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ABSTRACT 

 
 
Our knowledge of the fine structure of the Human Spiral Ganglion (HSG) is still inadequate 
and new treatment techniques for deafness using electric stimulation, call for further 
information and studies on the neuronal elements of the human cochlea. This thesis 
presents results of analyses of human cochlear tissue and specimens obtained during 
neurosurgical transpetrosal removal of life-threatening meningeomas. The use of surgical 
biopsies produced a well-preserved material suitable for ultrastructural and 
immunohistochemical studies on the human inner ear. The SG was studied with respect to 
fine structure, using TEM technique and the immunostaining pattern of synaptophysin, 
which is an integral membrane protein of neuronal synaptic vesicles. The immunostaining 
patterns of the tight junctional protein ZO-1 and the gap junctional proteins Cx26 and Cx43 
in the human cochlea were also studied. The ultrastructural morphology revealed an 
absence of myelination pattern in the HSG, thus differing from that in other species. 
Furthermore, formation of structural units as well as signs of neural interaction between the 
type 1 neurons could be observed. Type 1 cells were tightly packed in clusters, sharing the 
ensheathment of Schwann cells. The cells frequently made direct physical contact in 
Schwann cell gaps in which membrane specializations appeared. These specializations 
consisted of symmetrically or asymmetrically distributed filamentous densities along the 
apposed cell membranes. The same structures were also present between individual 
unmyelinated nerve fibres and the type 1 cells. Synapses were observed on the type 2 
neurons, with nerve fibres originating from the intraganglionic spiral bundle. Such 
synapses, though rare, were also observed on the type 1 cells. The ultrastructural findings 
were confirmed by the synaptophysin study. A 3-D model of a Schwann cell gap between 
two type 1 cells was constructed, describing the distribution pattern of membrane 
specializations. In the immunohistochemical studies on the human cochlea, ZO-1 was 
expressed in tissues lining scala media, thus contributing to the formation of a closed 
compartment system, important for the maintenance of the specific ionic composition of the 
endolymph. Protein Cx26 could be identified in non-sensory epithelial cells of the organ of 
Corti, in connective tissue cells of the spiral ligament and spiral limbus, as well as in the 
basal and intermediate cell layers of stria vascularis. Cx26 in this region may be involved 
in the recycling of potassium. Protein Cx43 stained weakly in the spiral ligament, but 
intense staining in the SG may indicate that gap junctions exist between these neurons. A 
different functional role for the HSG can be assumed from the morphological 
characteristics and the signs of a neural interaction between the SG cells. This might be 
relevant for neural processing mechanisms in speech coding and could have implications 
for cochlear implant techniques. 
 
Keywords: human spiral ganglion, ultrastructural morphology, neural interaction, 
synaptophysin, connexin, membrane specializations, synapse, gap junction, tight junction.  
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INTRODUCTION 
 
 
PRESENTATION 
 
The spiral ganglion (SG), resting in the bony centre of the cochlea, contains 
the spirally arranged cell bodies of the neurons that link the auditory 
receptor cells to the central auditory pathways in the brain stem. The fine 
structure of the SG has been studied in several different species but the 
human spiral ganglion (HSG), under both normal and pathological 
conditions, has not yet been exhaustively investigated. One of the main 
reasons is the methodological difficulty of achieving well-preserved 
material. Nerve tissue is highly sensitive to anoxia causing early post-
mortem changes and a condition for a good result is early fixation of fresh 
tissue, which is difficult to achieve when using human material. Another 
stumbling block is that the parts of the inner ear which are of interest to us 
are situated within the hardest bone of the body, causing difficulties in 
preparation. Reports on the ultrastructural morphology of the SG are thus 
remarkably few and the material often poorly preserved. 
 
Our knowledge of the normal SG ultrastructure is based on earlier studies 
such as observations in human fetuses (Reinecke, 1966; Kellerhals et al., 
1967), newborns (Arnold, 1982) and adults (Ylikoski et al., 1978; Kimura et 
al., 1979; Ota & Kimura, 1980; Arnold, 1987; Spoendlin & Schrott, 1989; 
Nadol et al., 1990). Ultrastructural pathologic morphology has been studied 
in e.g. Menières disease (Kimura et al., 1976), Alport’s syndrome 
(Weidauer & Arnold, 1976), Usher’s syndrome (Nadol, 1988b), long-
standing sensorineural deafness (Nadol, 1977, 1990) and presbyacusis 
(Nadol, 1979a). Structural changes due to the administration of ototoxic 
drugs such as loop diuretics have also been studied (Arnold et al., 1981). 
Early post-mortem injection of fixative into the perilymphatic space is the 
most common approach in human subjects, but the interval between death 
and fixation varies between 30 min and several hours. Harvesting of 
material during surgery reduces the time between deoxygenation and 
fixation. In this study cochleae from normally hearing patients were 
removed during surgery for large life-threatening petroclival meningeomas, 
the interval from dissection to fixation varying from 20 to 30 minutes, 
resulting in good preservation of the neural tissues. 
 
The structure of the SG is largely similar in different species, though there is 
considerable variety in the ganglion cell’s appearance. However, the 
morphology of the HSG differs decisively from that of other species studied 
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so far. The differences concern myelination patterns, clustering of ganglion 
cells into structural groups, synapses and other signs of neural interaction 
within the SG. These features may indicate that the electricity of the HSG 
differs from that in other animals studied so far. 
 
The SG needs to be viewed in its context, which includes the cochlear organ 
and its anatomy, physiology and innervation. These items will be addressed 
first, as well as a brief historical review. Various membrane specializations 
will be described, including immunohistochemical characterization of 
membrane junctional proteins. 
 
 

 
 
Figure 1. Plastic mould of a left human inner ear; superior view.  
The cochlea, vestibule, semicircular canals and vestibular aqueduct are 
visible, as are the facial canal and geniculate ganglion. Preparation, H. 
Wilbrand and K. Wadin; photo, C. Bäck. 
 
 
 

 10



HISTORY 
 
Ever since the discovery of the cochlea by Bartholomeus Eustachius in 1552 
the morphology and physiology of the organ has interested many scientists 
worldwide. There were many speculations regarding its function but it was 
not until the 19th century, concurrent with the development of light 
microscopy and modern histological techniques, that a more detailed 
analysis became possible. Descriptions of the inner ear structures soon 
followed and in 1823 F. C. Rosenthal described the canalis spiralis modioli, 
later named Rosenthal’s canal (Moralee, 1996). In 1824 Huschke discovered 
the papilla spiralis acoustica or the basilar membrane and in 1851 Corti 
described the sensory epithelium of the organ of hearing which was later 
named after him. He also detected the outer hair cells, stria vascularis and 
the tectorial membrane as well as the SG, consequently also known as the 
ganglion of Corti. Deiters discovered the inner hair cells in 1860 and Leydig 
was first to describe hair cell stereocilia. In 1863 Hensen measured the 
width of the basilar membrane and concluded that high and low pitch 
sounds were represented at the base and apex of the cochlea, respectively. 
He also showed that the hair cells were provided with nerve endings and in 
1884 Retzius showed that they terminate at the basal ends of the hair cells 
and concluded that they are the actual receptors of the organ of hearing. 
Hensen and Retzius morphometric data of the cochlea are still largely valid 
(Gitter & Preyer, 1991). 
  
In 1862 Helmholtz proposed his famous theory of hearing in which the 
cross-strings of the basilar membrane function as a series of resonators 
where each string is specifically attuned to a single wave movement of air 
particles. This theory, called Helmholtz-Hensen resonance theory, was 
modified in 1928 by von Békésy who proposed the travelling-wave theory 
of the basilar membrane for which he was awarded a Nobel Prize in 1961. 
In 1930 Wever and Bray described stimulus-evoked electrical currents near 
the cochlea with a wave form similar to that of the original sound stimulus. 
This phenomenon was termed ‘cochlear microphonics’ and according to 
calculations by Gold in 1945 an active mechanical amplification would be 
required for such a fine tuning in the cochlea (Gitter & Preyer, 1992). 
 
In 1926 Held discovered two different types of nerve fibre in the cochlea 
and Kolmer proposed the same year that apart from afferent nerve fibres 
there might also be an efferent innervation. This was confirmed by 
Rasmussen in 1942.  
In the early 1980s, cochlear physiology and the role of efferent innervation 
were still poorly understood, until the discovery of electromotility in 
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isolated outer hair cells (Brownell et al., 1985). Gold’s prediction of 1945 
thus proved right and brought a totally new understanding of cochlear 
function. 
  
 
 
COCHLEAR ANATOMY 
  
 
The bony cochlea resembles a snail-shell whose size and number of whorls 
differ between species. From the central bony axis or modiolus extends a 
bony ledge, the lamina spiralis. From the free edge of the ledge, two 
membranes stretch to the outer wall of the spiral canal forming three fluid-
filled compartments or ducts. One of these membranes lies in the same 
plane as the spiral lamina and constitutes the basilar membrane separating 
scala media and scala tympani and supports the organ of Corti. The other is 
Reissner’s membrane which is the roof of scala media, separating it from 
scala vestibuli. The tympanic and vestibular ducts communicate by a small 
fenestra at the apex, called helicotrema and they both contain perilymph 
whose composition resembles blood serum or extracellular fluid. The 
cochlear duct or scala media contains endolymph resembling extracellular 
fluid but with a high potassium concentration. The endolymph composition 
is dependent on active secretion of potassium ions from stria vascularis 
which is a specialized and highly vascularized epithelial layer in the lateral 
wall. The scala vestibuli communicates at its base (the vestibule) with the 
middle ear by the fenestra ovalis, while scala tympani terminate at its lower 
end in the fenestra rotunda. 
 
The organ of Corti is seated on the basilar membrane and consists of the 
sensory cells, called hair cells, neurons, and a variety of supporting cells. 
Inner hair cells (IHC) and outer hair cells (OHC) are seen on either side of 
the tunnel of Corti which is limited by two rods or pillars inclining toward 
each other, running through the entire length of the cochlea and merging at 
its apex. The human cochlea has approximately 3,500 IHCs and 12,000 
OHCs (Retzius, 1884). IHCs are arranged in a series forming a single row, 
whereas OHCs form series of three or four rows. The IHCs are surrounded 
by their supporting cells, while the OHCs are firmly seated on Deiters’ 
cells. Their lateral membranes are in direct contact with the cortilymph, a 
fluid whose composition is probably identical with perilymph, which fills 
the tunnel of Corti and the spaces of Nuel (Nadol, 1979b). The cuticular 
plate of the hair cells, along with the heads of the pillars, the phalangeal 
processes of Deiters' cells and the apical membranes of other supporting 
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cells e.g. Hensen’s cells, form the reticular lamina which separates the 
cortilymph from the endolymphatic compartment. The tectorial membrane 
covers the hair cells embedding the tips of the tallest OHC stereocilia. 
 

