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INTRODUCTION

An experimentally induced endolymphatic hydrops is generally accepted as the best 
available animal model for research on Menière's disease. However, it should be kept in 
mind that many differences exist in histopathology and clinical symptomatology between 
patients suffering from Menière's disease and this animal model. On the other hand, they 
also have many features in common.

A variety of morphological changes in, e.g., the organ of Corti, stria vascularis and 
Reissner's membrane, which occur during the development of an experimental hydrops, is 
known to-day. Similar sequelae have been found in the histological studies of temporal 
bones of patients with Menière's disease.

Structural changes as they may be related to the duration of hydrops are far less 
investigated. Which changes in Reissner's membrane, stereocilia and hair cells occur in the 
early stages of an endolymphatic hydrops is not (sufficiently) known. The question whether 
these early changes may initiate symptoms as observed at the onset of Menière's disease 
still remains a matter of discussion.

Moreover, questions of the reversibility of histological and physiological alterations 
at the initial stage of an endolymphatic hydrops have not been answered yet.

Therefore, the histopathology of the guinea pig cochlea in endolymphatic hydrops 
was investigated in a time sequence study of up to 15 months. Endolymphatic hydrops was 
induced on the left ear by endolymphatic sac/vestibular aqueduct obliteration, the right ear 
serving as a control.

In Chapter I some historical remarks are made on the ideas of Prosper Menière, 
which were highly controversial at the time. The historical development of the earlier 
research on the inner ear in Menière's disease as well as the previous studies using the 
experimental endolymphatic hydrops model is summarized. Some major differences between 
the disease itself and the experimental animal model are pointed out. The objectives of this 
study are presented.

In Chapter II the material and methods are described. The surgical approach to the 
endolymphatic sac and its surgical pitfalls are documented. The fixation and embedding 
procedures of light microscopy, scanning electron microscopy and transmission electron 
microscopy are presented in detail.

In Chapter III the lightmicroscopical results are presented as obtained in 66 cochleae 
of 33 guinea pigs, which were divided into four groups with a survival time of 1,2, 4 and 8 
months. Special attention is paid to alterations in Reissner's membrane. In addition, the 
histopathology of stria vascularis, organ of Corti, spiral ganglion cells and nerve fibres is 
shown.
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In Chapter IV the results of transmission electron microscopy are shown. Two 
specimens with a survival time of 8 months and one specimen with a survival time of 15 
months are examined in this way. Because of the small number of animals and the long 
survival time the conclusions have a limited value.

In Chapter V the results of scanning electron microscopy of 16 cochleae up to eight 
months after endolymphatic sac obliteration are presented. The changes in surface 
ultrastructure of Reissner's membrane and the organ of Corti are investigated in detail.

In Chapter VI the results of this study are discussed in relation to previous research 
by other authors. The conclusions from the present investigation are presented.
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CHAPTER I

MENIERE'S DISEASE AND THE EXPERIMENTAL HYDROPS MODEL

1. History of Menière's disease and experimental hydrops

1.1 Prosper Menière and the disease

Reading the four papers by Prosper Menière (1799-1862), published in 1861, one 
realizes how controversial his ideas were in the middle of the 19th century. In January 1861 
he gave a lecture at the Imperial Academy of Medicine, in which he described several case- 
reports of patients with recurrent attacks of vertigo, tinnitus and hearing loss. The patients 
recovered from these attacks except for an increasing hearing loss (125). Menière concluded 
that their symptoms might arise from an inner ear dysfunction instead of from a cerebral 
vascular lesion. Until then many forms of disturbance of equilibrium were diagnosed as 
"cerebral congestion of an apoplectiform nature". Menière's hypothesis indicated the 
absurdity of the drastic therapy for some cases of "cerebral congestion" at the time, such as: 
"seton", bleeding, wet cupping, purgatives and cauterization of the skin. Understandably, 
his lecture was followed by several debates, in which the congestion theory was strongly 
supported by others (12). So, afterwards, Menière published three articles on the subject in 
the Gazette Médidnale de Paris (122,123,124). They contained several case reports of 
patients with the combination of symptoms described above as well as an argumentation 
against the diagnosis of "cerebral congestion". In April 1861 he wrote: "La discussion 
...gagnerait, selon nous, en utilité pratique si 1'on voulait descendre des hauteurs ou se sont 
placé quelques-uns des adversaires du clinicien de 1'Hötel- Dieu". As a result of these papers 
many physicians became familiar with the three symptoms (vertigo, tinnitus, deafness) as a 
new clinical entity. Records of similar patients were sent to Menière. He then wrote his 
fourth and most famous paper which was published in September of the same year (125). In 
this article he reported for the second time the only histological "evidence" then available 
demonstrating the presence of inner ear pathology. He found a red exudate in the 
semicircular canals of a temporal bone of a girl who suffered from vertigo, vomiting and 
sudden deafness before death. It is very likely that this girl did not suffer from what we now 
call Menière's disease but died from a systemic disorder with concomitant labyrinthine 
hemorrhage (12). It is noteworthy that Menière published this pathology report already in 
1848 as an addendum to the French translation of a German textbook on Otology written by 
W. Kramer (48).

In conclusion, one may say that Prosper Menière's great contribution to otology and 
neurology has been that, for the first time, he attributed the well known triad of symptoms 
to a labyrinthine disease instead of to "cerebral congestion".
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1.2 Histopathology of Menière's disease

It is uncertain who first described endolymphatic hydrops in the temporal bones of 
patients with Menière's disease. Usually, Hallpike and Cairns (1938) are credited (52). They 
observed a great dilatation of the saccule and the scala media, degeneration and ruptures of 
the membranous wall of the semicircular canals, degeneration of the organ of Corti, stria 
vascularis and epithelium of the maculae together with an absence of the perisaccular tissue 
around the endolymphatic sac in temporal bones of two patients with Menière's symptom- 
complex. One patient died from a massive cerebral hemorrhage, however, probably with 
bleedings in the labyrinth due to vestibular nerve surgery, the other suffered from severe 
otitis media duplex. At an earlier date in the same year in Japan Yamakawa presented the 
histopathological findings on a patient with Menière's disease: distension of Reissner's 
membrane and narrowing of the endolymphatic duct and sac without other sequelae 
(157,179). This case report probably conforms better to the pathological criteria that are 
accepted today as essential for the diagnosis of "Menière's disease": an idiopathic 
endolymphatic hydrops with attacks of vestibular and cochlear symptoms including aural 
pressure without any other otological, neurological or internal disorders (21,51,135,136, 
155).

