at the entrance of 
the duct can be seen.  
Figures 5 and 6 show the slit-shaped opening of the utricular duct at the 
utricular side. Figure 5 also shows the shape and course of the utricular 
duct.  
Figure 6 shows a raw 3D-reconstruction of the entrance of the utricular duct 
as seen from inside the utricle. 
 

 

 
Figure 3a, b, c and d. Subsequent light-microscopy sections of the 
entrance of the utricular duct. (s: saccule, us: utricular space, u: 
utricle) The structures inside the rectangular box are shown in more 
detail in figure 4. 
 

A B 

C D 
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Figure 4. Detail of figure 3a showing a valve-like structure consisting of 
a ridge overhanging the entrance of the duct (single asterix: compliant 
cylindrical epithelia tegmentum vasculosum, double asterix: 
overhanging ridge consisting of rigid non-compliant connective 
tissue). 

 

Figure 5. 3D-reconstruction the utricular duct. The duct is drawn open 
on both sides to give a good impression of the flat cylindrical shape of 
the duct. 
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Figure 6. 3D-reconstruction of the entrance (slit-like) of the utricular 
duct as seen from inside the utricule. The dashed white line follows 
the edge of the valve-lip overhanging the slit entrance. 

 

Figure 7. Schematic drawing by one of the authors (HPW) of the left 
whole labyrinth of the pigeon.The arrow marked with an asterix points 
toward the utricular duct and the region of the valve. BP: basilar 
papilla, CA: crista in anterior ampulla, CL: crista in lateral ampulla, CP: 
crista in posterior ampulla, ES: endolymphatic sac, ML: macula of the 
lagena, MN: macula neglecta, MS: saccular macula, MU: utricular 
macula. 
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Discussion 
As far as we know this is the first description of the utricular duct and a 
utriculo-endolymphatic valve-like structure in the bird. Satoh (1917) does 
indicate a utriculo-saccular duct (dsu in fig. 2), and although the figure shows 
some resemblance with figure 3b, the structure appears more like a hole 
than a duct and no clear valve-like structure is visible.  
The position of the duct in the whole labyrinth is shown in figure 7. Because 
we had only 2D-slides with in-between distances of 24 µm available the 3D-
reconstructions in figures 5 and 6 are not very detailed, but they give a fairly 
good impression of the shape of the entrance of the utricular duct at the 
utricular side. The ridge overhanging the slit in figure 5 appears as a 
relatively rigid structure. It is filled with rigid, non-compliant connective tissue, 
as can be seen in figure 4. This rigid structure, in combination with the more 
compliant cell-layer opposite to it, could function as a valve, like it is 
postulated to do so in mammals. 
The slit-shaped valve entrance at the urticular side (fig. 6) resembles this 
entrance in the guinea pig, as shown in figure 8 (Hofman et al., 2008). Bast 
(1937) also referred to this opening as slit-like in the guinea pig. 
Shape and diameter of the utricular duct are different in the guinea pig and 
the pigeon. In the guinea pig the shape of the duct is that of a flat funnel with 
a diameter in the order of 10 µm at its narrowest passage. In this way it 
could prevent rapid flow of endolymph. In the pigeon the shape of the duct is 
that of a tube with an elliptical cross section with a largest width of about 200 
µm along its whole course. 

 
Figure 8. 3D-reconstruction of the entrance (utriculo-endolymphatic 
duct/Bast’s valve) of the utricular duct in guinea pig as seen from 
inside the utricule (Hofman et al, 2008).  
 

Conclusion 
A structure comparable to the utriculo-endolymphatic (Bast’s) valve in 
mammals can be found in the pigeon. Like in mammals its function is 
possibly the protection of superior part of the labyrinth against endolymph 
loss caused by a rupture of the membrane surrounding the inferior part. 
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Abstract 
A survey of the pigeon (Colomba livia) inner ear structure and function is 
followed by detailed information on various inner ear structures obtained with 
light microscopy (LM). From stacks of LM-slides 3D-reconstructions of the 
complete pigeon inner ear anatomy (with true dimensions) are made. These 
reconstructions are compared with a 3D-reconstruction made with 
orthogonal-plane fluorescence optical sectioning (OPFOS) microscopy. 
Actual and voluminal measurements of the labyrinth are given. 
Combination of the 3D-reconstruction methodes gives accurate insight in 
pigeon gross anatomy. 
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Introduction  
Retzius (1881) and Satoh (1917) described the pigeon inner ear in detail. 
Their drawings, based on light microscopy, give a very good impression of 
the pigeon inner ear histology. Smith (1968) examined the pigeon inner ear 
ultrastructure, using the electron microscope, and Takasaka and Smith 
(1971) described the pigeon inner ear auditory receptor organ, the basilar 
papilla.  
Among others Werner (1938) and later Lim (1973) studied the avian 
vestibular maculae and otolithic membranes and cupulae. 
Overall views on the pigeon inner ear were obtained by Landolt et al. (1975) 
by gross dissection and photographing of the bony labyrinth. Measurements 
of the developing membraneous labyrinth of the chicken were performed by 
Bisonette et al. (1996), using a paint filling technique.  
No 3D-reconstructions from 2D-slides of the avian inner ear are available, 
therefore we review in this paper the morphology of the avian inner ear, 
using light microscopy (LM) and orthogonal plane fluorescence optical 
sectioning (OPFOS) to obtain 3D-reconstructions. Furthermore, detailed 
information on the histological morphology of Colomba livia (rock pigeon) will 
be given. 
 

Gross Anatomy  
The inner ear consists of a membranous labyrinth, which is embedded in the 
bony labyrinth. The two parts of the membranous labyrinth, the vestibular 
and the cochlear part, are filled with endolymph, a viscous fluid. The spaces 
between the bony and the membranous labyrinth (scala vestibuli and scala 
tympani) are filled with perilymph. 
The vestibular part of the inner ear consists of the three semicircular canals 
(lateral, anterior and posterior), the utricle and the macula neglecta. The 
cochlear part consists of the saccule and the cochlear duct, with the basilar 
papilla and the (vestibular) macula lagena. The semicircular canals arise 
from the utricle and widen into a cavity called the ampulla. Inside the ampulla 
the crista ampullaris is covered with the vestibulo-sensory epithelium. The 
anterior and posterior semicircular ducts meet at the common crus. The 
anterior duct is the longest of the three semicircular ducts. The utricular and 
saccular areas house vestibule-auditory sensory epithelia, the maculae 
saccularis and utricularis. The endolymphatic duct arises dorso-medially 
from the saccule (Fig. 1; Smith, 1985; Manley, 1990). 
 