 
 
Figure 2. Schematic drawing of the cochlear anatomy 
Top left inset: Mid-modiolar section of the human cochlea showing the 
acoustic nerve. The main figure (shown in the framed area) illustrates the 
cochlear duct and the organ of Corti. The spiral ganglion is visible in the 
bottom left corner. Abbreviations: Spiral ganglion (Spg), Inner sulcus (Is), Inner hair 
cell (IHC), Outer hair cells (OHC), Tectorial membrane (Tm), Tunnel of Corti (Tc), Deiter 
cells (DC), Hensen cells (HC), Outer sulcus (Os), Spiral ligament (Spl), Spiral prominence 
(Spp) 
 
In the modiolus lies the spirally formed canal of Rosenthal containing the 
cell bodies of the spiral ganglion. The peripheral processes of its neurons 
and olivocochlear nerve fibres from the brain stem extend through the 
osseous spiral lamina to the organ of Corti, penetrating the basilar 
membrane at the habenula perforata, where all myelinated fibres lose their 
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myelin sheath. The central processes reach the cochlear nucleus, forming 
part of the eighth cranial nerve. 
 
The spiral modiolar artery, deriving from the anterior inferior cerebellar 
artery and the labyrinthine artery, is the main vascular supply of the cochlea. 
Branches from this artery course over scala vestibuli to vascularize the 
lateral wall and stria vascularis. Another branch runs into the area of the 
spiral limbus and basilar membrane. Another group of vessels spiral beneath 
the basilar membrane to supply oxygen to the organ of Corti. Collecting 
venules, predominantly in scala tympani, drain to the spiral modiolar vein 
and then the inferior cochlear vein running parallel to the cochlear aqueduct 
which debouches into the jugular vein bulb.  
Cochlear innervation is described in a separate chapter.  
 
 
 
COCHLEAR PHYSIOLOGY 
 
 
The ossicular chain ensures the transmission of acoustic energy from the air 
and tympanic membrane to the cochlear fluids by the foot of the stapes in 
fenestra ovalis. Sonorous vibrations are transmitted from the stapes to the 
perilymphatic fluids in the vestibule, pass up the cochlear spiral through 
scala vestibuli and down through scala tympani, terminating at fenestra 
rotunda where they fade. The vibration energy is transmitted to the basilar 
membrane and converted into neural signals in the auditory receptors. 
Depending on the frequency, the vibration has a maximum effect at 
different points along the basilar membrane, due to its increasing width and 
decreasing thickness from base to apex of the cochlea. This passive 
tonotopy underlies the Helmholtz-Hensen resonance theory of audition. By 
estimating the volume elasticity of the basilar membrane, Békésy concluded 
in 1928 that the type of vibration responsible for the membrane movements 
had to be a travelling wave. 
 
The difference in ionic composition between endolymph and perilymph 
results in an electro-chemical gradient of roughly +80 mV, accounting for 
hair cell depolarization. Depolarization of the hair cells is based upon the 
opening of cationic channels probably located on top of the stereocilia. 
When they bend toward stria vascularis, potassium ions can enter the 
channel to depolarize the cell. Potassium ions may then be actively recycled 
by the supporting cells and fibroblasts in the connective tissue, and be 
secreted back to the endolymph by strial marginal cells and interdental cells 
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of the spiral limbus, thus maintaining a high potassium concentration in the 
endolymph (Spicer & Schulte, 1996, 1998; Kelley et al., 2000; Santos-
Sacchi, 2000).   
 

 
 
Figure 3. Cochlear physiology (see main text). 
 
The current theory regarding the function of Corti’s organ is based on the 
discovery of electromotility in OHCs (Brownell et al., 1985). This is caused 
by voltage-gated conformational changes in the OHC lateral membrane 
motor protein, called prestin (Zheng et al., 2000), coupled with a sub-
plasma membrane cytoskeleton spring, capable of inducing a shortening in 
length (Santos-Sacchi, 1988; Pujol, 1989; Dallos, 1992; Liberman et al., 
2002). This energy is then transferred to the basilar and tectorial membranes 
due to a tight coupling of OHCs with supporting cells and the reticular 
lamina. The tips of the tallest OHC stereocilia are also firmly embedded in 
the tectorial membrane. By enhancing the mechanical movement, this active 
mechanism feeds energy back into the organ of Corti and the IHCs which 
are excited by activation of their stereocilia. The IHC_auditory nerve 
synapse is then activated, transmitting the signal to the auditory nerve and 
the cochlear nucleus of the brain stem. The OHC active mechanism shifts 
the maximum site of vibration by about half an octave, which is amplified 
by about 50 dB and remarkably well tuned. The mechanical coupling is 
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much stronger at the cochlear base than at its apex, which means that this 
mechanism is less important for low frequencies (Pujol, 1997). This new 
theory explains the exquisite properties of sensitivity and frequency 
selectivity that distinguish the organ of Corti. 
 
 
 
COCHLEAR INNERVATION 
 
 
The innervation of the cochlea consists of three components (Spoendlin, 
1979): 
 
1) The afferent innervation of inner and outer hair cells passes through 
SG neurons transmitting auditory signals centrally to the brain stem. There 
are two types of ganglion cells, denoted type 1 and type 2. As evaluated by 
horseradish peroxidase (HRP) technique and denervation studies, type 1 
cells appear to innervate exclusively IHCs, whereas the type 2 cells 
innervate exclusively the OHCs.  
2) Efferent innervation deriving from the ipsi- and contralateral superior 
olivary complex, reaches the periphery together with the vestibular nerve, 
crosses over to the cochlear nerve within the internal acoustic meatus 
through the anastomosis of Oört, ultimately terminating on the nerve 
terminals at the base of inner hair cells and outer hair cells. 
3) Adrenergic innervation, originating in the cervical sympathetic trunk 
and Stellate ganglion, also reaches the cochlea. 
 
 
Afferents  

 
Almost all (90-95%) afferent neurons of the cochlear nerve are associated 
with the IHCs and only a small minority (5-10%) with the OHCs 
(Spoendlin, 1979, Kiang et al., 1984; Brown, 1987a). Each IHC is 
innervated by about ten mostly unbranched individual afferent neurons and 
each OHC is innervated by branches from several neurons, each of which 
participates in the innervation of about ten OHCs. The pattern of innervation 
is therefore radically different between inner and outer hair cells, with a 
great degree of divergence (1:10) in the IHC system and a considerable 
convergence (10:1) in the OHC system. 
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Figure 4. Cochlear innervation (see main text) Modified from a drawing by 
Lorente de Nó in 1937.  
  
 
Efferents 
 
The human vestibular nerve contains efferent nerve fibres terminating in 
both cochlear and vestibular sensory organs (Rasmussen & Gacek, 1958; 
Gleisner & Henriksson, 1963). The efferent, mostly unmyelinated nerve 
fibres to the cochlea, called the olivocochlear bundle, leave the vestibular 
trunk just beyond the saccular ganglion and enter the cochlea by way of the 
vestibulocochlear anastomosis (Oört, 1918). The efferent innervation of the 
organ of Corti consists of two separate systems, the lateral and medial 
efferent systems. Medial efferents are larger nerve fibres with a basically 
radial distribution innervating OHCs, whereas nerve fibres belonging to the 
lateral efferents are smaller, showing a spiral distribution near the IHCs 
(Spoendlin, 1972, 1975, 1979; Arnesen & Osen, 1984a, 1984b; Brown, 
1987b; Ryan et al., 1987; Pujol, 1994; Wilson et al., 1991; Warr et al., 
1986, 1997).  
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Thus from a functional point of view there are two parallel sensory auditory 
systems_ the radial afferent/lateral efferent system of the IHCs, and the 
spiral afferent/medial efferent system of the OHCs (see below). 
 
 

 
Figure 5. Organ of Corti innervation (see main text) 
Abbreviations: Inner hair cell (IHC), Outer hair cell (OHC), Inner spiral fibres (IS), Inner 
radial fibres (IR), Tunnel spiral fibres (TS), Tunnel of Corti (TC), Tunnel radial fibres (R), 
Basilar fibres (B), Outer spiral fibres (OS). Modified from Spoendlin 1979. 
 
 
Adrenergic innervation 
 
There are two different types of adrenergic innervation of the inner ear; one 
is strictly perivascular, originating in the stellate ganglion, while the other is 
independent of blood vessels and originates in the superior cervical ganglion 
(Spoendlin, 1981). The perivascular adrenergic plexus is found in the 
adventitia of the basilar artery, the inferior anterior cerebellar artery, the 
labyrinthine artery and its greater modiolar branches. The plexus extends 
beyond the immediate branches of the modiolar artery, reaching into 
radiating arterioles which suggests the possibility of a segmental regulation 
of cochlear blood flow (Maas, 1981; Brown, 1987b; Pillsbury et al., 1992). 
The blood vessel-independent adrenergic innervation forms a highly 
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branched plexus, running radially in the osseous spiral lamina, reaching the 
habenula perforata, but does not enter the organ of Corti (Brown, 1987b). 
 
A parasympathetic innervation of the cochlea was once suggested, based on 
ultrastructural and histochemical findings of unmyelinated, multipolar and 
cholinergic spiral ganglion cells (Ross, 1973; Ross & Burkel, 1973). 
Although they resembled post-ganglionic parasympathetic neurons, they 
were probably type 2 neurons conveying afferent signals from the outer hair 
cells. There is still little evidence for the existence of a true parasympathetic 
innervation of the inner ear (Kimura et al., 1979; Spoendlin, 1981; Kiang et 
al., 1984). There are indications, however, that inner ear efferents of central 
origin may derive from the general visceral efferent cell column of the facial 
nerve, forming part of nervus intermedius with its autonomic functions 
(Ross, 1969; Rasmussen, 1946). The origin of cochlear and vestibular 
efferents from the facial branchiomeric cell column was actually confirmed 
by Fritzsch & Nichols in 1993.   
 
 
 
THE SENSORY AUDITORY SYSTEMS 
 
 
The inner hair cell system 
 
IHCs are innervated by the dendrites of the type I spiral ganglion cells 
forming the radial afferent system. These are largely unbranched fibres 
innervating only one or two IHCs (Lorente de Nó, 1937; Perkins & Morest, 
1975; Spoendlin, 1972, 1975, 1979; Pujol et al., 1995) Axons of type I 
neurons terminate in the cochlear nuclei. 
  