Apart from a distension of Reissner's membrane, several other morphological 
changes have been described in Menière's disease. These include a herniation of Reissner's 
membrane through the helicotrema, bony wall connections between Reissner's membrane 
and the bony wall of the scala vestibuli, ruptures with repair structures of membranes in the 
labyrinth (saccule, vestibule and Reissner's membrane), degeneration of stria vascularis and 
organ of Corti and apical degeneration of spiral ganglion cells and nerve fibres 
(5,95,114,150,151, 153,154). The existence of substantial changes in the endolymphatic 
sac is still controversial. Some authors have described a partial obliteration of its lumen or 
an increased perisaccular fibrosis (69,71,109,148). Recently a decrease in size of the 
vestibular aqueduct lumen was observed in Menière cases by means of high resolution 
computer tomography (46). These data are also in conflict with observations of others 
(138).

1.3 Experiments on the endolymphatic sac

In the early 1920's G. Portmann became interested in the anatomy and function of 
the endolymphatic sac. He studied its morphology and physiology in various fishes, birds 
and mammals (139,141). Because the endolymphatic sac was always present and obviously 
did not disappear in the evolution of species he concluded that it must have an important 
function. He hypothesized that the sac was a vital structure in regulating the inner ear 
fluids, analogous to the mechanism of fluid balance in the eyeball. An increased eyeball 
pressure as a result of a disturbed fluid homeostasis was already known as glaucoma. It is 
worth mentioning that the experimental work of S. Guild, who first described the fine 
structure of the sac and concluded that it might be involved in the inner ear fluid 
homeostasis by absorbing endolymph, was published many years later (49,50). Portmann 
examined the effects of endolymphatic sac dysfunction by cauterization of the canaliculus 
endolymphaticus in the ray, Leiohatis pastinaca, and lemon shark. These animals became
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heavily disequilibrated and persisted in making loop-like movements. Histological 
examination of the labyrinths showed distension of the saccule and the endolymphatic sac 
proximal to the area of cautery. So at first the symptom of disturbance of equilibrium was 
associated with dysfunction of the sac leading to endolymphatic hydrops as 
histopathological substrate. It is remarkable that G. Portmann also argued that the 
symptoms of Menière's disease might arise from this hypertension of the endolymphatic 
system, which was named "glaucome auriculaire", although morphological indications for 
endolymphatic hydrops in "Menière's disease" were lacking until the publications by 
Yamakawa, Hallpike and Caims 12 years later. He also devised an endolymphatic sac 
decompression operation as treatment for vertigo. In 1926 he gave a lecture at the 
foundation meeting of the "Collegium Oto-Rhino-Laryngologicum Amicitiae Sacrum" held 
in Groningen, in which both the results of the experimental animal studies and the first 
results of the endolymphatic sac decompression operation technique in two patients were 
reported (140).

In the fish as examined by G. Portmann, the surgical anatomy of the endolymphatic 
sac is relatively simple. It lies below the skin of the dorsal surface of the head; it is in free 
communication with the surrounding media and easily accessible (141). In mammals the 
access to the sac is much more difficult due to its position on the medial wall of the 
temporal bone and the close proximity of the sigmoid sinus. In 1926 M'Nally, research 
assistant at the Pharmacological Laboratory of the University of Utrecht, published the 
results of experiments on the endolymphatic sac in rabbits (127). He observed a diminution 
of tonus in the homolateral limbs after cauterization or incision of the endolymphatic sac. 
Other labyrinthine reflexes like eye deviation, nystagmus and maintenance of equilibrium 
remained normal. Histologically the sac areas appeared to be destroyed. The cochleae were 
not examined. M'Nally was probably the first to produce a disturbance in labyrinthine 
function in mammals after endolymphatic sac surgery. This result seems meager, but one 
has to realize that in rabbits the surgical technique of endolymphatic sac obliteration is 
technically difficult (14).

In 1959 Naito first described the morphological changes in the cochlea and vestibule 
of the guinea pig after obliteration of the endolymphatic sac (132). Several cochleae were 
presented with a slight distension of Reissner's membrane in the basal coils. Naito also had 
some difficulty in obliterating the sac completely because only one out of six animals 
showed a hydrops.

Six years later, in 1965, the historical work on experimental endolymphatic hydrops 
by Kimura and Schuknecht was published (75). In their time-sequence study they succeeded 
in producing an endolymphatic hydrops in all guinea pigs. Hydrops was present as early as 
24 hours after endolymphatic sac obliteration. The degree of hydrops varied from one 
specimen to another. Signs of vestibular disturbance were not observed. In 1968 Kimura 
presented in more detail the effects of experimental hydrops as seen in light microscopy up 
to 13 months postoperatively (78). Degeneration of hair cells, spiral ganglion cells and stria 
vascularis was first seen in the apical turns and later also involved the lower turns of the 
cochlea. These experiments showed that a severe malfunction of the endolymphatic sac 
induces degenerative changes in the inner ear, which are progressive with time. The great 
contribution of Kimura and Schuknecht has been the development of a reliable experimental 
hydrops model. The basic principles of their obliteration technique have hardly been 
modified since.
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2. Differences between Menière's disease and experimental hydrops

In their first paper on experimental hydrops (75) Kimura and Schuknecht concluded: 
"the histopathological findings of these specimens (hydrops guinea pigs) are similar to 
those reported in Menière's disease". From that time on the hydrops model was generally 
accepted as an animal model for Menière's disease. In 1980 Kimura wrote (83): " attempts 
have been made in experimental animals to create a working model similar to Menière's 
disease. So far, the only reliable method of producing hydrops is obliteration of the 
endolymphatic duct and sac". As is shown by the latter quotation the conviction to have a 
real experimental Menière model is tempered since. There are several differences in 
symptomatology and histopathology between Menière's disease and the experimental animal 
models:

In guinea pigs the endolymphatic sac has to be obliterated completely in order to 
produce a hydrops of the inner ear. Small remnants of functioning sac epithelium are 
sufficient to maintain the fluid homeostasis of the inner ear. In monkeys a total blockage of 
the sac is not successful at all in producing hydrops (78). In Menière's disease blockage of 
the endolymphatic sac is rare (71,109,138).

In experimental hydrops hair cells, nerve fibres, spiral ganglion cells and stria 
vascularis degenerate within months after obliteration of the endolymphatic sac (78). In 
Menière's disease atrophy of sensorineural elements and stria vascularis occurs only in cases 
with a long clinical history (154).