Auditory system 
The cochlear duct has a slightly curved form in Columba with an apex-to-
oval window distance of approximately 5 mm. The auditory functional part of 
the cochlear duct is the basilar papilla (Takasaka et al, 1971). The smaller 
scala vestibuli and scala tympani, both filled with perilymph, communicate 
with each other on both the basal and apical side of the cochlear duct. The  
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Figure 1. Schematic drawing by one of the authors (HPW) of the 
pigeon’s left whole membranous labyrinth, seen from the lateral side. 
The arrow marked with an asterix points toward the utricular duct and 
the region of the utriculo-endolymphatic (Bast’s) valve. BP: basilar 
papilla, CA: crista in anterior ampulla, CL: crista in lateral ampulla, CP: 
crista in posterior ampulla, ES: endolymphatic sac, ML: macula of the 
lagena, MN: macula neglecta, MS: saccular macula, MU: utricular 
macula. 
 
scala vestibuli is connected with the middle ear cavity through the oval 
window, the scala tympani through the round window.  
The cochlear duct connects with the saccule through the sacculo-cochlear 
duct. The perilymphatic canal - the equivalent of the human cochlear 
aqueduct - connects the scala tympani with the subarachnoidal space. 
The basilar papilla exhibits three types of sensitive cells on the basilar 
membrane: the tall, the intermediate and the short hair cells; in pigeons 
approximately 9500 in total. All three types are connected to nerve fibres 
coming from cell bodies in the cochlear ganglion. All hair cells have a long 
kinocilium and several shorter stereocilia. The kinocilium of each hair cell is 
firmly connected to the tectorial membrane, which covers the basilar 
membrane along its entire length. The hair cells are surrounded by 
supporting cells (Tanaka et al., 1978).  
Inside the cochlear duct the tegmentum vasculosum is located opposite to 
the basilar papilla. It is a highly vascularised epithelium that secrets 
endolymph and is the equivalent of the mammalian stria vascularis. It 
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exhibits two types of cells: the flask-shaped dark cells with their abundance 
of mitochondria and apical microvilli, and the smooth light cells, without 
microvilli. It is supposed that these cells contribute to the endocochlear 
potential (Smith, 1985, Manley, 1990). 
 
Vestibular system 

1. The vestibular system of birds has the same function as in other 
vertebrates. The cristae ampullaris are responsive to angular 
acceleration, while the statoconial maculae are sensitive to linear 
acceleration and gravity. The statoconial membranes are a layer of 
glucopolysaccharide gel into which the hair bundles project. On top 
of these membranes lie the cylinder-shaped statoconia (Fig. 2). 
Maculae and cristae are attached to the bony labyrinth. 

2. The macula utriculi is supposed to be the major statoconial organ. It 
is larger than the macula sacculi and is covered with more than 
three times as many sensory cells (Rosenhall, 1970). On the macula 
two types of cells are present: type I hair cells with chalice-shaped 
nerve endings and the type II hair cells with button-like nerve 
endings. Type I hair cells are mostly found in the central region of 
the maculae.  

3. On the macula utriculi a curvi-linear landmark, called striola, can be 
seen. Hair cells have different orientations (defined by the position of 
the kinocilium) on opposite sides of the striola. 

4. The macula lagena is a boomerang-shaped neuroepithelium. It is 
located in the apical tip of the cochlear duct and consists of 
numerous hair cells which are embedded in a gelatinous statoconial 
membrane. The exact function of this macula is still unknown. It is 
supposed to play a role in sensing gravitational and accelerative 
stimuli, similar to the other maculae (Li et al., 2006). 

5. The crista ampullaris is a saddle-shaped ridge with its long axis in 
line with the semicircular canals (Landholt et al., 1975). It is covered 
with supporting cells and sensory hair cells. The hair bundle tips 
reach into the cupula, a gelatinous layer extending toward the roof of 
the ampulla (Fig. 3). The cristae of the two vertical canals are 
divided by the septum cruciatum. In pigeons this septum separates 
two distinctive areas, each with its own nerve fibres (Landholt et al., 
1975). The planum semilunarum is situated against the inner wall of 
the ampullae, surrounding the receptor area of the crista. It houses 
cuboidal cells secreting mucopolysaccharide as a binding substance 
for the cupula, and dark and light cells, resembling the cells in the 
tegmentum vasculosum. The dark cells play a role in endolymph 
homeostasis (Dohlman, 1964; Ciuman, 2009). 

6. The crista neglecta is also supplied with type I and II hair cells. The 
macula shows no striola. The macula neglecta is located in the  
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Figure 2. LM picture of the macula sacculi. From top to bottom 
statoconia (S), gelatinous layer (asterix) and hair cells (HC) can be 
distinguished. 
 

 
Figure 3. LM picture of the crista of the anterior semicircular canal 
(AAS). C: cupula. 
 

 
Figure 4. Overview LM picture of the utriculo-saccular area. DE: ductus 
endolymphaticus, MS: macula sacculi, MU: macula utriculi. 
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utricle close to the ampulla of the posterior semicircular canal. Its 
function is not well understood. (Smith, 1985, Manley, 1990) 

Just adjacent to the utriculosaccular duct arises dorsomedial the 
endolymphatic duct from the saccule (Fig. 4). The endolymphatic duct 
widens into the endolymphatic sac which is located dorsal to the fourth 
ventricle over the hindbrain. 
 