The lateral efferent system originate from small neurons in the lateral 
superior olivary complex, predominantly on the ipsilateral side, projecting 
by way of fine unmyelinated axons to the cochlea and terminating mainly 
on the afferent endings on IHCs, i.e. dendrites of large SG cells (Ginzberg 
& Morest, 1984; Ryan et al., 1987; Nadol, 1988a; Liberman et al., 1990; 
Warr et al., 1986, 1997). The efferent nerves bring a feedback control to the 
synapses between IHCs and the type I afferent. 
 
The outer hair cell system 
 
The current view is that the OHCs receive their afferent innervation from 
type 2 ganglion cells, sending a few fine unmyelinated fibres to form the 
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spiral afferent system (Spoendlin, 1972, 1982; Kiang et al., 1984; Brown, 
1987a; Berglund & Brown, 1994). After entering the organ of Corti and 
crossing the tunnel as basilar fibres, the outer spiral fibres spiral toward the 
base and branches, to connect with about ten OHCs, generally in the same 
row (Spoendlin, 1972; Kiang et al., 1984; Altschuler & Fex, 1986). 
 

 
Figure 6. The sensory auditory systems (see main text) 
Abbreviations: Outer hair cell (OHC), Inner hair cell (IHC), Cochlear nucleus (CN), 
Lateral superior olivary nucleus (LSO), Medial superior olivary nucleus (MSO), 
Periolivary nucleus (PO), Trapezoid body (T). Modified from Spoendlin 1984. 
 
Large neurons located in the medial superior olivary complex project, by 
way of large myelinated axons in the medial efferent system, predominantly 
to the contralateral cochleae. They cross the tunnel of Corti as upper tunnel 
radial fibres and terminate directly on the basolateral surface of OHCs 
(Spoendlin, 1979; Pujol & Lenoir, 1986; Warr et al,. 1986; Brown, 1987b; 
Liberman et al., 1990). The efferent innervation tends to decrease from the 
first to third row of OHCs and also decrease from base to apex (Nadol, 
1988a), which possibly reflects the requirement of a more effective 
inhibition at high frequencies. 
 
The two sensory auditory systems are known to be independent which 
means that there are no connections between nerve fibres innervating the 
IHCs and nerve fibres innervating OHCs. This is true in the organ of Corti 
but it does not preclude the possibility of an interaction more centrally, i.e. 
in the osseous spiral lamina or in Rosenthal’s canal (Kimura et al., 1987). 
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Specific characteristics of the cochlear innervation in humans  
 
In humans, the number of afferent nerve terminals per inner hair cell is 
about 10-15, i.e. fewer than in other mammals. Conversely, some of the 
radial fibres to the IHCs branch, innervating up to three IHCs, whereas there 
appear to be divergent opinions on the degree of radial fibre branching in 
other mammals (Nadol, 1988a; Spoendlin & Schrott, 1988). The difference 
in the afferent innervation of the OHCs is more striking between Man and 
other species. There are very few afferent fibres running as basilar fibres to 
the area of OHCs. On the other hand there are many outer spiral fibres, a 
multiple of those found in animals, reflecting that these fibres run over very 
long distances (>1mm) in the spiral direction, giving off several terminal 
branches to the bases of OHCs. The outer spiral fibres are connected by 
numerous collaterals i.e. dendro-dendritic synapses, in both monkey 
(Bodian, 1978) and Man (Nadol, 1984; Thiers et al., 2002b), and there are 
frequent en passant synapses to the OHCs (Spoendlin & Schrott, 1988).  
This could reflect the function of interconnecting groups of OHCs, actively 
strengthening the stimulation of Corti’s organ. Moreover, the efferent nerve 
supply seems to be less pronounced in humans than in animals. In the 
vestibulo-cochlear anastomosis and in the HSG, the efferent fibres run in 
several small intraganglionic spiral fascicles containing more unmyelinated 
than myelinated fibres (Arnesen & Osen, 1984b; Spoendlin & Schrott, 
1988). There are fewer inner spiral fibres at the base of the IHCs and fewer 
large efferent nerve endings at the base of the OHCs but instead, numerous 
axodendritic synapses between efferents and outer spiral fibres (Spoendlin 
& Schrott, 1988; Nadol, 1988a), which again indicates an important 
functional role for the outer spiral fibres in the human.   
  
 
 
THE SPIRAL GANGLION 
 
 
In the central bony axis of the cochlea, known as the modiolus, we find the 
spirally arranged canal of Rosenthal containing the SG. The peripheral 
processes of its neurons extend through the osseous spiral lamina to the hair 
cells in Corti’s organ, while their axons reach the cochlear nucleus to form 
part of the eighth cranial nerve. The SG thus constitutes a link between the 
auditory receptors and the brain stem. Early observation of SG morphology 
(Retzius, 1895; Cajal, 1909; Held, 1926; Lorente de Nó, 1937) found a 
ganglion cell population of almost exclusively bipolar cells, but subsequent 
electron microscopic studies revealed that the structure of the SG is more 
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complex, varying considerably between species. At least two types of SG 
cells have been identified in most mammals, but criteria of recognition are 
species specific. The differences comprise cell size, type of myelin sheath, 
character of the cell soma as well as degeneration and immunostaining 
patterns (Rosenbluth, 1962; Kellerhals et al., 1967; Spoendlin, 1975; 
Romand & Romand, 1984; Berglund & Ryugo, 1991). The number of SG 
cells varies considerably in different species, with about 30,000_40,000 in 
man, 50,000 in cat and about 250,000 in whales (Spoendlin, 1984; Nadol, 
1988c; Ishiyama et al., 2001). 
 
 
Type 1 cells 
 
A large bipolar myelinated ganglion cell known as type 1 cell commonly 
represents the main (90-95%) population of the SG. These cells participate 
in the afferent innervation of the IHCs, thus leading most of the afferent 
input to the brain stem (Spoendlin, 1979; Liberman, 1982; Kiang et al., 
1984). Their ultrastructural features include a cytoplasm rich in ribosomes 
and mitochondria and they usually have a spherical nucleus with a 
pronounced nucleolus (Kellerhals et al., 1967; Spoendlin, 1984). The thick, 
myelinated axons of the type 1 cells reach, by means of the auditory nerve, 
the cochlear nucleus and the projection of the cochlea to the cochlear 
nucleus is characterized by a tonotopic organization (Moore, 1986). 
 
 
Type 2 cells  
 
A fraction of the SG population, usually less than 10%, consists of small 
and often unmyelinated cells, denoted type 2 cells (Spoendlin, 1979). The 
fine structure of these cells shows a cytoplasm containing a great number of 
neurofilaments but only a few ribosomes and mitochondria. Other features, 
such as a lobulated eccentric nucleus and a small nucleolus, observed in the 
cat, are frequently absent in other animals (Spoendlin, 1982). Most type 2 
cells are bipolar or pseudo-unipolar, but in rodents often multipolar 
(Retzius, 1895; Ross, 1973; Ross & Burkel, 1973). The central and 
peripheral processes are mostly fine, unmyelinated (Kellerhals et al., 1967; 
Spoendlin, 1984). These cells are believed by most authors to innervate the 
OHCs (Spoendlin, 1972; Kiang et al., 1984), but the existence of a central 
connection was long disputed until HRP tracer, which was injected into the 
cochlear nuclear areas, was found in type 2 neurons (Leake-Jones & Snyder, 
1982; Ruggero et al., 1982). Studies on the central connections of the type 2 
cells showed that these neurons provide the afferent pathway from OHCs to 

 22



the cochlear nucleus in the mammalian cochlea. The axons of the type 2 
cells reach a wide area of the magnocellular parts of the cochlear nucleus in 
a cochleotopic fashion. The general course of the type 2 fibers within the 
auditory nerve and cochlear nucleus is similar to that of type 1 fibers except 
that terminals from type 2 neurons are often found in regions of the cochlear 
nucleus that have high densities of granule cells (Brown et al., 1988; 
Berglund & Brown, 1994). 
 
The intraganglionic spiral bundle  
 
The canal of Rosenthal contains, apart from the SG cells and their peripheral 
and central processes, the intraganglionic spiral bundle (IGSB). The IGSB is 
a mixture of efferent projections from different parts of the central nervous 
system where about one-third of the fibres are myelinated and two-thirds are 
unmyelinated (Arnesen & Osen, 1984a, 1984b). The myelinated fibres are 
large medial efferent fibres from medial olivocochlear neurons projecting to 
the outer hair cells (see above). Denervation studies in cat have shown that 
about half of the unmyelinated fibres are small lateral fibres from the lateral 
olivocochlear group, projecting to the inner hair cells; the remainder are 
adrenergic fibres originating in the superior cervical ganglion (Spoendlin, 
1981; Arnesen & Osen, 1984a, 1984b; Spoendlin & Schrott, 1988). 
Synapses are often found among the unmyelinated fibres in Rosenthal’s 
canal in the human (Kimura et al., 1979) and other animals (Ross, 1973; 
Maw, 1974). There are also observations on the termination of myelin 
sheaths of single fibres and branching at this level (Maw, 1974; Brown, 
1987b). The fibres of the IGSB are often closely associated with the type 2 
SG cells and synapses between unmyelinated fibres, presumed to belong to 
the IGSB, and type 2 cells have been observed.  
 
 
 
SPECIFIC CHARACTERISTICS OF THE HUMAN SPIRAL GANGLION 
 
 
Type 1 cells 
 
Type 1 cells represent about 90% of the ganglion cell population in Man and 
their total number is estimated to about 35,000. These cells are mostly 
bipolar but pseudomonopolar varieties exist, in both neonate and adult 
(Kiang et al., 1984). They have a diameter of 25_30µm and a spherical 
nucleus with a diameter of 11_12µm. The nucleus has an unevenly 
distributed chromatin pattern and a pronounced spherical nucleolus with an 
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average diameter of 2.5µm. The cytoplasm is rich in short and elongated 
rough endoplasmic reticulum and contains a large number of mitochondria 
and ribosomes in rosette form. There are randomly located Nissl bodies and 
an inconspicuous Golgi network. Spherical lysosomal granules are common 
and masses of lipofuchsin, but neurofilaments are sparse although 
increasing in number toward the axonal process. The average diameter of 
the central axons in type 1 cells is 2.5µm and the peripheral processes are 
about half that size (Ota & Kimura, 1980; Spoendlin & Schrott, 1988, 1989; 
Arnold et al., 1987). 
 