In experimental endolymphatic hydrops ruptures and repair structures of Reissner's 
membrane are rarely reported. In temporal bone studies of Menière's cases they are 
frequently present (95,151).

In the animal model vertiginous attacks are observed only occasionally (78). In the 
present study also no signs of vertigo were seen. In Menière's disease this symptom is 
implicit.

A progressive sensorineural hearing loss in experimental hydrops is frequently 
measured at electrocochleography (21,98). Fluctuations of this hearing loss, common at the 
onset of Menière's disease, have up to now only once been described in the animal model 
(54).

In conclusion, experimentally-induced endolymphatic hydrops differs considerably 
from Menière's disease. Nevertheless, research using this model can elucidate more about 
the physiology and pathophysiology of the inner ear. The pathology of endolymphatic 
hydrops can be studied in detail. Results of these studies are however confined to the model 
and extrapolation to the clinical situation remains dangerous since our fundamental 
knowledge of both the animal model and Menière's disease is still fragmentary.



3. Objectives of this study

3.1 A variety of changes in Reissner's membrane, organ of Corti and stria vascularis has 
been reported before in hydrops cochleae. However, their occurrence in relation to survival 
time after endolymphatic sac obliteration has been documented to a lesser degree. The 
further development of more advanced light- and submicroscopical techniques may certainly 
add to our present understanding of the sequelae of an experimental hydrops. The main goals 
of this study were:

to investigate the effects of time on the development of alterations in the cochlea. 
The animals were, for this reason, divided into four groups with survival times of one, two, 
four and eight months, respectively, after blockage of the endolymphatic sac. Specific 
changes in hydrops cochleae were examined with different techniques in order to strengthen 
the validity of the observations.

to make an inventory of the changes in the different structural elements of hydrops 
cochleae. Special attention was paid to Reissner's membrane pathology. As mentioned 
before, one of the major differences between experimental hydrops and Menière's disease 
concerns the existence of Reissner's membrane ruptures and repair structures. If so, this 
could be an explanation for fluctuating sensorineural hearing loss. An other hypothesis for 
such fluctuations is a change of stereocilia configuration of hair cells. Scanning electron 
microscopy may give an answer to this.

3.2 Another major issue was the standardization in surgical efficacy of the endolymphatic 
sac obliteration technique. Because many workers on hydrops use the same experimental 
model but different surgical techniques, efficacy in surgery is necessary to allow comparison 
results. So surgery was first evaluated in a trial with 10 guinea pigs before this study was 
further continued. The animals were kept alive for six weeks and cochleae together with 
vestibular aqueducts were evaluated for (1) the development of hydrops and (2) the 
completeness of sac/duct blockage. Furthermore, problems of anesthesia, infection, sigmoid 
sinus bleeding and fistulization of the labyrinth during surgery were solved.

3.3 Vestibular aqueducts were studied in all experimental groups in order to examine the 
completeness of the surgical obliteration procedure. It is known that the degree of Reissner's 
membrane distension varies between individual guinea pigs with the same survival time. 
After blockage the endolymphatic sac/vestibular aqueduct area was histologically examined 
to exclude the possibility that remnants of still functioning epithelium were left. This could 
also be an explanation for individual variations in degree of hydrops.

3.4 In this study advanced methods of fixation and embedding were used in order to 
decrease the risk of inducing artefacts and to increase the validity of our results. In the 
literature an important controversy in hydrops studies still concerns the interpretation of
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some results as a true pathological event or an artefact. Kimura, e.g., regarded fistulae in the 
membranous labyrinth of hydrops guinea pigs as tissue processing artefacts (85). He also 
pointed out that celloidin embedding is the best routine method of studying endolymphatic 
hydrops. In the last few years several modifications have been introduced with respect to 
fixatives and embedding media, in order to improve tissue fixation and decrease the risk of 
inducing artefacts. Vascular perfusion with fixative under deep anesthesia improved the 
velocity and grade of cell penetration. Spurr's low-viscosity resin embedding appeared to be 
far superior to celloidin.

3.5 On the basis of the different observations in our study several controversies are 
discussed: the role of a longitudinal endolymph flow in experimental hydrops, the 
morphological changes of Reissner's membrane with respect to the barrier function between 
endolymph and perilymph, the failure of stria vascularis function in stabilizing the 
electrochemical environment of the scala media and the existence of early changes in 
stereocilia configuration which might precede alterations in hair cell bodies.
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CHAPTER II

MATERIAL AND METHODS

1. Animals and experimental procedure

In this time-sequence study 47 albino guinea pigs with positive Preyer's reflexes and 
a body weight between 220 and 650 grams were used. Guinea pigs suffering from an otitis 
externa and/or media were excluded (16). In 44 animals, the endolymphatic sac was 
surgically obliterated on the left side, whereas the right side served as control. Out of this 
group, the cochleae of 33 guinea pigs were processed for light microscopy (LM), those of 
eight animals for scanning electron microscopy (SEM) and those of three animals for 
transmission electron microscopy (TEM). Three guinea pigs were submitted to a sham 
operation (SHAM), i.e., a surgical exposure of the left endolymphatic sac without 
damaging it. The efficacy of the sac obliteration procedure was evaluated in eight animals 
by means of a histological study of the endolymphatic sac/vestibular aqueduct area 
(ESA'A). The number of specimens studied with the different techniques is summarized in 
Tables 1 and 2.

Table 1. Endolymphatic sac obliteration - left side

Month(s) LM TEM SEM SHAM ES/VA

1 8 - 2 3 2
2 8 - 2 - 2
4 8 - 2 - 2
8 9 2 2 - 2

15 - 1 - - -

Table 2. Controls-right side

Month(s) LM TEM SEM SHAM ES/VA

1 8 - 2 3 2
2 8 - 2 - 2
4 8 - 2 - 2
8 9 2 2 - 2

15 - 1 - - -

Tables 1 and 2. Numbers refer to number of cochleae and vestibular aqueducts investigated in 
the five different groups. LM: light microscopy; TEM: transmission electron microscopy; 
SEM: scanning electron microscopy; SHAM: sham obliteration endolymphatic sac; ES/VA: 
histological evaluation of endolymphatic sac/vestibular aqueduct.
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2. Anesthesia, peroperative controls

Anesthesia was accomplished by inhalation of an 1:2 mixture of oxygen and nitrous- 
oxygen and vaporized Halothane®. Guinea pigs are known to be susceptible to anesthetics. 
High dosages of narcotics are required to achieve and maintain a minimum level of analgesia 
(45). Therefore, a considerable risk of fatal respiration and circulation depression arises in 
the animals, which breathe spontaneously. To avoid this, Thalamonal® (0.05 mg Fentanyl 
and 2.5 mg Droperidol/ml) was administered intramuscularly in a dosage of 2 ml/kg body 
weight, every hour, starting half an hour preoperatively. Thus the quantity of the gas 
anesthetics could be decreased with a concomitant improvement of the analgetic properties.