Materials and methods 
The research was executed between May 2003 and November 2004 in the 
Laboratory of the Otorhinolaryngology Head and Neck surgery department of 
the University Medical Center Groningen in Groningen, The Netherlands. 
Seven healthy pigeons (Columba livia) with a weight of 400-500g were used. 
Animal care and use were approved by the Experimental Animal Committee 
of Groningen University, protocol No. 2883, in accordance with the principles 
of the Declaration of Helsinki. General anaesthesia was induced by 
intramuscular administration of ketamine/xylazine (60/3.5 mg/kg). After 
decapitation, both inner ears were dissected and fixated in a 8% formalin 
solution and neutral buffered. 
Then the specimen was rinsed in aqua-dest. Decalcification in 
ethylenediaminetetraacetic acid 10% solution (EDTA; Sigma, ED5SS, pH 
7.4) took place at a temperature of 50°C in a microwave oven (T/T MEGA 
microwave histoprocessor, Milestone) in eight sessions of six hours. After 
decalcification the specimen was again rinsed with aqua-dest and 
dehydrated in a graded seven-step ethanol series (30%, 50%, 70%, 90%, 
96%, 100%, 100%). 
 
Sequel procedure for light-microscopy 
Three specimens were embedded in HPMA (hydroxypropyl methacrylate) 
with addition of a catalyst (N, N-dimethlaniline, PEG 400; 15:1). Around the 
inners ear various holes were drilled (diameter 0.5 mm) in the HPMA-block, 
perpendicular to the surface. These holes were references for 3D 
reconstruction.  
The 4 µm sections were stained with toluidine blue and contrast-stained with 
basic fuchsin.  
 
Sequel procedure for OPFOS-microscopy 
Spalteholz fluid, a 5:3 solution of methyl salicyclate (Sigma, M-6752) and 
benzyl benzoate (Sigma, B-6630) (Spalteholz, 1914), was used to achieve 
transparency of the remaining four specimens. The clearing process 
consisted of application of a succession of Spalteholz-ethanol solutions, 24 
hours each. The Spalteholz fluid fraction in the clearing session was 25%, 
50%, 75%, 100%, 100% successively. Hereafter the specimen was dyed in a 
fluorescent dye bath of Rhodamine-B Isothiocyanate (RITC; Sigma, R-1755). 
RITC absorbs maximally at 570 nm and emits at 595 nm. The dye bath was 
prepared by dissolving 1,0 mg/ml RITC into ethanol, followed by dilution in 
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Spalteholz fluid to a final dye concentration of 5 x 10-4 mg/ml (Voie et al., 
1993, 2003). The specimen was dyed for four days. After the dyeing process 
brain tissue and bony surplus was carefully dissected from the specimen, 
just leaving the bony labyrinth. 
 
OPFOS imaging 
A more extensive description of the OPFOS imaging system and procedure 
is given by Hofman et al. (2009). OPFOS for 3D-reconstruction of the 
cochlea was introduced by Voie et al. (1993, 1995). In short: a two-
dimensional (plane) laser bundle illuminates the transparent specimen. Light 
emitted by the fluorescent dye in a direction perpendicular to the laser 
bundle is focussed on a digital camera CCD, giving an image of one plane 
section of the specimen. By displacing the specimen subsequent sections 
are obtained, from which a 3D-reconstruction can be made. 
  
3-Dimensional reconstruction 
Two-dimensional stored images, obtained with OPFOS and with light 
microscopy, were processed with an IMOD for Linux 
(http://bio3d.colorado.edu/imod) software package for 3D-reconstruction. 
Input of relevant contours from the constituting 2D-images was manually 
performed with a writing tablet (Wacom Cintiq 15X). 
 

Results 
Histology 
The pigeon’s ductus endolymphaticus arises from saccule close to the 
saccular macula. It finds its way in dorsomedial direction through the 
temporal bone (Fig. 5). The saccus endolymphaticus is located in the layers 
of the dura mater (Fig. 6), between the hindbrain and the temporal bone. The 
large dimensions of the structure are noticeable. Various crypts and folds are 
seen in the endolymphatic sac (Figs. 6, 7). These crypts are mostly seen in 
the distal portion of the endolymphatic sac. They are supposed to account 
for the enlargement of the inner surface. The epithelia change from cuboid in 
the ductus, to intermediate, to eventually columnar in the saccus 
endolymphaticus (figs. 6, 8.) 
Figure 9 shows a light-microscopy image of the cochlear duct and the 
lagena. The slide shows a longitudinal image through the cochlear duct and 
partially through the sensory epithelia of the lagena. The ribbed structure 
opposing the basilar membrane is the tegmentum vasculosum. 
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Figure 5. LM picture of the ductus endolymphaticus (DE) passing 
through the temporal bone. SE: saccus endolymphaticus, TB: temporal 
bone. 
 

 
Figure 6. LM picture of various crypts and folds (asterixes) in the distal 
part of the saccus endolymphaticus. Between arrows: dura mater. 
 

 
Figure 7. Large (LM picture) magnification of distal portion of saccus 
endolymphaticus with various crypts and folds (asterixes). 
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Figure 8. LM picture of ductus endolymphaticus. The cuboid epithelia 
(right, small arrows) changes to intermediate (left, larger arrows). 
 

 
Figure 9. LM picture of a longitudinal section through the cochlear duct 
(CD) and partially through the sensory epithelia of the lagena (circle). 
The ribbed structure opposing the basilar membrane (BM) is the 
tegmentum vasculosum (TV). 
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3D-reconstruction 
The 3D-reconstructions of the avian inner ear show us the complexity of the 
labyrinth in true proportions. The 3D-reconstruction in figure 10 is build up 
from 270 light-microscopic coupes. In figure 11 some measures of the 
labyrinth(s) are given.  
Figure 12 shows a 3D-reconstruction of the pigeon endolymphatic space, 
constituted from OPFOS-microscopy slides. The figure shows shape and 
course of the semicircular ducts in good perspective.  
The volume, calculated with IMOD, of the saccus endolymphaticus is 0.3 µl. 
Calculated volumes of the entire endolymphatic space, the cochlear duct 
and the saccule are 6.0, 0.5 and 0.1 µl respectively (fig. 13). 
 