 
 
Figure 7. Human spiral ganglion cells (TEM at x5000) 
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Type 2 cells 
 
Type 2 cells represent about 5_10% of the SG cells and they are usually 
located in the peripheral portion of the ganglion in a palisade arrangement 
closely associated with the efferent IGSB. They are usually bipolar or 
pseudo-unipolar but multipolar cells have been observed. They are smaller 
than the type 1 cells, having an average diameter of 15µm and a centrally 
positioned spherical nucleus with 7.5µm diameter. The nucleus contains a 
homogeneous chromatin and a small and loosely arranged nucleolus with 
0.75µm diameter. The cytoplasm of the type 2 cell is rich in neurofilaments 
but poor in ribosomes and mitochondria; near the nucleus are aggregates of 
vesicles and cisternae of a Golgi network. The size of the peripheral process 
equals the size of the axon and sometimes is even larger (Ota & Kimura, 
1980; Spoendlin & Schrott, 1988, 1989; Arnold et al., 1987). 
 
 
Myelination pattern of the human spiral ganglion cells 
 
The first detailed investigation based on 17 human inner ears (Ota & 
Kimura 1980) revealed that 94% of HSG cells are unmyelinated whereas 
6% showed multiple sheaths but no compact myelin. This could be observed 
in both large and small ganglion cells. The majority of both types of SG 
cells are thus unmyelinated in Man, in contrast with other species so far 
studied, where most SG cells are myelinated. The cells are mostly 
encapsulated by a single sheath of satellite cells. A few type 1 and type 2 
ganglion cells are enveloped with an exceedingly thin loose or semi-
compact myelin sheath. The myelin layers can be split up and then contain 
cytoplasmic organelles (Arnold, 1987). Spiral ganglion cells of neonates are 
not myelinated (Ota & Kimura, 1980; Arnold, 1982), which means that the 
myelination process starts at a later stage in life. In both large and small 
ganglion cells of older individuals a compact thin myelination of up to five 
myelin layers can be seen in about 2% of the cells. The myelination of the 
cell processes usually starts not far from the perikarya in small animals, but 
in Man it starts some distance away; at axons 4_38µm and at dendrites 
5_26µm (Ota & Kimura, 1980). It seems that the functional significance of 
myelination is uncertain in Man. The physiological implication of the lack 
of myelin sheaths around the perikarya, as well as the unmyelinated portions 
of the cell processes, is most likely a slower conduction rate of the afferent 
signals in the human auditory nerve (Ota & Kimura, 1980). 
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Ganglion cell clusters 
 
In early ultrastructural studies in monkey (Saimiri sciureus) and in Man, the 
SG cells were found to form structural groups or cell clusters. This was 
most evident in the HSG where densely packed neurons appeared almost 
polygonally in cross-sections (Kellerhals et al., 1967). Cells in these clusters 
often share the cytoplasm sheathing from different Schwann cell processes. 
This arrangement facilitates close physical contact between individual nerve 
cells, possibly indicating a different functional role for the SG of primates. 
 
The HSG only extends for about one and three-quarters of a turn, while 
cochlear turns usually extend to about two and three-quarters of a turn. 
Thus, the spiral ganglion cells of humans, whose dendritic arborization 
supports the hair cells from the upper second turn to the apex, are assembled 
in one central group (Spoendlin & Schrott, 1989). The cells in this group are 
numerous, their density in this region is high and cell clusters are numerous.  
 
 
Synapses in the spiral ganglion 
 
Synapses within the SG between unmyelinated nerve fibres and the type 2 
cells are frequent in monkey and in Man, but such contacts are rarely seen in 
lower vertebrates (Kimura et al., 1979, 1987; Arnold, 1982; Nadol, 1988a; 
Ivanov et al., 1992; Thiers et al., 2000). These synapses are axo-somatic, 
axo-dendritic or sometimes axo-axonic, i.e. they terminate on the 
perikaryon, on the dendrite, or on the axon. Because of the fibres’ close 
proximity to the IGSB these fibres are presumed to be efferent and the 
synapses inhibitory. Synapses have also been reported on human type 1 
cells, though rarely (Nadol, 1988a). Dendro-dendritic synapses between 
type 2 cells have been described in the macaque monkey (Kimura et al., 
1987) as well as direct contacts (ephapses) between the processes of both 
type 1 and type 2 cells. In addition, the first segments of the peripheral 
processes of type 1 neurons established direct contact with each other, and 
asymmetric densities were demonstrated at apposing junctional membranes 
on both sides. The findings in the macaque monkey suggest that nerve fibres 
from different types of ganglion cells communicate with each other at the 
level of the spiral ganglion. It seems that the SG of primates may be 
functionally different from that of lower vertebrates. 
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TIGHT AND GAP JUNCTIONS 
 
 
Tight junctions (TJ) and gap junctions (GJ) are specialized membrane 
proteins in cell contacts between adjacent cells. These proteins are present 
in many tissues, including those of the inner ear, where they reflect different 
functional properties such as cell adhesion, barrier function and intercellular 
communication with exchange of ions, secondary messengers and 
metabolites. Morphological studies on TJs and GJs in the inner ear have 
added important knowledge concerning cochlear function (Gulley & Reese 
in chinchillas, 1976; Nadol et al. in alligator lizard, 1976; Nadol in cat and 
Man, 1978, 1979b; Bagger Sjöbäck et al., in Man, 1987, 1988).  
In this study we analysed, by immunostaining techniques, the distribution 
pattern of Zonula occludens –1 (ZO-1) protein in TJs and the GJ proteins 
Connexin 26 (Cx26) and Connexin 43 (Cx43) in the human cochlea. 
 
 
Tight junctions 
 
TJs act as diffusion barriers between epithelial and endothelial cells and ZO-
1 is a high molecular mass phosphoprotein associated with the cytoplasm 
surface of TJs. The morphological appearance of TJs or zonulae occludentes 
is that of contiguous cell membrane fusion, seen as ridges in freeze fracture 
preparations. They are commonly associated with cell adhesion proteins, 
called desmosomes or zonulae adherentes, forming a ‘junctional complex’ 
(Farquhar & Palade, 1963; Friend & Gilula, 1972). 
  
In the cochlea, TJs constitute a condition for normal auditory function. The 
endocochlear potential created by a high concentration of potassium ions in 
endolymph must be maintained in a closed compartment system; otherwise 
auditory stimuli would fail to elicit a neural response. In order to create an 
effective barrier, TJs are typically distributed along the surface of cells 
lining scala media, between hair cells and their supporting cells and in the 
marginal and basal cell layers of stria vascularis (Gulley & Reese, 1976; 
Nadol et al., 1976, 1978, 1979b; Bagger Sjöbäck et al., 1987, 1988). 
 
TJs are particularly extensive in the region of the reticular lamina, with an 
organization differing from that of other tissues (Gulley & Reese, 1976), 
which suggests a special role for these junctions, possibly related to a need 
for greater strength in this mobile and physiologically important region 
(Dallos, 1992). 
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Gap junctions 
 
GJs are clusters of intercellular channels permitting the exchange of ions 
and low-molecular-weight metabolites (<1,000 Daltons) between adjacent 
cells. These channels entrain synchronous activity in excitable cells but 
equally important are their roles in metabolism, morphogenesis, 
differentiation, cell survival and tissue repair. Structurally they consist of 
two paired hexametric complexes (connexons), one from each juxtaposed 
membrane. Connexons or hemi-channels contain six transmembrane protein 
subunits called connexins (Cx). Connexins of the same isotype form 
homomeric connexons, but many cell types express more than one Cx 
isotype, which may allow the assembly of heteromeric connexons 
(Goodenough et al., 1996). A large gene family encodes different isoforms 
and 15 human genes have so far been identified. Mutations in the gap 
junction genes encoding Cx26, Cx30, Cx31, Cx32 and Cx43 have been 
shown to cause sensorineural hearing loss (Kelsell et al., 2001; Liu et al., 
2001). 
 
Cx26 is strongly expressed in tissues surrounding scala media (Kikuchi et 
al., in rat, 1995; Kelsell et al., in Man, 1997; Forge et al., in Man, 1999). 
They form serially arranged gap junctions indicative of a potassium ion 
recycling mechanism, contributing to the maintenance of the endocochlear 
potential (Kelley et al. 2000; Santos Sacchi, 2000). 
 
Cx43 was first identified in cardiac gap junctions but it is widely expressed 
in many tissues, e.g. blastocysts, skin, lens, cornea, cardiac muscle, smooth 
muscle, astrocytes, granulosa cells, fibroblasts and osteocytes (Goodenough 
et al., 1996), and the isoform is highly conserved among different species. 
Little is known about its role or function in the inner ear. 
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OBJECTIVES OF THE STUDIES 
 

 
 
TEM studies in papers I, II and III 
 
The purpose of these studies was to elicit more information about the 
ultrastructural morphology of the normal human SG in well-fixed specimens 
of cochlear tissue obtained during transpetrosal meningeoma surgery. 
 
 
Immunohistochemical study, paper III 
 
The aim of this study was to obtain more structural information on the 
anatomical relationship between the small ganglion cells and the efferent 
fibres of the IGSB, with possible functional implications of the synapses 
earlier documented at the level of the HSG.   
 
 
TEM study, paper IV 
 
The objective of this study was to construct a 3-D model of a Schwann cell 
gap between two large ganglion cells (type1 cells) in the HSG and to 
describe the distribution patterns of different membrane specializations 
within the gap. 
 
Immunohistochemical study, paper V 
 
The purpose of this study was to investigate the distribution patterns of 
different junctional proteins in the human cochlea, with special attention to 
a possible expression in the HSG. 
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MATERIAL AND METHODS 
 

    
 
Patients and operative technique 
 
These studies were based on eight freshly fixed cochleae from human 
subjects, all of whom had a normal subjective hearing. All patients suffered 
from potentially life-threatening petroclival meningeomas which were 
surgically removed by a transcochlear/petrosal route. This approach was 
regarded as the only option to gain access to and remove the tumours with 
minimal morbidity, although the price for each patient was to sacrifice one 
hearing inner ear. The HSG cells thus obtained can therefore be regarded as 
representing normal inner ear tissue. Peroperatively, the bony cochleae were 
microdissected in toto or in parts (performed by Dr A. Kinnefors at Uppsala 
University Hospital). The operation was staged in two séances and the total 
operation time for removal of the tumours was approx. 15_20 h. The 
duration of dissection of cochlear tissue varied between 10 and 15 min and 
the cochleae were immediately transferred to different fixation solutions. 
 