Heart function was checked by means of electrocardiographic monitoring. Body 
temperature was continuously measured by a skin sensor and maintained at 38.0 °C by 
means of a heating blanket.

3. Endolymphatic sac approach

3.1 Surgical anatomy

The endolymphatic sac consists of three different parts: the proximal, intermediate 
and distal part (49,116). The proximal part lies entirely within the temporal bone and 
connects the endolymphatic duct and thus the endolymphatic system of vestibulum and 
cochlea with the intermediate part. The intermediate part, the "pars rugosa", lies partially in 
a niche of the temporal bone, the operculum, and runs partially between the layers of the 
dura mater in close relationship with the sigmoid sinus. There are two different surgical 
routes via which the sac can be obliterated in animals: the intradural approach (75,113) and 
the extradural approach (90). An outline of the surgical anatomy and the two different 
obliteration techniques is shown in Figure 1 A,B.

Fig 1. Intradural (A) and extradural (B) surgical approach to the endolymphatic sac as seen in 
horizontal section. Note the difference in handling of the sigmoid sinus. Occipital bone (1), 
temporal bone (2), sigmoid sinus (3), endolymphatic sac (4), endolymphatic duct (5), 
cerebellum (6), vestibule (7).
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3.2 Extradural posterior fossa approach.

In this study the extradural posterior fossa approach was used. Although the 
principles of this technique have been described earlier (75,90), there are certain surgical 
details and pitfalls that have seldom been pointed out. The whole procedure will therefore be 
described in detail.

In all animals the obliteration of the endolymphatic sac was performed on the left 
side under sterile conditions using a Zeiss stereomicroscope. The hairs of the posterior skull 
and neck region were shaved and a median scalp incision was made. The muscles, attached 
to the lamboidal suture were removed and the occipital bone was exposed. The bone was 
thinned with a diamond burr and afterwards removed by a sharp hook. This maneuver has to 
be made carefully in order to avoid damage of the dura and the sigmoid sinus. The dura 
including the cerebellum and the sigmoid sinus was then medially retracted by means of an 
elevator. Care was taken not to open the fragile wall of the sigmoid sinus. Insertion of 
small pieces of gelfoam in between the brain and the temporal bone appeared to be a safe 
method of retracting the dura and the sinus. The gelfoam absorbs blood and facilitates the 
access to the petrous bone behind the sigmoid sinus. It has to be emphasized, however, 
that only a slight retraction of the dura is allowed. The endolymphatic sac runs from the 
operculum on the petrous bone to the dura near the sigmoid sinus. When this structure is 
retracted too far, the endolymphatic sac can be torn from the delicate membranes of the dura 
and the sigmoid sinus. Severe bleeding may occur. Especially when the small arteries 
around the sinus are damaged, bleeding is usually fatal. For this reason the part of the 
endolymphatic sac located between bony niche and dura was transsected before dura and brain 
were medially retracted. At this stage in the procedure, it becomes rather easy to detect and 
localize the "oval niche" (operculum) with the intermediate part of the endolymphatic sac in 
the petrous bone.

A small imperator-type burr was used to destroy the intermediate part of the sac. 
Although the whole intermediate part has to be obliterated, it appeared hazardous to drill the 
proximal part of the endolymphatic sac due to its proximity to the superior and posterior 
semicircular canals (Figure 2 a,b).

After destruction of the sac, the bony niche was filled with bone wax. A small 
amount of chloramphenicol 5% powder was locally applied. The defect in the occipital 
bone was covered by large pieces of gelfoam. The neck muscles were sutured to the 
periosteum of the lamboidal suture by means of catgut. The skin was closed with Vicryl® 
sutures. Depending on the anatomy and haemostasis, the surgical procedure lasted between 
one and three hours.

13



Fig. 2. A. Medial wall of the left temporal bone. Note the close anatomical relationship 
between the endolymphatic sac, vestibular aqueduct and semicircular canals. B. Schematic 
drawing of left temporal bone. Endolymphatic sac (1); vestibular aqueduct (2); superior (3) and 
posterior (4) semicircular canal.

4. Postoperative care

Postoperatively all guinea pigs received Terramycine LA ® i.m. in three dosages of 
0.1 ml / kg body weight during eight days.

5. Fixation, dissection and embedding

All guinea pigs were anesthetized by an i.p. injection of sodium pentobarbital 
(Nembutal®, 60 mg/kg body weight). After removal of the skin and the subcutaneous 
tissues, the ribs and sternum were opened in the medial line. A small needle was then 
inserted and fixed into the descending aorta with the tip in the direction of the heart. A 
perfusion pressure of 80 cm H20 was obtained by a constant difference in height between 
the level of the rinsing solution or fixative and the animal (128). The pericardium was 
subsequently removed and the right atrium was opened to ensure a proper outflow of venous 
blood. Following perfusion with 50 ml physiological saline with Heparin® (10,000 U), the 
cranial region was either fixed by intravascular perfusion with 80 ml modified Kamovsky 
fixative, pH 7.4 (68) or with 80 ml trialdehyde fixative according to Kalt and Tandler (66) 
for five minutes at room temperature. Both temporal bones were then dissected. 
Subsequently the round window membrane was opened and the stapes was carefully removed 
in order to avoid serious damage to the saccule and Reissner's membrane. Dissection was 
immediately followed by immersion fixation in modified Kamovsky fixative (pH 7.4) for 
two hours at 4 °C or trialdehyde fixative for three hours at 20 °C. Next, the temporal bones 
were rinsed twice in 0.1 M sodium cacodylate buffer (pH 7.4) for 30 minutes at 4 °C and
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then decalcified in 10% EDTA-2Na (pH 7.4) at room temperature. For the 
lightmicroscopical and transmission electron microscopical studies decalcification of 
specimens was continued for seven days, whereas in the scanning electron microscopical 
study this lasted only 24 hours. The cochleae were then dissected from the medial wall of 
the temporal bones.

For light microscopy, the specimens were postfixed in 1% 0s04 for two hours at
4 °C.