 
Figure 10. 3D-reconstruction of the membranous labyrinth based on 
light-microscopic coupes. AS: anterior semicircular duct, CC: crus 
commune, DC: ductus cochlearis, DE: ductus endolymphaticus, LS: 
lateral semicircular duct, PS: posterior semicircular duct, SE: saccus 
endolymphaticus. 
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Figure 11. 3D-reconstruction of both labyrinths based on 270 light-
microscopic coupes, with true dimensions. 
 

 
Figure 12. 3D-reconstruction of labyrinth based on OPFOS-microscopy 
slides. 
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Figure 13. Detailed 3D-reconstruction of part of the membranous 
labyrinth based on light microscopical slides. Yellow: ductus 
cochlearis, irregular/ribbed side is tegmentum vasculosum, light blue: 
sacculus, dark blue: sensory epithelia utriculus, ED: proximal side of 
ductus endolymphaticus, L: lagena, LA: lateral ampulla, US: utricular 
space. 
 

Discussion 
When comparing the two methods for 3D-reconstruction, a much smoother 
surface of the semicircular canals can be noticed in the 3D-OPFOS images. 
This is due to the much easier alignment of the OPFOS images and the fact 
that OPFOS specimens do not need to be cut by a microtome causing 
distortions (Hofman et al., 2009a).  
The shape of the semicircular ducts is far from semicircular. The ducts are 
not lying in a flat plane. This is very well visible in figure 13 for the anterior 
and the lateral canal. 
A valve-like structure in the pigeon, at the utricular side of the duct 
connecting the utricular and saccular spaces, resembling Bast’s valve in 
guinea pig, is described by Hofman et al. (2009b).  
Major disadvantage of the OPFOS methode, when applied to the pigeon 
inner ear, is the necessary dissection of non-transparent soft tissue around 
the labyrinth including neural tissue, part of the brain, duras etc. In this 
dissecting process the ductus-saccus-endolymphaticus-complex, despite of 
various meticulous attempts, could not be preserved undamaged.  
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The cochlear duct was very difficult to precisely reconstruct with OPFOS (fig. 
12), because of dispersion of the laser bundle by various layers of tissue. 
For this structure 3D-reconstruction based on light microscopical slides gives 
a much better result. Perfect alignment without distortion was possible, 
leading to the absence of irregularities (figs. 10, 11, 13).  
In our opinion, the combination of two 3D-reconstruction methodes gives an 
accurate insight in the gross anatomy of the Columba livia. 
The volumes calculated with IMOD for different compartments are given with 
an accuracy of no more than 2 digits, based on the estimated accuracy of 
voxel-size. 
Especially estimation of the endolymphatic sac volume is difficult. The crypts 
and folds account for an enlargement of the epithelial surface. The given 
number is based on contouring of the outer epithelial layer.  
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Conclusions and discussion 
 
With regard to the objectives postulated in the general introduction; 
 
Objective 1. Evolution of inner ear morphology 
Taxonomically speaking vertebrates are descendents of Craniata (animals 
with a skull). The investigated species, fish, reptile, amphibian, bird and 
mammal are not just descendents in this order. Amphibians and amniotes 
(tetrapods with a terrestrially adapted egg) originate from fish. Amniotes can 
be divided into mammals and reptiles, whereas birds originate from 
crocodiles. 
Remarkable is the evolvement of the auditory part of the labyrinth. From a 
small lagena in fish to a distinct lagena and cochlear duct in lizards and 
birds. The vestibular part of the labyrinth is a very stable feature in the 
described development. The ultrastructure of both the auditory and the 
vestibular system also appears to be stable factor. The lateral line organ in 
fish and some amphibians is an organ with the same ultrastructural 
components as the inner ear, but it is questionable if it is the precursor of the 
inner ear. The endolymphatic sac seems a feature of importance, because it 
is present in most species (except from primitive fish). 
 
Objective 2. Three dimensional reconstruction 
The spatial resolution of OPFOS-microscopy is about 20 µm (Voie, 2002). A 
better resolution can be reached with light microscopy. When a resolution of 
20 µm is sufficient, OPFOS microscopy is a superior technique for 3D-
reconstruction of inner ear structures in animals. 
OPFOS-microscopy is especially useful in depicting specimens containing 
bone, fluids and membranes. Small bony structures are easy to decalcify. 
For bigger bony structures the decalcification step in the described method 
must be prolonged. Soft tissue like fat, muscle and neural tissue can not be 
made transparent and thus can not be transluminated. Even after careful 
dissection, unremovable tissue forms shadows in the image. 
The whole-specimen character of the OPFOS-method makes it very suitable 
for 3D-reconstruction. The constituting 2D-images do not need to be 
“manually” rotated or stretched in order to achieve the best alignment for the 
3D-reconstruction of the specimen. Furthermore the whole-specimen 
character of the method results in absence of possible distortions due to 
blade-passages of the microtome, as can be the case in for instance light 
microscopy. 
The specimen can be suspended from a wire in the specimen-chamber in 
various positions and it can be illuminated from different angles by the laser 
beam. 
The prepared specimen can be used over and over again with a time limit of 
a few months. (Due to photo bleaching the fluorescence of the specimen will 
gradually decrease). 
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Objective 3. Insight in morphology and function inner ear 
Three dimensional reconstructions of the area of the round window 
membrane and the cochlear aqueduct of the guinea pig show that the 
membrane has a pouch-like extension. The tip of the membrane extension is 
adjacent to the opening of the cochlear aqueduct. The supposed function of 
this extension is a role in regulating flow resistance in the cochlear aqueduct 
as a function of inner ear fluid pressure. 
Three dimensional reconstruction of the utriculo-endolymphatic valve in 
guinea pig shows a rigid ‘arch-like’ configuration of its lip and a duct with the 
shape of a flattened funnel. In the direction of the endolymphatic duct and 
sac this funnel runs into a very narrow duct. The side opposing the valve lip 
has a thickness of only one cell-layer, and is as result highly compliant. It is 
most likely that opening or closure of the valve occurs through movement of 
the flexible base away from or toward the relatively rigid valve lip and not by 
movement of the lip itself. 
The described hydrodynamic model about the functioning of the 
endolymphatic sinus displays that an increase in perilymphatic pressure 
compresses the sinus. The resulting pressure increase inside the saccule 
will precisely counteract the pressure that tries to compress the sinus. 
Three dimensional reconstruction of the area between the utricle and 
saccule in pigeon shows a valve-like structure. Its appearance equals the 
appearance as described for guinea pigs. At the urticular side the valve is 
slit-shaped. The ridge overhanging the slit appears as a relatively rigid 
structure. 
When reconstructing the pigeon inner ear by means of OPFOS-microscopy 
the shape of the semicircular ducts appeared to be far from semicircular. 
The ducts are not lying in a one flat plane, especially not the anterior and the 
lateral canal. 
The cochlear duct in pigeon was precisely reconstructed based on light 
microscopical slides. Volumes of endolymphatic space, i.e. saccus 
endolymphaticus, cochlear duct, saccule and the entire endolymphatic 
space, are given. 
 