The same four cochleae were used in the ultrastructural studies in papers I, 
II and III, and two other cochleae in the immunohistochemical analysis in 
paper III. The remaining two cochleae were used in papers IV and V 
respectively.  
  
The patients were informed and gave their consent for the study, which was 
approved by the local medical ethical committee at Uppsala Univ. Hosp. 
(no. 99398) and was performed according to the Helsinki Declaration on 
Ethical Standards. 
In all patients a preoperative audiogram was taken including pure-tone 
audiogram and discrimination scores. 
 
 
Processing of cochleas used in the ultrastructural studies (Papers I, II, III 
and IV) 

 
Fixation and decalcification 
 
Two different fixatives were used for processing for TEM and light 
microscopic studies in papers I, II, III and IV: a 2.5% glutaraldehyde and a 
1% formaldehyde fixative in 0.1 M phosphate buffer; the other was a 13.3% 
fluorocarbon-containing fixative in 2% glutaraldehyde solution and 0.05 M 
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sodium phosphate buffer (mixing ratio 2:1). The cochleae were placed in a 
fixative and after 24 to 48 h decalcified in 0.1 M Na-EDTA-containing 
fixative for 6 weeks. This fluid was renewed every third day. The tissue was 
rinsed in buffer and placed in 1% osmium tetroxide, dehydrated in a graded 
series of ethanols, placed in propylene oxide and embedded in Epon resin. 
  
 
Sectioning and staining 
 
Semithin sections were cut with a glass knife and stained with toluidine blue 
(for light microscopic observations). A mid-modiolar cut was made in such 
a way that all cochlear turns could be visualized. The different turns were 
analysed and the spiral ganglia from lower basal, upper basal, lower middle 
and upper middle regions were sectioned separately. Ultrathin sections were 
cut about 800 Å thick and stained with uranyl acetate and lead citrate. 
  
 
Microscopy, photography and graphics 
 
The sections were viewed in a JEOL 100 SX transmission electron 
microscope. Montages were made at low magnification (x1000) and graphic 
reconstructions were made, delineating the different types of cells observed. 
The graphic reconstructions were scanned into a computer (Macintosh 
Power 6100/60av with a 20 Mb RAM) with a software program (Adobe 
Photoshop, ed. 4.0) enabling graphic and colouring presentations (Papers I-
III). The various cells were stained and those ganglion cells showing 
physical interaction with another cell were delineated and calculated at 
different levels and turns in the cochlea. Myelinated and unmyelinated 
fibres were also graphically delineated and separately stained in order to 
show the distribution of various fibres, as well as the variations in position 
of the axon hillock along the length of the fibres. Fixed cells were also 
excised from the basal turn, using a fine needle and placed in saline. The 
cells were photographed in a light microscope using an interference lens and 
cells lying in groups sharing the same Schwann cell were analysed (paper 
II). 
 
 
3-D model construction (paper IV) 
  
In paper IV, 365 consecutive serial thin sections were made, from the apical 
portion of one cochlea. They were stained with uranyl acetate and lead 
citrate and then observed in a JEOL 100 SX transmission electron 
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microscope. Every fifth section was studied with the objective of finding 
two type 1 cells in direct apposition, but leaving an intervening area devoid 
of its isolating myelin sheath (gap) containing membrane specializations. 
Several such ‘gaps’ were found, one of which was deemed particularly 
suitable, and was used for further investigation. 
 
A 3-D graphic model was constructed by tracing the selected neurons and 
studying them in each section in which they appeared. They were visible in 
57 of 90 sections and photos were taken at x1,800, x5,600, x10,000 and   
x20,000 magnification.  Drawings were made of each contact, using photos 
and photomontage at x10 000 magnification. The drawings were arranged in 
a series, fed into a computer (Adobe photoshop 4.0) and stylized. Gaps were 
depicted as straight lines 800Å apart and membrane specializations as 
squares. Further processing included categorizing the membrane 
specializations according to their location and morphology, by colour 
coding. A photomontage of one section from photos taken at a 
magnification of x700 was made and a halftone drawing of the montage was 
reduced, scanned and further computer processed with the same program as 
mentioned earlier. 
 
 
Immunohistochemical analysis of synaptophysin immunoreactivity (paper 
III) 
 
In the immunohistochemical analysis of the expression of synaptophysin 
(paper III), the cochleae were immediately transferred to an ice-cold fixation 
solution containing 4% paraformaldehyde, 0.1% glutaraldehyde and 15% 
saturated picric acid in 0.1 M phosphate buffer at pH 7.4, where they 
remained for 72 h. Following fixation, decalcification was done in two 
stages. For 1 week, the cochleae were incubated in 8% EDTA in phosphate 
buffer (0.1 M, pH 7.4) at 4oC, followed by 2 weeks in 25% EDTA at 37oC. 
After this period, frozen sections were made at 30µm. To introduce 
immunostaining, free-floating sections were exposed to three pre-incubating 
solutions: 45 min in 0.05% H2O2, 30 min in 1% milk powder and finally 30 
min in blocking buffer containing 10% non-immune bovine serum and 
0.05% Triton X-100 in phosphate buffer, all at room temperature. 
Subsequently, sections were exposed to an anti-synaptophysin antibody 
(Boehringer-Mannheim, Germany) at the concentration 0.1 µg/ml. After 
incubation for 72 h at 4oC, binding sites of the synaptophysin antibody were 
detected using the avidin-biotin technique (Vector Laboratories, 
Burlinghame, Ca, USA) with diaminobenzidine (0.05%) and ammonium 
nickel sulphate (0.3%). Finally, sections were mounted on gelatinized slides, 
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dehydrated in a graded series of ethanol and coverslipped in Entellan 
(Merck, Germany). 
 
 
Immunohistochemical analysis of ZO-1 Cx26 and Cx43 immunoreactivity 
(paper V) 
 
Processing 
 
In the second immunohistochemical study (paper V), on the expression of 
different cell membrane proteins, the cochlea was fixed in 4% buffered 
formaldehyde solution. After 48 h fixation the specimens was decalcified in 
10% EDTA in 0.1 M Tris buffer at pH 7.3. Microwave irradiation was used 
to accelerate the process of decalcification. The technique has been 
described earlier, e.g. on rodent cochleae (Hellström & Nilsson, 1992) and 
human cochleae (Cunningham et al., 2001). 
 
Three weeks of the decalcification procedures thus included daily 
microwave heating at 37oC for a total of 140 hours, with replacement of the 
EDTA solution every hour. The specimen was stored overnight in the same 
solution at room temperature. The cochlea was then dehydrated in graded 
ethanol, cleared in xylene, and embedded in paraffin wax. The cochlea was 
sectioned in a plane parallel to the central axis of the modiolus, beginning 
from the periphery and working toward the centre. Sections at 3, 5 and 10 
µm were mounted on Super + glass and heated at 37oC for 60 min. DAB 
staining and immunogold_silver techniques were used to analyse the 
expression of different cell membrane proteins. 
 
 
ZO-1 staining 
 
For analysis of the ZO-1 expression (DAB staining), 5-µm sections were 
deparaffinized, rehydrated and treated for 5 min with 3% H2O2 in methanol, 
to inactivate endogenous peroxide activity. Following exposure to normal 
swine serum 1:20 (Dako, Copenhagen, Denmark) for 30 min, the sections 
were incubated with rabbit anti ZO-1 IgG (Zymed Laboratories Inc., South 
San Francisco, Ca, USA) dil. at 1:80 and 1:100 for 60 min at room 
temperature. Next step was incubation with a biotinylated swine anti-rabbit 
antibody (Dako, Copenhagen) for 30 min followed by the Vectastain ABC 
reagent (Vector Laboratories, USA) and DAB- H2O2 substrate medium. 
Rinsing in PBS separated each step. Control sections were processed in the 
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same manner except for incubation with the primary antibody; rabbit anti 
ZO-1, which was replaced by normal swine serum. 
 
 
 
Cx26 staining 
 
In the analysis of the Cx26 expression (DAB staining), the same procedures 
as for ZO-1 immunostaining were used, except for the use of rabbit anti-
connexin 26 (Zymed) dil. at 1:10; 1:25; 1:100; and 1:1000, at room 
temperature, overnight. Rabbit anti-connexin 26 was replaced by normal 
swine serum in controls. 
 
 
Cx43 staining 
 
In the analysis of the Cx43 expression (DAB staining), 3-µm sections were 
deparaffinized, rehydrated and exposed to 3% H2O2 in methanol, as above. 
Retrieval of the epitope included microwave heating in citric acid buffer pH 
6.0 at 100oC for 9 min. Sections were then exposed to normal swine serum 
(Dako) 1:20 for 30 min. After incubation for 90 minutes at room 
temperature with the rabbit anti-connexin 43 antibody (Zymed Laboratories) 
dil. at 1:100 and 1:500 respectively, the sections were flooded with a 
biotinylated swine anti-rabbit antibody (Dako) dil. at 1:300 for 30 minutes. 
Incubation came next with the Vectastain ABC reagent (Vector 
Laboratories) for 40 min. To demonstrate the sites of binding we developed 
in a 3.3´-diaminobenzidine-HCl (DAB) - H2O2 substrate medium for 5 min. 
Careful but thorough rinsing in PBS between each step was the rule. For 
controls, the primary antibody, rabbit anti-connexin 43, was replaced by 
normal swine serum. 
 
To analyse the Cx43 expression using the immunogold silver technique,    
3-µm sections were deparaffinized and rehydrated. Epitope retrieval was 
performed by microwave heating in citric acid buffer pH 6.0 at 100oC for 9 
min. After cooling at room temperature for 45 min, the sections were 
immersed in Lugol´s iodine solution (Merck & Co., Inc., USA) and then 
rinsed in 2.5% aqueous sodium thiosulfate until they became colourless for 
about 30 sec and rinsed again in distilled water + PBS (0.01 M, pH 7.4). The 
sections were incubated in a normal goat serum at 1:20, for 30 min and then 
with the rabbit anti-connexin 43 diluted at 1:50, 1:100 and 1:300 (Zymed) at 
room temperature for 90 minutes. Another incubation with normal goat 
serum at 1:20 for 30 min, was followed by incubation with a gold-absorbed 
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IgG goat anti-rabbit 1:100 (Amersham Biosciences, Bucks., England) for 60 
min. Post-fixation was in 2% glutaraldehyde in 0.1 M PBS, pH 7.2, for 2 
min. Thorough rinsing in PBS separated each incubation step, except 
between the Lugol´s iodine solution and aqueous sodium thiosulphate, when 
pure water and distilled water was used instead. Finally, the sections were 
rinsed in distilled water, incubated in a silver acetate solution for about 12-
14 min, fixed in 2.5% sodium thiosulfate for 1 min and rinsed again in pure 
water. Counterstaining was performed in haematoxylin and eosin. Control 
sections were processed accordingly, except for the incubation with the 
primary antibody, rabbit anti-connexin 43, in which normal goat serum was 
used instead. 
 