For transmission electron microscopy, the cochleae were postfixed in 1% 0s04 + 
1% K4Ru(CN)6 in 0.1 M sodium cacodylate buffer (pH 7.4) for two hours at 4 °C (47).

Specimens for both light microscopy and transmission electron microscopy were 
rinsed six times in distilled water for 30 minutes. Dehydration was performed in graded 
ethanol series (50%, 70%, 90%, 96% and 100%) followed by propylene oxide (2 x 15 
minutes). Subsequently, the cochleae and temporal bones were infiltrated with a mixture of 
Spurr's low-viscosity resin/propylene oxide 1:1 for one hour, followed for two hours by 
pure Spurr's low-viscosity resin under permanent rotation. Tissue processing ended with 
polymerization of specimens in polyethylene capsules for 12 hours at 70 °C.

For scanning electron microscopy the cochleae were rinsed three times in 0.1 M 
sodium cacodylate buffer (pH 7.4) for 30 minutes each at 4 °C. Dehydration was performed 
in a graded ethanol series (25%, 50%, 70%, 80%, 90%, 96% and 100%). The critical point 
drying process using carbon dioxide was applied (Balzer CPD 010 ). Specimens were 
mounted on aluminium stubs with glue, to which silver powder was added.

6. Light microscopy

The cochleae were divided in a midmodiolar plane and re-embedded in Spurr's low- 
viscosity resin after removal of the polyethylene capsules. All cochleae and a part of the 
medial walls of the temporal bone were sectioned with glass knives (1-5 pm) on a Jung 
1140 autocut microtome and stained with methylene blue/azur II in borax or methylene 
blue/fuchsin.

7. Scanning electron microscopy

The mounted cochleae were microdissected using a stereo-preparation microscope. As 
a result of the introduction of a short decalcification time in the procedure for scanning 
electron microscopy the bony wall of the cochleae could easily be removed without 
damaging the membranous labyrinth. Next, parts of the spiral ligament, the stria vascularis 
and Reissner's membrane were dissected. For this purpose special fine wolfram instruments 
had to be manufactured. After that the specimens were coated with coal and gold (thickness 
approximately 200 Ä) by an ion sputtering device (Edwards) and studied in a Cambridge M 
600 and/or Camscan scanning electron microscope at accelerating voltages of 7.5 to 15 kV. 
Photography was performed with direct positive (Kodak 5246) or negative (Ilford FP4) 
panchromatic films.
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8. Transmission electron microscopy

Using the preparation microscope each re-embedded cochlear half was divided into 
separate quarter turns, using new single edge blades. These specimens were re-embedded in 
Spurr's low-viscosity resin. For orientation purposes, single semithin sections (1 pm) were 
cut with glass knives on a Jung 1140 autocut microtome and examined with light 
microscopy. Subsequently, ultrathin sections (600-900 A) were cut with a diamond knife on 
a LKB ultratome V and mounted on pioloform-coated single slot copper grids. Finally, the 
ultrathin sections were contrast-stained with methanolic uranyl acetate and lead citrate and 
examined in a Philips EM 201c transmission electron microscope operating at 60 kV.
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CHAPTER III

FUNCTIONAL HISTOLOGY OF EXPERIMENTAL ENDOLYMPHATIC HYDROPS

Hydrops cochleae

1. Endolymphatic hydrops

1.1 Classification of hydrops

The hydrops of the endolymphatic system was classified as "no", "mild", "moderate" 
or "severe”, depending on the position of Reissner's membrane as illustrated in Figure 3 A- 
D. The hydrops was called "mild" when only a slight bulging of this membrane was 
present, "moderate" when Reissner's membrane reached the bony wall of the scala vestibuli 
and "severe" as soon as it touched the medial wall of the scala vestibuli. Differences in the 
degree of hydrops between the turns of cochleae, individually, were averaged.

Fig. 3. A. "No" hydrops; second turn, control cochlea. B. "Mild" hydrops; basal turn, 1- 
month group. Note the slight bulging of Reissner's membrane. C. "Moderate" hydrops; third 
turn, 2-month group. Reissner's membrane has reached the bony wall of the scala vestibuli. 
D. "Severe" hydrops; second turn, 4-month group. Reissner's membrane has touched the 
medial wall of the scala vestibuli.
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1.2 Progression of hydrops

Within one month after sac obliteration a distension of Reissner's membrane was 
observed. In the 2-, 4- and 8-month animals generally a gradual increase in bulging was 
seen, although individual variations between separate groups were present. One animal 
already showed a severe hydrops after one month, whereas an 8-month specimen only had a 
mild hydrops. A hydrops of the inner ear developed in all but one cochlea of the 8-month 
group. The degree of hydrops in all four experimental groups is shown in Table 3.

Degree Time interval after sac obliteration
of 1 month 2 months 4 months 8 months "sham"
hydrops (N=8) (N=8) (N=8) (N=9) (N=3)

No - - - 1 3
Mild 4 3 1 1 -
Moderate 3 3 2 2 -
Severe 1 2 5 5 -

Table 3. Degree of hydrops in relation to time interval after obliteration of the
endolymphatic sac. Numbers refer to number of cochleae studied.

Fig-4

Fig. 4. "Severe" hydrops; midmodiolar section, 8-month cochlea. Note distension of 
Reissner's membrane through helicotrema in scala tympani (arrow). (40x)
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At the stage of an early hydrops, bulging of Reissner's membrane was first observed 
in the basal turn of the cochlea. When hydrops had progressed, no difference in distension of 
Reissner's membrane could be observed any more between apex and basal turn. In three 
specimens of the 8-month group the expansion of Reissner's membrane was noted through 
the helicotrema into the scala tympani of the fourth turn (Figure 4).

2. Reissner's membrane

Apart from bulging many other histopathological changes of Reissner's membrane 
were seen. These included foldings, bony wall connections, thickenings, mesothelial 
defects, duplications, ruptures and atrophy. Table 4 gives a survey of these alterations as 
observed in relation to survival time. In Table 5 the pathological sequelae of Reissner's 
membrane are shown as they may develop in relation to the degree of hydrops.

Reissner's
membrane
pathology

Time interval after sac obliteration
1 month 2 months 4 months 8 months

(N=8) (N=8) (N=8) (N=9)

Folding - 2 3 4
Bony wall connection 2 4 2 3
Thickening 2 2 - 2
Mesothelial defect - - 1 5
Duplication - - - 1
Rupture - 1 2 5
Atrophy - - 5 7

Table 4. Pathology of Reissner's membrane in relation to time interval.