General discussion 
In search for a whole-specimen imaging technique to reconstruct the inner 
ear in three dimensions, Orthogonal-Plane Fluorescence Optical Sectioning 
(OPFOS; Voie et al. (1993)) appeared very useful. Due to soft tissue and 
bone characteristics in different animals OPFOS-microscopy also showed its 
imperfection. When accurately processed, light microscopy can be a useful 
addition in three dimensional reconstruction. 
OPFOS-microscopy is a very valuable tool in postmortem 3D-reconstruction 
of the inner ear in animals. In future work we are aiming for reconstruction of 
the human inner ear. The preparation of such a specimen will be much more 
time-consuming since the decalcifying process will take much more time. 
The specimen itself must be dissected very carefully. The excess of 
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temporal bone has to be drilled away to minimalize the bone diameter 
protecting the membranous inner ear. This will optimize the thickness of the 
tissue the LASER-beam has to pass through. The ultimate goal will be the 
reconstruction of the inner ear of a patient with Menière’s disease. Hopefully 
it will confirm the presence of a hydrops in the endolymphatic system as 
shown in a light-microscopical slide in chapter 1. 
 
Buytaert and Dirckx (2007, 2009) have improved OPFOS-microscopy with 
their High Resolution (HR)OPFOS-technique by strongly reducing slicing 
thickness, resulting in improvement of resolution by about five times.  
 
Three dimensional reconstruction of the round window membrane and the 
cochlear aqueduct shows a pouch-like extension. The aqueduct is 
obstructed at the middle ear side when the inner ear fluid pressure is low 
and the membrane is moving inwards. The loose connective tissue inside 
the aqueduct is stretched when the round window membrane moves 
outward, resulting in an open aqueduct due to low flow resistance (Wit et al., 
2003). These results sustain the findings that the resistance for fluid flow 
through the aqueduct is dependent on the position of the round window 
membrane (Feyen et al., 2004). 
 
The exact function of Bast’s valve remains uncertain. We believe, as do Bast 
(1937) and Schuknecht and Belal (1975), that a high perilymphatic pressure 
could close the valve by moving the opposing wall against the valve lip. The 
rigid structure of this lip (which is actually more an arch than a lip) suggests 
that the normal situation is an open entrance of the utricular duct. 
On the other hand if the normal situation is a closed valve, one could 
speculate that the true function of the valve is the maintenance of 
endolymphatic pressure in case of a catastrophe. For instance in superior 
canal dehiscence syndrome of perilymphatic leakage after high pressure 
trauma, the perilymphatic pressure will rapidly fall. As a consequence Bast’s 
valve will be opened. The endolymph will be redistributed to maintain 
function in both the vestibular as well as the auditory part of the labyrinth. 
In unpublished work on the Lizard inner ear, an utriculo-endolymphatic 
valve-like structure can be distinguished at the utricular side of the duct that 
connects utricle and saccule. It is reasonable to assume that the presence of 
a valve at exactly that location has a relation with the presence of a separate 
hearing organ. 
 
The main obstacle in the dispute about presumed function of the 
endolymphatic sinus is the absence of a possibility for outflow of endolymph 
in our hydrodynamic model. The inner ear is a closed, dense (bony labyrinth) 
entity, containing two closed fluid compartments (endolymphatic and 
perilymphatic space). Perilymph will disappear through the cochlear 
aqueduct when perilymphatic pressure exceeds the CSF-pressure. But the 
change of pressure exerted by perilymph on the endolymphatic compartment 
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is equally distributed over the whole endolymphatic compartment and thus 
will not give an opening or closure of the endolymphatic sinus. 
 
By means of the combination of 3D-reconstruction based on orthogonal-
plane fluorescence optical sectioning (OPFOS) microscopy (Voie et al., 
1993) as well as conventional light microscopy it is possible to reconstruct 
the whole pigeon inner ear. To our knowledge the presented figures are the 
first three dimensional reconstructions of the pigeon inner ear. 
 
The investigations for this thesis were started with the idea that studying the 
evolution of the inner ear, and in particular the evolution of its endolymphatic 
system, would yield insight in the importance of the endolymphatic system 
for inner ear homeostasis. For this purpose microscopic studies of the inner 
ears of various species were undertaken. The primary expectations of a 
possible wider insight in the pathogenesis of Menière’s disease, have failed. 
This thesis can also not offer these answers after almost a century of 
fundamental and clinical research.  
Structures like Bast’s valve, the entrance of the cochlear aqueduct and the 
endolymphatic sinus were reviewed for their morphology and (possible) 
function. This resulted in 3D-reconstructions of these specific parts and of 
entire endolymphatic systems. 
The investigations and literature reviews for this thesis demonstrated new 
information about the inner ear endolymphatic system.  
That the endolymphatic system is important for inner ear functioning can be 
concluded from the fact that it has not essentially changed during evolution, 
apart from some minor details. 
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Summary 

By reconstructing (parts of) the inner ear of guinea pigs and pigeons in three 
dimensions we evaluated the morphology and possible physiology of the 
endolymphatic and perilymphatic spaces.  
  