Controls and microscopy 
 
Positive controls were carried out on rat kidney tissue (ZO-1 and Cx26) and 
rat heart muscle and brain stem tissues (Cx43).  
Glass slides were observed in a Zeiss Axiophot light microscope that 
coupled to an MTI 3 CCD camera. Images were transferred digitally, and 
further computer processed (Image-Pro plus & Adobe Photoshop 5,5). 
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RESULTS  
    

 
Preservation 
 
The fixation techniques generally yielded good results with well preserved 
HSG cells, especially when 2.5% glutaraldehyde and 1% formaldehyde 
fixative in 0.1 M phosphate buffer were used. The perikarya and the 
organellar structures were mostly intact, although post-mortem artefacts 
such as swelling of mitochondria and vacuolation of the perikarya, with 
retraction of the ganglion cell membranes from the Schwann cells, occurred 
in some cells. In the immunohistochemical study on different membrane 
proteins (paper V) there was a considerable shrinking of ganglion cells, 
following decalcification in the microwave oven, as well as detachment of 
soft tissue from the bony surface. Apart from the obvious antigen reactivity, 
the impression was that structural integrity was maintained in most of these 
sections as well. 
 
 
Light microscopic studies and TEM studies in papers I, II, and III 
 
The observations in papers I, II and III were from the same material and will 
be presented together. Papers I and II deal mainly with the type 1 cells and 
their mutual interaction and with adjacent nerve fibres. Paper III describes 
the type 2 cells and their different cell contacts as well as multisynaptic 
complexes. 
 
 
 
Myelination, cell clusters and Schwann cell ‘gaps’ 
  
Most of the ganglion cells were unmyelinated and surrounded by a simple 
thin layer of Schwann cell cytoplasm. This layer was sometimes extremely 
attenuated, or formed a thin loose or semi-compact myelin sheath. Only a 
few cells were surrounded by a layer of compact myelin, constituting in an 
elderly patient about 1-2% of the ganglion cell population (papers I and II). 
 
In the upper region of the modiolus containing the neurons of the upper 
middle and apical region of the cochlea, the SG cells were numerous and 
their density was high. Especially here, but also in the lower middle and 
basal turns, the SG cells were often distributed in clusters, forming 
structural groups of two cells or more. This could be observed in both the 

 36



light and the electron microscope. The nerve cell bodies frequently 
impinged on each other’s cell surface and they were frequently ensheathed 
by the same Schwann cell. This sheath was sometimes incompletely 
developed in such a way that the plasma membranes of adjacent cells were 
in direct contact. Such Schwann cell ‘gaps’ could be observed in as many as 
20% of type 1 cells in the same section plane and up to four cells in a cluster 
could present ‘gaps’ in between (papers I and II). 
 

 
 
Figure 8.  Schwann cell ‘gap’ between type 1 cells (TEM at x10,000). 
Arrowheads points to membrane specializations.  
Abbreviations: mitochondria (m), endoplasmic reticulum (er). 
 
Type 1 cell contacts and membrane specializations 
 
Membrane specializations were observed in the Schwann cell ‘gaps’ 
between the type 1 cells. They constituted symmetric or asymmetric 
filamentous densities or thickenings of apposing cell membranes. At these 
places there was a reduced intercellular distance and a thin dense line in the 
intercellular space, parallel and close to the thickened cell membrane, which 
resulted in a characteristic pentalaminar structure. This was observed at 
symmetric as well as asymmetric densities. In some regions there were 
complexes of membrane specializations and serial sectioning showed that 
that they consisted of areas of varying size and configuration (paper IV). 
The asymmetric densities were often seen on both sides of the cell contact, 
thus alternating in polarity between the cells. The cell contacts were devoid 
of structures normally associated with synapses, such as synaptic bars, 
ribbons and vesicles. Nor were there any filamentous extensions from the 
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densities to the cell cytoplasms, similar to those seen in desmosomes. 
Sometimes a few mitochondria or microtubules could be seen associated 
with these sites.  In the cytosol we observed endocytosed membrane 
material containing the specialized membrane densities, suggesting an 
ongoing uptake or turnover (paper I). 
 
 

 
Figure 9. Membrane specializations between type 1 cells. 
(a) Assymetric densities. Note the change in polarity (arrows) 
(b) Symmetric densities 
(c) Subplasmalemmal densities 
 
 
Contacts between nerve fibres and type 1 cells 
 
Unmyelinated nerve fibres, usually around 1-2 µm in diameter, made en 
passant contacts or terminal-like swellings on the type 1 cells. The nerve 
fibres and the cells shared the Schwann cell cytoplasm but the surfaces of 
the nerve fibre and the cell were in places in direct contact in the same way 
as the cell somata of type 1 cells described above and the same type of 
membrane specializations were observed at the nerve fibre contacts as well. 
The terminal-resembling nerve fibres were devoid of neurofilaments and 
neurotubules, nor did they contain any ribosomes or rough endoplasmic 
reticulum, but they did contain accumulations of mitochondria near the cell 
membrane. A few clear vesicles were found together with a few smooth 
cisternae, but otherwise there was no sign of synaptic activity. The cytosol 
of the ganglion cell usually displayed a multitude of ribosomes near the cell 
membrane. At magnification x100,000, the membrane specializations with 
protein aggregations jutted into the cytoplasm along the intracellular face of 
the membrane, sometimes spreading diffusely into the cytoplasm as a 
filamentous web within the nerve terminal, even reaching the outer surface 
membrane of the adjacent mitochondria. Sometimes an unmyelinated nerve 
fibre was located in the centre of a cell ‘unit’ of several ganglion cells, 
thereby facing each cell’s membrane simultaneously (paper II). 
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Synapses on ganglion cells  
 
Electron microscopy of the HSG revealed frequent axo-somatic, axo-
dendritic and axo-axonic synaptic contacts occurring on the type 2 cells. 
Some elongated type II cells could be seen, with their long axis directed 
perpendicularly toward the axis of Rosenthal’s canal. These cells showed 
complex arrays of synaptic terminals containing large numbers of clear 
synaptic vesicles as well as many dense-core vesicles. In the basal turn, 
approximately 5-10% of the ganglion cells were of that type. In this region, 
type 2 cells could frequently be observed more centrally inside the spiral 
ganglion. These cells had an electron-dense cytoplasm with peripheral 
axons varying greatly in diameter. The type 2 cells representing the mid-
turn or apex were often located at the peripheral rim near scala tympani, 
particularly in the vicinity of the unmyelinated fibres of the IGSB. Axo-
somatic contacts could also be observed on type 1 cells, but these were rare 
(paper III). 
 
 
Multisynaptic complexes 
 
Multisynaptic complexes could be seen with many synaptic terminals 
containing large numbers of clear synaptic vesicles as well as a few dense-
core vesicles. Asymmetric membrane densities occurred on the pre-synaptic 
membrane, unlike those densities occurring on the type 2 cells which were 
generally symmetric. Alternating asymmetric membrane densities between 
the type 1 cells, similar to those earlier described, were also observed at 
these multisynaptic sites. This area showed no clear synaptic vesicles (paper 
III) 
 
 
TEM study, paper IV 
 
The type 1 cells, constituting about 95% of the ganglion cell population, had 
the same characteristics as the type 1 cells in papers I to III, i.e. they showed 
clustering, they were unmyelinated, and there were Schwann cell gaps and 
membrane specializations. Likewise, the characteristics of the type 2 cells 
were the same, constituting about 5% of the ganglion cell population and 
showing synapses with nerve fibres from the IGSB (see papers I to III). 
  
Several Schwann cell gaps with membrane specializations between type 1 
cells were found and by the serial sectioning technique a 3-D model of one 
of these gaps was constructed. The gap contained three different types of 
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membrane specialization. There were both symmetric and asymmetric 
densities as previously described but in addition there was a third type of 
density, parallel to and at some distance from, the cell membrane, therefore 
designated subplasmalemmal density. This type of density was also 
asymmetrical and appeared on both sides of the cell contact, thus showing 
an alternating polarity similar to the other type of asymmetrical density. In 
the 3-D model these different membrane specializations formed disk-shaped 
areas or plaques, distributed in a complex pattern. The largest plaque 
measured 3x2µm and the total gap area between the cells measured 
approximately 12x10 µm. 
 
The cell membranes in the cell contact had, at some places, invaginations or 
endocytotic-like pits and vesicles containing membrane specializations, 
suggesting that these proteins have a high rate of turnover.  
 
 
Study on synaptophysin immunoreactivity, paper III  
 
Most of the type 1 cells proved synaptophysin-positive, but a few unstained 
cells were also found among them. The type 2 cell bodies seemed to show 
intense staining without exception. Myelinated nerve fibres within nerve 
bundles displayed little or no immunoreactivity. Among these unmyelinated 
fibres, thin vesiculated neurons showing strong immunoreactivity could be 
observed. Some of these thin fibres could be seen entering the main bundle 
of the eighth nerve. 
 
In the spiral ganglion, there were numerous beaded or vesiculated nerve 
fibres that were immuno-positive, coursing in varying directions. Small 
bundles of such fibres often followed a course separate from the myelinated 
nerve fibres. Pseudo-unipolar cells were sometimes observed with processes 
that formed loops. Synaptophysin immunoreactivity was noted in 
vesiculated nerve endings on several type 1 and type 2 HSG cells. Such 
club-like nerve endings derived from positively stained, beaded nerve fibres 
traversing the ganglionic region often in a direction different from that of 
the central and peripheral myelinated axons that generally displayed little or 
no immunoreactivity. 
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Studies on immunoreactivity of ZO-1, Cx26 and Cx43, paper V 
 
  
ZO-1 
A punctate immunostaining representing the tight junction protein ZO-1 was 
seen in cells lining scala media. The staining was particularly intense in 
Reissner’s membrane separating scala media from scala vestibuli. Dense 
staining was also observed in the reticular lamina of the organ of Corti in 
the region of inner and outer hair cells. No ZO-1 staining was seen in the 
human SG.  
 