Reissner's
membrane
pathology Mild

Degree of hydrops

Moderate Severe

Folding - 2 7
Bony wall connection 3 1 7
Thickening 2 2 2
Mesothelial defect - 1 5
Dupliteation - - 1
Rupture 1 2 5
Atrophy - 3 9

Table 5. Pathology of Reissner's membrane in relation to the degree of hydrops.
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2.1 Foldings

In Figure 5 a folding is shown in the basal turn of a 2-month hydrops cochlea. 
Foldings were observed without any preference for any particular cochlear turn in two 2- 
month, three 4-month and four 8-month hydrops specimens. Mostly they were present in 
cases of moderate-to-severe hydrops. They varied considerably in length. In the foldings the 
epithelial cells were normal without signs of cell mitosis, and their lining appeared intact. 
In the vicinity of a folding Reissner's membrane bulged smoothly without a collapse. 
Sometimes they were accompanied by other structural changes (mesothelial defects, bony 
wall connections). Figure 6 shows a folding together with a mesothelial defect in the apex 
of an 8-month hydrops cochlea.

Fig. 6

Fig. 5. Folding in Reissner's membrane; basal turn, 2-month group. In the vicinity of the 
folding the membrane is intact without collapse. Note the normal architecture of the stria 
vascularis, organ of Corti and nerve fibres. (65x)
Fig. 6. Folding in Reissner's membrane; apex, 8-month hydrops animal. A mesothelial defect 
is present in the vicinity of the folding. Note also the atrophy of stria vascularis and organ 
of Corti together with loss of nerve fibres. (lOOx)
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2.2 Bony wall connections

In two 1-month, four 2-month, two 4-month and three 8-month hydrops specimens 
thin connections were present between the mesothelial cells of Reissner's membrane and the 
bony wall of the scala vestibuli. Mostly the epithelial cell lining of Reissner's membrane 
appeared to be normal in the vicinity of these connections. In seven out of eleven cases they 
were present after a severe hydrops had developed. Their existence did not correlate with a 
particular location in the cochlea. The proximity of Reissner's membrane to the bony wall 
seemed necessary for their genesis. The connections differed in number and size. Sometimes 
multiple spiderweb-like connections were seen as shown in Figure 7. In others only some 
string-like adhesions were observed (Figure 8).

Fig. 7

Fig. 8

Fig. 7. Spiderweb-like connection between Reissner's membrane and bony wall of the scala 
vestibuli (arrow); apex, 8-month specimen. A duplication is present in Reissner's membrane 
(double arrow). Stria vascularis, hair cells and nerve fibres have degenerated. (130x)
Fig. 8. Detail of several string-like adhesions between Reissner's membrane and the bony 
wall of the scala vestibuli (arrows); third turn, 4-month hydrops cochlea. The epithelial cell 
lining is intact. (500x)
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2.3 Thickening

A distinct thickening of Reissner’s membrane was observed in two 1-month, two 2- 
month and two 8-month hydrops cochleae. In four specimens the thickening was located 
apically; in two animals it was only present in the second turn of the cochlea. In two 
guinea pigs the thickening appeared as a regular double-track of cells running parallel to 
Reissner's membrane (Figure 9); in four cases Reissner's membrane itself was irregularly 
thickened (Figure 10). These alterations consisted of one or two layers of spindle-shaped 
cells with an indistinct nucleus. Occasionally they were made up of an amorphous 
substance. In the vicinity of a thickening Reissner's membrane had a normal appearance 
without evidence that a membrane rupture had occurred in this area at an earlier occasion.

Fig. 9

Fig. 10

Fig. 9. Well defined regular double-track thickening of Reissner's membrane (arrow); fourth 
turn, 8-month hydrops cochlea. In its vicinity the membrane is intact. Note also the 
degeneration of the organ of Corti and the decreased number of nerve fibres. (125x)
Fig. 10. Irregular thickening of Reissner's membrane (arrow); second turn, 2-month hydrops 
specimen. Its cells are spindle-shaped with indistinct nuclei. The continuity of Reissner's 
membrane is intact. (165x)
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2.4 Mesothelial defects

Distinct interruptions in the mesothelial cell lining of Reissner's membrane were 
observed in the apical turn of one 4-month and five 8-month cochleae in the case of a mild 
or severe hydrops. They varied considerably in length. Typical examples are given in 
Figures 6 and 11. Sometimes the edges of defects bulged slightly into the lumen of the 
scala vestibuli. The continuity of the endothelial cells was always intact at the site of a 
mesothelial defect. Signs of atrophy were occasionally present, i.e., cloudy cell margins, 
cytoplasmatic swelling and blurring of the nucleus.

Fig. 11
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Fig. 11. Defect of mesothelial cells in Reissner's membrane (between arrows); third turn, 
8-month hydrops cochlea. At the margins mesothelial cell nuclei are seen. The continuity of 
the epithelial cell lining is intact. (480x)

2.5 Duplications

In the basal and third turn as well as the apex of one 8-month specimen multiple 
duplications of Reissner's membrane were seen. As illustrated in Figure 7 these alterations 
consisted merely of an amorphous substance, although sometimes structures, possibly 
remnants of cell nuclei, could be observed; cell mitosis was not present. Locally the 
architecture of Reissner's membrane was greatly disturbed: thickening of the whole 
membrane with a blurring of nuclei. In this particular case other pathological changes of 
Reissner's membrane were also present: bony wall connections, thickening, mesothelial 
defects, ruptures and atrophy. Apically the stria vascularis atrophied, the organ of Corti 
degenerated and the number of nerve fibres decreased.
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2.6 Ruptures

Complete ruptures (fistulae) of Reissner's membrane were present in one 2-month, 
two 4-month and five 8-month hydrops specimens. These fistulae were localized in the 
apical turn of moderate-to-severe hydrops cochleae of six guinea pigs. In three cases the 
ruptures extended over a considerable area (Figure 12). They could already be observed in 
plastic embedded cochlear halves under the dissecting microscope (magnification 25 times 
with transmitted light). The size of these ruptures was small in five cochleae (Figure 13). 
At their margins the epithelial cells of Reissner's membrane were slightly clumped. In four 
guinea pigs, moreover, the epithelial cell lining seemed atrophied with swelling of 
cytoplasm and blurring of nuclei .

Locally degenerative changes were observed in four 8-month hydrops cochleae. They 
concerned the organ of Corti, the stria vascularis, spiral ganglion cells and nerve fibres. 
However, these alterations were also present in guinea pigs of this group without a 
Reissner's membrane rupture. In the three cochleae of the 2- and 4-month group the 
pathology of the cochlear duct had not progressed into the vicinity of a rupture when 
compared with other specimens in these groups without a rupture.