In chapter 1 the (human) inner ear anatomy is considered. The sensory 
epithelia of both the auditory as well as the vestibular system are located in 
the membranous labyrinth. This part is filled with endolymph. The main 
functioning part of both systems are the hair cells. Deflection of the cilia on 
the hair cells causes ion channels to open or close, resulting in de- or 
hyperpolarization of the cell membrane and a resulting neurotransmitter 
release. 
Menière’s disease, characterized by fluctuating, progressive, unilateral or 
bilateral, sensorineural hearing loss, unilateral or bilateral tinnitus and 
periodic episodes of vertigo was first described by Prosper Menière in 1861. 
Endolymphatic hydrops is presumed to be the histopathological basis of this 
disease. Can we learn something about the pathofysiology of Menière’s 
disease from an evolutionary point of view? 
 
In chapter 2 an overview is given on the changes seen in inner ear 
morphology in different animal classes. Immediate cause for doing this was 
the very detailed description of inner ears in almost one hundred animals by 
Retzius (1842-1919). (Das Gehörorgan der Wirbelthiere; morphologisch-
histologische Studien, 1881, 1884). 
Bergeijk (1967) proposed, in the acousticolateralis hypothesis, the 
evolutionary origin of the inner ear from the lateral line organ. Both organs 
have the same kind of ciliated sensory hair cells. Others (Wever, 1974) 
believe that the lateral line system and the labyrinth have evolved parallel. 
The membranous labyrinth of Fish is embedded in bone. It consists of seven 
sensory areas: the three cristae ampullares at the end of the semicircular 
canals, the utricular and saccular maculae, the lagenar macula and the 
macula neglecta. The maculas are scattered with thousands of hair cells. 
The hair cells are covered by a large otolith plate in the utriculus, the saccule 
and lagena. 
The endolymphatic duct is present in some fish, absent in others. In 
Elasmobranchs (sharks and rays) the endolymphatic duct/sac ends 
externally on the head of the fish. 
The membranous labyrinth in Lizards is captured in the otic capsule. The 
labyrinth can be divided in an utriclar and saccular part. The latter one 
exhibits a cochlear duct with a basilar papilla, likely the auditory part of the 
labyrinth. An equivalent of the endolymphatic duct/sac is seen in various 
lizards with various extensions. 
In Amphibians the membranous labyrinth is also embedded in a protective 
bony labyrinth. Besides the three cristae ampullaris, the saccule, the utricle 
and the lagena, two other sensory areas are present: the amphibian and 
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basilar papilla. The endolymphatic sac has a large extension to the vertebral 
column. The exact function of the endolymphatic sac (endolymphatic 
pressure regulation among others) is not known. 
 
In chapter 3 three dimensional-reconstruction based on light microscopy is 
compared with 3D-reconstruction based on OPFOS-microscopy. OPFOS-
microscopy-3D-reconstruction is superior to non-whole-specimen methods. 
Extensive 3D-reconstructions based on OPFOS microscopy, as well as on 
light microscopy, of the endolymphatic and perilymphatic spaces in guinea 
pig are presented. Measurements on the cochlear dimensions are given. 
The pro’s and con’s of OPFOS microscopy are discussed. 
 
In chapter 4 the 3D-reconstruction of the round window-cochlear aqueduct-
complex shows that the round window membrane of the guinea pig has a 
pouch-like extension in de cochlear aqueduct. The entrance of the aqueduct 
is obstructed when the inner ear fluid pressure is low and the membrane is 
moving inwards (with a resulting high flow resistance in the cochlear 
aqueduct). The entrance is open when the inner ear fluid pressure is high 
and the membrane is moving outward. 
The resistance for fluid flow through the aqueduct is dependent on the 
position of the round window membrane. 
 
In chapter 5 a model is presented (Letter-to-the-Editor) in which the 
endolymphatic fluid pressure in the endolymphatic sinus is compared to the 
perilymphatic fluid pressure. When the perilymphatic pressure is increased 
to compress the sinus, the pressure inside the saccule will increase with the 
same amount. The fluid pressure from the saccule toward the sinus will 
precisely counteract the pressure that tries to compress the sinus. 
The response to this letter is also presented. 
 
In chapter 6 the 3D-reconstruction based on OPFOS microscopy of the 
Bast’s valve-utricular duct-complex shows a rigid ‘arch-like’ configuration of 
the proximal end of the valve. The entrance of the duct is broad but small 
(funnel-like). This funnel quickly runs into a very narrow utricular duct. 
Furthermore the valve itself appears immobile and thus non-compliant. 
Opening and closure of the utricular duct is dependent on the membrane of 
the utricle and surrounding perilymphatic pressure.  
 
In chapter 7 the question is raised if pigeons also exhibit an equivalent of 
Bast’s valve. 3D-reconstructions based on light microscopical slides show a 
valve-like structure at the utricular side of the utricular duct. Its functioning 
appears to be the same as in mammals. 
 
In chapter 8 the inner ear of the Colomba Livia (rock pigeon) is 
reconstructed in three dimensions. We used a combination of both OPFOS 
microscopy as well as conventional light microscopy. Both methods give 
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detailed three-dimensional reconstructions of pigeon inner ear anatomy. 
Accompanying volumetric and dimensional measurements of endolymphatic 
spaces are made. 
 
In chapter 9 the objectives of this thesis are discussed. Besides this the 
findings and hypotheses mentioned in the chapters are commented and 
discussed. 
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Nederlandse samenvatting  
 
Door reconstructie in drie dimensies (3D) van (delen van) het binnenoor van 
cavia’s en duiven onderzochten we zowel de morfologie als de fysiologie van 
de endolymfatische en perilymfatische ruimtes in het binnenoor. 
 