Cx26  
 
Intense immunostaining of Cx26 was observed in non-sensory epithelial 
cells, the interdental cells of the spiral limbus, the inner sulcus cells, the 
organ of Corti supporting cells, the outer sulcus cells and cells within the 
root processes of the spiral ligament. The staining of Deiter’s and Hensen’s 
cells was more intense than that of the inner pillar cells. A long strand of 
positive immunostaining from the outer pillar cells, along the outer sulcus 
cells to the root processes and the fibrocytes of the spiral ligament was 
another noteworthy finding. On the modiolar side, there was a 
corresponding strand, from the inner pillar cells along the inner sulcus cells 
to the spiral limbus. A fan-shaped staining was observed in the connective 
tissue cells of the spiral ligament. The basal and intermediate cells of stria 
vascularis were also stained and the labelling reached the suprastrial zone. 
The marginal cell layer of stria vascularis and the spiral prominence 
epithelium generally lacked immunoreactivity. The interdental cells of the 
spiral limbus as well as the limbal fibrocytes showed immunoreactivity and 
the staining reached the supralimbal zone and mesenchymal cells lining 
scala vestibuli. No expression of Cx26 was found in Reissner’s membrane 
or in the spiral ganglion cells. 
 
Cx43  
 
Cx43 immunoreactivity was observed in the human spiral ganglion cells and 
in the spiral ligament. Spiral ganglion cells were markedly stained, using 
both the DAB and the immunogold_silver techniques. The staining was 
granular in appearance and could be observed in most neurons. Some cells 
were more intensely stained and apart from the granular staining, dark 
patches also lined the cell borders, suggesting a concentration at the cell 
membranes. In the spiral ligament we observed sporadic weak staining of 
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the connective tissue cells, principally in the fibrocyte type IV area 
(classification in Spicer & Schulte, 1991). 
 
 
 

DISCUSSION  
    

 
Preservation and the question of a representative material 
 
The technique by which cochleas were removed during transpetrosal 
removal of petroclival meningeomas, thereby reducing the time between 
deoxygenation of the tissue and fixation, resulted in a material with 
acceptable preservation for both ultrastructural and immunohistochemical 
morphological analysis. The material was deemed unaltered by pathological 
changes and thus representative of the normal adult human spiral ganglion. 
All of the 8 patients had subjectively normal hearing and the SG 
morphology was similar throughout the group, including the findings of 
Schwann cell gaps and membrane specializations. Many of our results also 
agree with earlier studies on the HSG. Another supporting fact may be the 
structural similarities between the observations in this study and those made 
in other primates.  
 
 
The specific characteristics of the human spiral ganglion 
 
The general form of the SG is common to all species. Although the 
morphological appearance of the neurons seems to differ between species, 
two main types of ganglion cells transmit the afferent input from the inner 
and the outer hair cells. The human SG is not an exception in this regard, 
containing about 95% type 1 cells and about 5% type 2 cells, of the ganglion 
cell population. The general consensus is that type 1 cells are connected to 
the IHCs, whereas type 2 cells innervate the OHCs (Spoendlin, 1972, 1979; 
Kiang et al., 1984). However, the fine structure of the SG differs decisively 
from that of other mammalian species studied so far. Most SG cell perikarya 
are unmyelinated whereas those of other animals are myelinated (Ylikoski 
et al., 1978; Kimura et al., 1979; Ota & Kimura, 1980; Arnold, 1987). This 
was confirmed in the present study (papers I-IV), where most cells of both 
types were ensheathed by a single thin Schwann cell cytoplasm layer, 
sometimes containing a few layers of loosely arranged myelin. Only a few 
cells were surrounded by a layer of compact myelin and the largest number 
was found in an elderly patient in about 1-2% of the ganglion cell 
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population (papers I and II). This supports earlier findings that the 
myelination process starts at a later stage in life and appears to accelerate 
with age (Kimura et al., 1976, 1979; Ota & Kimura, 1980; Arnold, 1982, 
1987). Myelination of ganglion cells does not seem to have a functional 
significance in Man and the probable consequence is that the conduction 
rate of afferent signals in human SG cells is slower than in the myelinated 
neurons of other species (Ota & Kimura, 1980). 
 
Another characteristic of the HSG is the formation of cell clusters which is 
most obvious in the upper middle and apical turns, corresponding to the low 
and the medium frequency areas. The number of ganglion cells and their 
density in this region is high (Kellerhals, 1967). This was also observed in 
the present material and the ganglion cells formed clusters of two or more 
ganglion cells. In these clusters, the neurons shared the Schwann cell 
ensheathment with other neurons (papers I-IV). This arrangement facilitates 
close physical contact between individual nerve cells in structural units, 
which might have a functional implication as well. 
 
In the cell clusters observed in this material, the Schwann cell cytoplasm 
layer was attenuated and in places missing between type 1 ganglion cells, 
thus forming Schwann cell gaps where adjacent cell membranes were in 
direct contact. This has not been described earlier but in our study such 
Schwann cell ‘gaps’ were observed in as many as 20% of the type 1 cells in 
the same section plane (paper I). Schwann cell gaps were also encountered 
between unmyelinated nerve fibres and type 1 cells (paper II). 
  
 
Membrane specializations between the type 1 cells 
 
In the Schwann cell gaps between the perikarya of the type 1 cells and 
between unmyelinated nerve fibres and the cell soma also of the type 1 
cells, membrane specializations were observed. They were symmetrically or 
asymmetrically distributed filamentous cell membrane densities devoid of 
structures that are normally associated with synapses, such as vesicles, 
synaptic bars, ribbons or cisternae, possibly suggesting a non-synaptic way 
of intercellular communication (papers I-IV). There is reason to believe that 
the unmyelinated nerve fibres approaching the type 1 cells are the cell 
processes, mostly dendrites judging by their size, of other type 1 cells.  
Asymmetrical densities, morphologically identical to those in the HSG, 
have been described between the first segments of the dendritic processes of 
type 1 cells in macaque monkey (Kimura et al., 1987). They alternated from 
one side to the other within a short distance, similar to those observed in this 
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study. It was speculated that electric interactions may take place at these 
junctions. There are other examples of atypical neuronal contacts in the 
inner ear. Synaptic junctions, with the same density as synaptic membranes, 
but without vesicles or ribbons, have been reported at the base of OHCs in 
cat and macaque monkey (Dunn & Morest, 1975; Bodian, 1978). Also 
‘extrasynaptic junctions’, reminiscent of asymmetrical densities, have been 
described in the IHCs of cat (Liberman, 1980). Reciprocal synapses at the 
base of OHCs have been described in monkeys and humans (Nadol, 1984; 
Thiers et al., 2002a), where neurons which appear to be afferent nerve fibres 
possess not only an afferent synapse from the OHC but also seem to have 
presynaptic vesicles within the nerve ending and a subsynaptic cisterna in 
the subjacent OHC cytoplasm. This suggests both hair cell to neuron and 
neuron to hair cell synaptic activity within one neural ending and is 
commonplace in the human, where it can be observed in 50% of afferent 
endings at the base of OHCs. 
 
Symmetrical and asymmetrical non-synaptic contacts have been described 
between thalamic relay nuclei in rat (Lieberman & Spacek, 1997) and 
between neurons in the lateral geniculate nucleus of monkeys (Guillery & 
Colonnier 1970). They were regarded as structures involved in adhesion 
rather than in signal transmission. However, gap junctions, known to form 
intercellular channels exchanging ions and small metabolites, commonly 
occur along the same interface. Thus, electric coupling could exist in these 
regions of non-synaptic filamentous contacts. Structures involved in 
adhesion, such as desmosomes or zonulae adherentes (Farquhar & Palade, 
1963) bear some resemblance to our membrane specializations and these are 
widely distributed throughout different tissues, including the central nervous 
system (Peters et al., 1991), but asymmetric disposition of dense material is 
not the typical appearance of these adhesive plaques. Desmosome-like 
junctions have been found in the cat, between the perikaryon of myelinated 
neurons and another cell, possibly a neuron, and it was speculated that 
neurons in the spiral ganglion could communicate (Adamo & Daigneault, 
1972). Similar junctions were also found between cultured spiral ganglion 
cells of mouse (Sobkowicz et al., 1984). 
Apart from the filamentous densities, a third type of specialization is 
described in this study, designated asymmetric subplasmalemmal density 
(paper IV). This was suggested to represent an immature form of the 
asymmetric membrane density, but no corresponding structure has been 
found in the literature. 
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Synapses on the neurons in the SG 
 
Synapses were found in the SG between unmyelinated nerve fibres and type 
2 cells. These synapses were mostly axo-dendritic or axo-somatic, i.e. they 
terminated on the peripheral processes of the type 2 cells or on their 
perikarya (papers III, IV). The presynaptic terminals contained both clear 
and dense core vesicles and the fibres were closely associated with the 
IGSB. By serial sectioning it could be established that one of these nerve 
fibres derived from this nerve fibre bundle. The origin of these fibres could 
therefore be either lateral or medial efferents, from either lateral or medial 
superior olivary complex, respectively, or possibly nerve fibres of 
autonomic origin. Synapses within the SG between unmyelinated nerve 
fibres and type 2 cells are frequent in monkey and in Man (Kimura et al., 
1979, 1987; Arnold, 1982; Nadol, 1988a; Thiers et al., 2000), but such 
contacts are rarely seen in lower vertebrates (Ivanov et al., 1992). Synapses 
have also been reported on type 1 cells in humans, although these are rare 
(Nadol, 1988a). Dendro-dendritic synapses between type 2 cells have been 
described in macaque monkey (Kimura et al., 1987) as also have direct 
contacts (ephapses) between the processes of both type 1 and type 2 cells. 
Thus, the innervation pattern of the primate spiral ganglion seems to differ 
from that of lower vertebrates, possibly reflecting a difference in function. 
 
Strong synaptophysin reactivity was found in almost all spiral ganglion cells 
(paper III) consistent with earlier findings in adult humans (Anniko et al., 
1989). This is in marked contrast to earlier observations on the inner ear of 
neonates and infants (Nadol et al., 1993) where no such reaction was found 
in the cytoplasm of SG cells, possibly due to the use of a different fixative 
and/or a different antibody.  
 