Fig. 12

Fig. 13

Fig. 12. Rupture of considerable length in Reissner's membrane (arrow); apex, 4-month 
hydrops cochlea. On the spiral ligament side the margin of the membrane is clumped 
slightly. Apically outer hair cells are missing; the spiral ganglion cells and the stria 
vascularis do not show pathological changes. (55x)
Fig. 13. Higher magnification of a small rupture in Reissner's membrane; apex, 8-month 
hydrops cochlea. The margin on the right side bulges into the scala media. The epithelial cell 
lining is atrophied with swelling of cytoplasm. (520x)
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2.7 Atrophy

A distinct atrophy of Reissner's membrane was observed in cochleae with a moderate 
to severe hydrops of the 4- and 8-month group, respectively, and particularly in the apical 
turns. The epithelial cell lining appeared cloudy (Figure 14) with swelling of cytoplasm and 
blurring of nuclei (Figure 15). Atrophy of Reissner's membrane was frequently accompanied 
by other changes in the membrane, i.e., foldings, bony wall connections, thickening, 
mesothelial defects, duplications and ruptures. Usually stria vascularis atrophy, hair cell 
pathology and nerve fibre/spiral ganglion cell loss were present. However, these alterations 
are probably not correlated to mere atrophy of Reissner's membrane, since they were also 
observed in cochleae without any atrophic changes of this membrane.

Fig. 14

Fig. 15

f •
•f • ' *' • ■4--. h 'h-, Vi

. • „ . ■ 4
'' kb:* "" ’• ‘ ^

Fig. 14. Atrophy of Reissner's membrane with cloudy epithelial cell margins, cytoplasmatic 
swelling and blurring of nuclei (arrow); apex, 8-month hydrops cochlea. Note also the 
thickening (double arrow). (140x)
Fig. 15. Detail of atrophy in Reissner's membrane (arrow); apex, 8-month hydrops cochlea. 
The epithelial cell lining is irregular; cytoplasm is swollen, nuclei are hardly visible. (330x)
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3. Organ of Corti

The histopathology of the organ of Corti during the development of an 
endolymphatic hydrops has focused in particular on histological changes of hair cells, 
tectorial membrane, spiral limbus and basilar membrane. In the 2-, 4- and 8-month group a 
distinct loss of outer hair cells could be observed. The tectorial membrane showed an 
elevation and detachment from the limbal zone. In the moderate to severe hydrops cases the 
spiral limbus atrophied. The basilar membrane remained intact. These observations on the 
structural changes of the organ of Corti are summarized in Table 6.

Organ of Time interval after sac obliteration
Corti 1 month 2 months 4 months 8 months
pathology (N=8) (N=8) (N=8) (N=9)

Outer hair cell loss - 2 4 3
Inner hair cell loss - - - -

Tectorial membrane elevation 2 3 5 5
Tectorial membrane detachment - - 2 4
Spiral limbus atrophy - - 2 4

Table 6. Changes of the organ of Corti during development of experimental hydrops.

3.1 Hair cells

A considerable and progressive loss of outer hair cells was observed in two 2-month, 
four 4-month and three 8-month hydrops cochleae. In the specimens of the 2-month group 
the sensory cells had disappeared only in the apex of the cochlea. This loss of outer hair 
cells had progressed to the third turn in seven out of 17 guinea pigs of the 4- and 8-month 
groups (Figure 16). No correlation could be found between the extent of sensory cell loss 
and the degree of distension of Reissner's membrane .

The inner hair cells might still be present in all experimental groups. Light 
microscopy, however, is not sufficiently accurate in this respect. Appropriate examination 
can only be carried out with more sophisticated techniques (see Chapter V).

Fig. 16. Loss of inner and middle row outer hair cells (arrow); apex, 8-month hydrops 
cochlea. Note blurring of phalangeal cells. The inner hair cell is still present. (225x)
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3.2 Supporting structures and basilar membrane

The micro-architecture of the supporting elements within the organ of Corti was 
greatly disturbed in cases of outer hair cell loss. As shown in Figure 16 the inner and outer 
phalangeal cells were blurred, indicating cell degeneration. The Hensen cells, filled with 
lipid granules, and the basilar membrane were well preserved.

3.3 Tectorial membrane and spiral limbus

The limbal zone of the tectorial membrane was elevated from the spiral limbus in 
the higher turns of two 1-month, three 2-month, five 4-month and five 8-month hydrops 
cochleae. Between the tectorial membrane and the spiral limbus an amorphous precipitate 
was observed, which stained in the same way as the secretory product of the interdental cells 
(Figure 17). The most apical part of the tectorial membrane was partly detached from the 
spiral limbus in two 2-month and four 8-month hydrops guinea pigs out of this group. 
The spiral limbus was lowered in height, probably due to a loss of connective tissue cells. 
The interdental cells appeared lightmicroscopically intact (Figure 18).

Fig. 17

Fig. 17. Partial elevation of tectorial membrane with an amorphous precipitate in the inter
space (arrow); apex, 8-month hydrops cochlea. (21 Ox)
Fig. 18. Collapse of spiral limbus with partial release of tectorial membrane (arrow); apex, 
8-month hydrops cochlea. (340x)
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4. Stria vascularis

The normal histology of the stria vascularis with a corresponding schematic drawing 
is shown in Figure 19 A, B. Considerable intercellular edema of the stria vascularis was 
observed in four 1-month, five 2-month, five 4-month and six 8-month hydrops cochleae. 
Vacuolization and cytoplasmic protrusion of the marginal cells was present (Figure 19 C). 
At first the apical turns were involved. When the endolymphatic hydrops progressed these 
sequelae were also seen in the basal coils of the cochlea. In cases of a severe edema the 
whole stria vascularis seemed to be detached from the spiral ligament.

A marked atrophy of the stria vascularis occurred in one 2-month, four 4-month and 
four 8-month hydrops cochleae. This atrophy, with only one cell layer remaining, was 
particularly evident in the apical turns (Figure 19 D).

The pathological changes of the stria vascularis are summarized in Table 7.

