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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 



Chapter 8  

 
 

99 

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). 



Chapter 8  

 
 
105 

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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