
 

 

 University of Groningen

Three-dimensional guinea pig and pigeon inner ear reconstruction
Hofman, Rutger

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2009

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Hofman, R. (2009). Three-dimensional guinea pig and pigeon inner ear reconstruction. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/a0943062-805e-4656-878b-f0d2cdeda3b5


        Chapter 2 
 
 
 
 
 
 
 
 

Inner ear evolution 



Chapter 1 

 
 

20 



Chapter 2 

 
 

21 

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. 
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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. 
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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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