In hoofdstuk 1 wordt het (menselijke) binnenoor beschouwd. Het 
sensorische epitheel van zowel het auditieve als het vestibulaire systeem 
zijn gelokaliseerd in het membraneuze labyrint. Dit labyrint is gevuld met 
endolymfe. Haarcellen zijn de belangrijkste structuren voor de 
signaaloverdracht van beide systemen. Afbuigen van de cilia van de 
haarcellen resulteert in het openen of sluiten van ionkanalen, hetgeen op zijn 
beurt de- of hyperpolarisatie van de celmembraan tot gevolg heeft. Dit 
resulteert vervolgens in neurotransmitteroverdracht. 
De ziekte van Menière, gekarakteriseerd door een fluctuerend, progressief, 
unilateraal of bilateraal perceptief gehoorverlies, uni- of bilaterale tinnitus en 
periodieke episodes van draaiduizeligheid werd voor het eerst beschreven 
door Prosper Menière in 1861. Endolymfatische hydrops is de 
veronderstelde histopathologische basis van deze aandoening. Wellicht 
kunnen we iets leren over deze histopathologie wanneer we de evolutie van 
het binnenoor - en in het bijzonder die van de vloeistofruimten erin - 
beschouwen. 
 
In hoofdstuk 2 wordt een overzicht gegeven van de veranderingen die het 
binnenoor laat zien in verschillende dierenklassen. Het werk van Retzius 
(1842-1919) (Das Gehörorgan der Wirbelthiere; morphologisch-histologische 
Studien, 1881, 1884), waarin hij bijna honderd binnenoren van verschillende 
dieren zeer gedetailleerd beschrijft was de aanleiding om een aantal van 
deze binnenoren te beschrijven. 
Bergeijk (1967) stelde in zijn acousticolateralis-hypothese dat de 
evolutionaire oorsprong van het binnenoor zich bevond in het zijlijnorgaan 
van vissen. Beide organen hebben dezelfde soort sensorische haarcellen. 
Anderen (Wever, 1974) geloven dat het binnenoor en het zijlijnorgaan 
parallel aan elkaar ontwikkeld zijn. 
Het membraneuze labyrint van vissen zit vast in bot. Het bestaat uit zeven 
sensorische gebieden; de drie cristae ampullares aan de distale zijdes van 
de halfcircelvormige kanalen, de sacculaire en utriculaire maculae, de 
macula van de lagena en de macula neglecta. De verschillende maculae zijn 
bezet met grote aantallen haarcellen. De haarcellen zijn bedekt met een 
otolietenplaat in de sacculus, de utriculus en de lagena. 
De ductus endolymfaticus is aanwezig in sommige vissen, maar weer niet 
aangelegd in alle vissen. In kraakbeenvissen (bijvoorbeeld roggen en 
haaien) eindigt de ductus/saccus endolymfaticus aan de buitenzijde van de 
kop van de vis. 
Het membraneuze labyrint van hagedissen is omgeven door een benig 
omhulsel. Dit labyrint kan verdeeld worden in een utriculair en een sacculair 
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gedeelte. Het laatst genoemde deel is voorzien van een ductus cochlearis 
waarin de basilaire papilla is gelegen, waarschijnlijk het auditieve deel van 
het labyrint. Het equivalent van de ductus/saccus endolymfaticus wordt met 
verschillende anatomische uitgroei in een aantal hagedissen aangetroffen. 
In amfibieën is het membraneuze labyrint eveneens verankerd in een 
beschermend benig labyrint. Behalve de drie cristae ampullares, de 
sacculus, de utriculus en de lagena zijn er nog andere sensorische gebieden 
aanwezig namelijk de amfibische papilla en de basilaire papilla. De saccus 
endolymfaticus bij kikkers heeft een grote anatomische doorgroei naar de 
wervelkolom. De exacte functie van de saccus endolymfaticus (waaronder 
mogelijk regulatie van de endolymfatische druk) is onbekend. 
 
In hoofdstuk 3 worden 3D-reconstructies op basis van lichtmicroscopie 
(LM) vergeleken met 3D-reconstructies op basis van Orthogonal Plane 
Fluorescence Optical Sectioning (OPFOS)-microscopie. 3D-reconstructies 
van OPFOS-microscopie blijken superieur aan 3D-reconstructiemethodes 
waarbij het preparaat niet intact kan worden gelaten (LM). Uitgebreide 3D-
reconstructies van de endolymfatische en perilymfatische ruimtes van de 
cavia, op basis van zowel LM als op basis van OPFOS, worden 
gepresenteerd. De dimensies van de cochlea worden gegeven. Ook de 
voor- en nadelen van OPFOS microscopie worden bediscussieerd. 
 
In hoofdstuk 4 wordt een 3D-reconstructie van het ronde venster-
aquaductus cochlearis-complex van de cavia getoond. Deze laat een 
zakvormige verlenging van het ronde venster zien, welke in de aquaductus 
cochlearis eindigt. De ingang van de aquaductus wordt geobstrueerd 
wanneer de binnenoorvloeistofdruk laag is en het venster naar binnen 
beweegt (met een hoge stromingsweerstand in de aquaductus cochlearis tot 
gevolg). De ingang is open wanneer de binnenoorvloeistofdruk hoog is en 
het venster uitbolt in de richting van het middenoor. 
De weerstand voor de vloeistofstroom in de aquaductus cochlearis wordt 
gereguleerd door de stand van het ronde venster. 
 
In hoofdstuk 5 wordt een model gepresenteerd (gepubliceerd als een 
Letter-to-the-Editor) waarin de endolymfatische vloeistofdruk in de sinus 
endolymfaticus wordt vergeleken met de perilymfatische vloeistofdruk. 
Wanneer de perilymfatische vloeistofdruk stijgt en de sinus endolymfaticus 
gecomprimeerd zal worden, zal de druk in de sacculus in dezelfde mate 
stijgen. De vloeistofdruk van de sacculus naar de sinus endolymfaticus zal 
precies de druk teniet doen die de sinus endolymfaticus zou comprimeren. 
Het antwoord op de Letter-to-the-Editor is eveneens opgenomen. 
 