Unmyelinated beaded fibres and bundles, also showing synaptophysin 
immunoreactivity, were associated with the spiral ganglion cells. Some of 
these fibres appear to constitute projections of type 2 cells, while others are 
part of the IGSB. The immunohistochemical study thus confirms the 
ultrastructural findings of synapses on type 2 cells. Vesiculated nerve 
endings of synaptophysin-positive fibres were detected near or on the cell 
bodies of the type 1 cells, suggesting that they could also be related to the 
efferent fibres from the brain. Without exception, the type 2 cells seemed to 
show intense staining. Among the small ganglion cells there were spindle-
shaped or pseudo-unipolar cells that could constitute the origin of the 
beaded unmyelinated fibres. They were morphologically different from the 
more spherical type 2 cells which suggest that they may be functionally 
different too. 
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Figure 10. Neural interaction in human spiral ganglion (schematic 
drawing of findings). 
(a)   Type 1 cell contact between nerve fibre and cell soma. 
(b)   Contact between type 1 cells. 
(c)   Synapse on type 2 cell. 
(d)   Multisynaptic complex. 
 
Multisynaptic complexes 
 
In some regions, complex associations between synapses and type 1 cells 
(paper III) were observed. Several synaptic terminals were connected to a 
group of large nerve fibres _ or perhaps cellular extensions with type 1 cell 
characteristics _ which in between exhibited the typical non-synaptic cell 
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membrane specializations earlier described between the type 1 cells. The 
synaptic terminals, which contained both clear and dense core vesicles, 
derived from nerve fibres that were closely associated with the IGSB. Thus, 
in the HSG it is possible that both IHCs and OHCs are affected by 
olivocochlear systems. 
 
 
Neural interaction between SG cells 
 
Neural interaction between type 1 cells in the SG has been suggested in this 
study (papers I-IV). This is possible only if some electric or non-chemical 
mechanism is involved, as the structures that are typical of chemical 
synapses were absent. The mitochondria that were seen in close proximity 
to the membrane specializations suggested an oxygen-dependent energy-
demanding process. Non-chemical or electric transmission between neurons 
is possible with ion exchange in low resistance gap junctions (electrotonic 
transmission) or between adjacent unmyelinated nerve fibres inducing a 
current flow in the other fibre (ephaptic transmission). Intercellular release 
of ions and cell metabolites between appositional neurons could also 
indirectly influence the activity of the cell neighbour. 
 
So far, there is no ultrastructural morphological evidence of electrotonic 
transmission between ganglion cells, but immunohistochemical observations 
suggest the presence of gap junction proteins in SG cells (paper V). If so, 
this would facilitate a significant neural interaction with synchronous 
electric activity in auditory neurons. The conditions for ephaptic 
transmission are unambiguous, however. Unmyelinated paralleling fibres in 
direct contact are frequently found in the SG of Man and individual fibres 
may induce currents or membrane potential alteration in neighbouring 
fibres. It could be that this effect is more significant between nerve fibres 
and cell soma (Holt & Koch, 1999) or between two cell somata. The 
contribution of ephaptic transmission to the process of signal transduction 
between nerve fibres is not regarded as significant under normal conditions 
but seems to be important in certain pathophysiological events. Pathological 
activity in motorneurons leading to facial spasm, in crushed nerves and in 
nerves damaged by multiple sclerosis, may be caused by this mechanism 
(Jeffreys, 1995). Ephaptic transmission between demyelinated auditory 
nerve fibres has also been suggested as a possible cause of tinnitus (Möller, 
1984; Eggermont, 1990). 
 
Neural interaction at the level of the SG may provide an alternative pathway 
for afferent signals when hair cells are lost, provided that the dendrites of 
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individual neurons in structural groups project to different hair cells. In 
consequence, spiral ganglion cells could survive and continue to function in 
spite of hair cell degeneration, which could have implications for treatment 
with cochlear implants (Otte et al., 1978; Nadol, 1997; Miura et al., 2002). 
The close physical relationship might also facilitate a trophic supply 
between cells by exchange of metabolic products which could partly explain 
the relatively slow retrograde degeneration occurring in the human cochlear 
nerve (Pollak & Felix 1985). 
 
 
Tight and gap junctions 
 
The immunohistochemical study on the distribution pattern of ZO-1 in the 
human cochlea (paper V) partly confirmed earlier studies on TJs with TEM 
and freeze fracture techniques (Gulley & Reese, 1976; Nadol et al., 1976; 
Nadol, 1978, 1979b; Bagger Sjöbäck et al., 1987, 1988).  The typical 
distribution of TJs along the surface of cells lining scala media was 
observed. Additional staining was seen in controls in stria vascularis, 
possibly due to melanin pigmentation (Tachibana, 1999). No ZO-1 staining 
indicative of TJs was seen in the SG. This was not unexpected, as TJs are 
almost exclusively elements of epithelial or endothelial tissues. The 
membrane specializations between neuronal structures, which were 
observed in earlier studies (papers I-IV), are probably not associated with 
TJs. 
 
Immunohistochemical studies on the expression of Cx26 in the rat cochlea 
(Kikuchi et al., 1995) showed that GJs containing Cx26 were distributed 
between the supporting cells in the auditory neuroepithelium of the organ of 
Corti, in non-sensory epithelial cells, such as the interdental cells of the 
spiral limbus, in inner and outer sulcus cells, and in cells within the root 
processes of the spiral ligament. Cx26 was also found in the connective 
tissue cells of the spiral limbus and spiral ligament as well as in the basal 
and intermediate cells of stria vascularis. Studies on human cochleae have 
demonstrated a similar distribution pattern (Kelsell et al., 1997; Forge et al., 
1999; Kammen-Jolly et al., 2001), and it appears to be the general 
organization of mammalian ears (Kikuchi et al., 2000). These results were 
confirmed in this study on the human cochlea (paper V) showing a 
distribution of Cx26 not differing from that in other species studied so far. 
Current opinion regarding the function of serially arranged GJs in 
supporting and connective tissue cells is that of a potassium ion recycling 
mechanism (Spicer & Schulte, 1996, 1998; Kelley et al., 2000; Santos-
Sacchi, 2000).  In this model, ions are transported from the synapses at the 
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base of hair cells via the supporting endothelial cells and fibrocytes of the 
spiral ligament back to the endolymph through stria vascularis and the 
interdental cells of the spiral limbus. Normal functioning of these GJs is a 
prerequisite for normal hearing, as mutations in the gene GJB 2 coding for 
Cx26 are associated with non-syndromic sensorineural hearing loss (Kelsell 
et al., 1997; Kelley et al., 2000; Lefebvre & Van De Water, 2000). No 
expression of Cx26 was found in human SG.  
 
The role of Cx43 in the inner ear is not fully understood. There are even 
contradictory reports regarding its existence in the region. In the rat cochlea, 
Cx43 was detected in stria vascularis, in the spiral ligament and between 
the organ of Corti supporting cells (Lautermann et al., 1998), but in another 
study, on guinea pigs, gerbils and mice (Forge et al., 1999) there was no 
Cx43 staining at all. Cx43 expression was found in the spiral ligament of 
mouse cochlea after damage by dihydrostreptomycin sulphate, suggesting a 
role in cell proliferation and recovery of the spiral ligament (Yamashita et 
al., 1999). Mutations in the gene GJA 1 (Cx43) are associated with non-
syndromic autosomal hearing deafness similar to mutations in the Cx26 
gene (Liu et al., 2001), which indicates that Cx43 is somehow involved in 
auditory function or perhaps in cochlear development. The presence of 
Cx43 in the human cochlea was established in this study (paper V). 
Significant staining was observed in the connective tissue of the spiral 
ligament. The staining was weak however, suggesting a minor role for 
Cx43, perhaps participation in an intercellular exchange of metabolic 
products. In connection with potassium recycling mechanisms, Cx26 seem 
to be more important than Cx43, at least in Man. 
  
Cx43 immunoreactivity was found in the HSG cells. The staining was more 
concentrated at the cell borders which could imply the existence of GJs 
between HSG cells, although there are no ultrastructural data supportive of 
their presence. The possibility of the existence of another cell membrane 
protein with Cx43 immunostaining properties, not forming gap junctions, 
should not be excluded.  
 
 
A possible different functional role of human SG 
 
The unmyelinated neurons in Man, responsible for a slower conduction rate, 
seem to be disadvantageous. This might be compensated, however, by the 
possibility of neural interaction in structural and perhaps functional units. 
Unit arrangements suggest a more complex processing of signals in the 
human auditory system than that in other species, which would have an 
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impact on sound and speech coding, especially in the low-frequency areas 
where such units are numerous. If the afferent impulses from certain 
activated groups of hair cells are synchronized in the SG, the signal to the 
brainstem might be enhanced. On the other hand, hyper-polarization or 
inhibition of adjacent neurons could contribute to neuronal tuning or 
sharpening of the signal in the auditory nerve. Accordingly, the pattern of 
activity in the human cochlear nerve might already be highly processed 
before reaching the brainstem and therefore also significantly different from 
other mammals. Contrast enhancement or lateral inhibition is known from 
the retina but appears to be equally important in auditory function (Rhode & 
Greenberg, 1994; Kral & Majernik, 1996; Zhao & Santos-Sacchi, 1999). 
Our ability to distinguish between two tones of similar frequencies or pitch 
discrimination below 1000 Hz cannot be explained entirely by the so-called 
place theories, i.e. the frequency selectivity caused by the tonotopic 
arrangement of hair cells along the basilar membrane. A phase-locked 
synchronized activity in groups of neurons according to the volley principle 
(Wever, 1949) could exist, however, which might be the physiological basis 
for the unique morphology of the SG. 
 
 
 

CONCLUSIONS 
 

 
The technique of using surgical biopsies from patients with petroclival 
meningeomas produced well preserved material suitable for ultrastructural 
and immunohistochemical studies on the morphology of the human inner 
ear. New information was obtained regarding the ultrastructural morphology 
of the SG. The spiral ganglion cells were distributed in structural units 
which contained hitherto unknown signs of a neural interaction between the 
type 1 neurons. Adjacent cells in these units had a direct physical contact in 
Schwann cell gaps and membrane specializations were observed between 
the cells. By a serial sectioning technique it was possible to construct a 3-D 
model of one of these contacts. Similar gaps and membrane specializations 
were found between unmyelinated nerve fibres and type 1 cells. 
 
The anatomical relationship between the ganglion cells and the efferent 
fibres of the IGSB was studied. The conclusion drawn was that both types 
of ganglion cells, especially the type 2 cells, are connected to and affected 
by olivocochlear fibres.  The immunohistochemical study on the distribution 
patterns of ZO-1, Cx26 and Cx43 suggested the presence of Cx43 in SG 
cells, possibly indicative of GJs between these neurons. The findings 
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suggest a functional role for the SG different from that of other species, 
whereby auditory signals may be processed before they reach the human 
cochlear nerve. 
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