Hoofdstuk 6 toont met een 3D-reconstructie op basis van OPFOS 
microscopie het klep van Bast-ductus utricularis-complex en het 
boogvormige karakter van het uiteinde van de klep van Bast. De ingang van 
de ductus is wijd, maar plat (trechtervormig). De trechter eindigt snel in een 
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zeer nauwe ductus utricularis. De klep zelf lijkt star en dus immobiel te zijn. 
Het openen en sluiten van de ductus utricularis is afhankelijk van de 
membraan van de utriculus en de perilymfatische druk die daarop 
uitgeoefend wordt. 
 
In hoofdstuk 7 wordt de vraag opgeworpen of het binnenoor van de duif 
eveneens voorzien is van een equivalent van de klep van Bast. 3D-
reconstructies op basis van LM-coupes laten een klepachtige structuur zien 
aan de utriculaire zijde van de ductus utricularis. Het functioneren van deze 
structuur lijkt hetzelfde te zijn als van zijn equivalent in zoogdieren. 
 
In hoofdstuk 8 is het binnenoor van de Columba livia (rotsduif) 
gereconstrueerd in drie dimensies. We hebben gebruik gemaakt van zowel 
OPFOS-microscopie als conventionele lichtmicroscopie. Beide methoden 
geven gedetailleerde 3D-reconstructies van het duivenbinnenoor. 
Aanvullend zijn er metingen verricht van volumina van verschillende 
endolymfatische ruimten. 
 
In hoofdstuk 9 worden de doelstellingen van dit proefschrift bediscussieerd. 
Daarnaast worden bevindingen en gestelde hypotheses, genoemd in de 
verschillende hoofdstukken, becommentarieerd en bediscussieerd. 
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Dankwoord 
 
Op deze plek in het proefschrift wil ik iedereen die heeft bijgedragen aan de 
totstandkoming van dit proefschrift bedanken. Een aantal wil ik in het 
bijzonder noemen. 
 
Prof. Dr. Ir. H.P. Wit, beste Hero, de immer draaiende motor achter dit 
proefschrift. Zonder jouw kennis, ideeën, inzicht, overpeinzingen, interesse, 
vragen, antwoorden, ondersteuning, educatieve vaardigheden en 
onnavolgbare inzet was dit proefschrift er nooit geweest. Zeer inzichtgevend 
en verduidelijkend vind ik de manier waarop je complexe, fysische materie 
kan omzetten in eenvoudige, begrijpelijke modellen of figuren. Al dan niet 
vergezeld van plakband en vouwpapier. Je stond altijd, tijdens of buiten 
werktijd, voor mij klaar om even een korte vraag te beantwoorden of 
uitgebreide uiteenzettingen over mogelijke werkingsmechanismen aan te 
horen. Heel erg hartelijk wil ik je voor dit alles danken. Vooral omdat ik als 
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Abbreviations 
 
2D    two-dimensional 
3D    three-dimensional 
A    ampulla 
AA(C)    anterior ampulla(r) (crista) 
AN    auditory nerve 
AP    amphibian papilla 
AS    anterior semicircular duct 
ASA    anterior semicircular ampulla 
B    brain 
BE    beam expander 
BP    basilar papilla 
C    columella auris 
CA                           crista in anterior ampulla/crista  

ampullaris/cochlear aqueduct 
CC    crus communis 
CCD    charge coupled device 
CD    cochlear duct 
CL    cylindrical achromat/crista in  

lateral ampulla 
CP    crista in posterior ampulla  
CSF    cerebrospinal fluid 
CT    computed tomography 
Cup    cupula 
DC    ductus cochlearis 
DE    ductus endolymphaticus 
DR    ductus reuniens 
dsu    utriculo-saccular duct  
ED    endolymphatic duct 
EDTA    ethylenediaminetetraacetic acid 
ES     endolymphatic space/sac 
ESi    endolymphatic sinus 
FS    field stop 
FTS    focusing translation stage 
HA(C)    horizontal ampulla(r) (crista) 
HSA    horizontal semicircular ampulla 
HC    hair cell 
He-Ne    helium-neon 
HPMA    hydroxypropylmethacrylate 
HPW    Hero P. Wit 
HROPFOS   high resolution OPFOS 
IHC    inner hair cells 
IMOD    image modeler 
IPC                       inner pillar cells 
L                           lagena/limbic lip 
LA                        lateral ampulla 
LASER                  light amplification by stimulated emission of radiation 
LM    light microscopy/lagenar macula 
LS lateral semicircular duct 
ME middle ear 
MIDAS manual image deformation and alignment system 
ML    macula of the lagena  
MN    macula neglecta  
MRM    magnetic resonance microscopy 
MS    saccular macula  
MU    utricular macula  
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N    nerve fibers 
NVIII    eighth nerve 
O    object 
OD    otic duct 
OHC    outer hair cells 
OL    objective lens with colour filter 
OPC    outer pillar cells 
OPFOS  orthogonal plane fluorescense optical sectioning 
OS    otic sac 
OTS    object translation stage 
OW    oval window 
PA(C)    posterior ampulla(r) (crista) 
PD    periotic duct 
PS  perilymphatic space/posterior semicircular duct 
PSA    posterior semicircular ampulla 
P0    atmospheric pressure 
PCSF     cerebrospinal fluid pressure 
Pe    endolymph pressure 
Pm    membrane pressure 
Pme    middle ear pressure 
Pp    perilymph pressure 
pperi    perilymphatic pressure 
Ps    stapes pressure 
RH    Rutger Hofman 
RITC    rhodamine-B isothiocyanate 
RM    Reissner’s membrane 
RW    round window 
RWM    round window membrane 
RWME    round window membrane extension 
S    saccule/statoconia 
SC    sensory cell 
SCC    semicircular canal 
SE    saccus endolymphaticus 
SEM    scanning electron microscopy    
SM    saccular macula/scala media 
Sp    posterior part of utricle 
SS    saccular space 
ST    scala tympani 
StV    stria vascularis 
SuC    supporting cell 
SV    scala vestibuli 
TB    temporal bone 
TM    tectorial membrane 
TS    tympanic space 
TV    tegmentum vasculosum 
U    utricle 
UD    utricular duct 
UM    utricular macula 
US    utricular space 
USD    utriculo-saccular duct 
USF    utriculo-saccular foramen 
VS    vestibular space 
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