Fig. 19. A. Stria vascularis; second turn, control cochlea. Note the marginal, intermediate and 
basal cells. (300x) B. Schematic drawing of stria vascularis. Marginal cells (®<S>), intermediate 
cells ( o), basal cells (djp), spiral ligament ( * ). C. Edema (arrow) and vacuolization (double 
arrow) in stria vascularis; third turn, 8-month hydrops cochlea. (300x) D. Atrophy of stria 
vascularis; apex, 8-month hydrops cochlea. Only one cell layer remained. (300x)
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Time interval after Stria Loss of
sac obliteration vascularis nerve fibres and

Edema Atrophy spiral ganglion cells

1 month (N=8) 4 - 1
2 months (N=8) 5 1 3
4 months (N=8) 5 4 4
8 months (N=9) 6 4 6

Table 7. Pathology of stria vascularis, nerve fibres and spiral ganglion cells in relation to
survival time.

5. Nerve fibres, spiral ganglion cells

Figure 20 A represents the normal histological configuration of the spiral ganglion 
as seen in control ears. A loss of nerve fibres and spiral ganglion cells was observed in one 
1-month, three 2-month, four 4-month and six 8- month hydrops cochleae (Table 7).

In Figures 6 and 20 B an apical loss of nerve fibres and spiral ganglion cells is 
shown. Degeneration of nerve fibres and spiral ganglion cells began in the apex of the 
cochlea and proceeded in time towards the basal turns. Nerve fibres and spiral ganglion cell 
loss and the degree of hydrops did not correlate. On the contrary, in some specimens with a 
mild hydrops an extensive loss of nerve fibres and spiral ganglion cells was present, 
whereas guinea pigs with a severe hydrops showed a normal neural architecture.

Fig. 20. A. Morphology of the spiral ganglion; third turn, control cochlea. Ganglion cells 
have round nuclei. Intercellular edema is absent. (415x) B. Atrophy and loss of spiral 
ganglion cells; apex, 8-month hydrops cochlea. Note the vacuolization of the remaining 
ganglion cells (arrows). (400x)
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Control cochleae

All 36 cochleae on the right side of the hydrops and sham-obliteration group were 
processed for light microscopy. These cochleae did not show an endolymphatic hydrops. No 
pathological changes of Reissner's membrane were observed. In the organ of Corti a normal 
configuration of hair cells and supporting structures was present. Nerve fibres and spiral 
ganglion cells were histologically normal throughout all cochleae. Apically a slight edema 
of the stria vascularis was present in four guinea pigs of the 4- and 8-month series.

Sham obliteration

In the cochleae of sham obliterated animals - i.e., after a surgical exposure of the 
endolymphatic sac and its surroundings without damaging this structure - no endolymphatic 
hydrops was present. The different pathological changes of Reissner's membrane (foldings, 
bony wall connections, membrane thickening) as seen in hydrops cochleae after one month 
were absent. The morphology of the organ of Corti, the stria vascularis and neural 
structures was normal.

Endolymphatic sac/vestibular aqueduct area

The efficacy of sac obliteration surgery was histologically confirmed. Out of each 
experimental group the temporal bones of two animals were chosen at random and 
processed. The vestibular aqueducts were completely obliterated in seven out of these eight 
specimens and the surgical defects of the endolymphatic sac area were filled with deposition 
of bone wax, bone apposition or ingrowth of connective tissue. In contrast, in one temporal 
bone belonging to the 8-month group, but without a hydrops, the intermediate part of the 
endolymphatic sac was still partly intact (Figure 21). In this particular case the surgical 
obliteration technique had been insufficient.

The endolymphatic sac area on the right side was normal in all animals.

Fig. 21

Fig. 21. Vestibular aqueduct on the left side, 8-month hydrops. The endolymphatic sac is 
partially intact (arrow). Note the concentric apposition of bone. (40x)
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CHAPTER IV

ULTRASTRUCTURAL PATHOLOGY OF REISSNER'S MEMBRANE. 
TRANSMISSION ELECTRON MICROSCOPY

1. The ultrastructure of Reissner's membrane

Reissner's membrane extends from the spiral limbus to the stria vascularis and 
separates the scala media from the scala vestibuli. This delicate structure with a thickness of
1.7 pm - 5.1 pm, consists of two cell layers: the epithelial cells lining the scala media and 
the mesothelial cells facing the scala vestibuli with a basal lamina present in between both 
layers (24,26,62).

The epithelial layer consists of flat, polygonal cells. The cytoplasm contains an 
elongated nucleus, some mitochondria, a well developed Golgi apparatus, cisterns of the 
rough endoplasmic reticulum, and free ribosomes. Pinocytotic vesicles, microtubules and 
glycogen particles are present. Occasionally, lipofuscin granules and centrioles are observed. 
The plasmalemma lining the scala media contains many microvilli. Cells are firmly 
interconnected by a junctional complex consisting of a zonula occludens, a zonula adherens 
and one or more desmosomes (38). At the basal surface, the lateral membranes are highly 
infolded and interdigitate extensively with those of neighbouring cells. The epithelial cells 
are continuous with the marginal cells of the stria vascularis and the interdental cells of the 
spiral limbus.

The mesothelial cells are more bulbous, thinner and more electron-dense than the 
epithelial cells. Their nucleus is ovoid in shape. The cytoplasm contains a few 
mitochondria, sparsely distributed cisterns of rough endoplasmic reticulum and sometimes a 
single Golgi apparatus. In contrast, the cells demonstrate an abundance of free glycogen 
particles. The plasmalemma is smoothly surfaced and does not possess microvilli. The 
connections between cells are weak, although occasionally desmosomes and interdigitating 
processes can be observed. The mesothelial cells are continuous with the lining of the scala 
vestibuli.

Some of these ultrastructural characteristics are illustrated in Figure 22.

2. Ultrastructural pathology of Reissner's membrane

Reissner's membrane of two 8-month specimens and one 15-month specimen were 
investigated (N=3). In all three cochleae a "severe" hydrops was present. The various 
alterations of Reissner's membrane, which had already been observed in the advanced 
hydrops by light microscopy (Chapter III), such as: foldings, mesothelial defects, bony wall 
connections, distension into the scala tympani, membrane rupture and cell atrophy, were 
examined in more detail.
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Fig. 22. Cross-section of Reissner's membrane. The epithelial cell surface contains many 
microvilli (M); numerous cisterns of rough endoplasmic reticulum (R) as well as mitochondria 
are present in the cytoplasm. Note the well-developed junctional complex, consisting of 
zonula occludens (ZO), zonula adherens (ZA) and desmosomes (D). The mesothelial cell 
contains some cisterns of rough endoplasmic reticulum and glycogen particles. A distinct 
basal lamina (BL) is seen. (31,200x)
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2.1 Folding

A folding of Reissner's membrane into the scala media was observed in the basal 
turn of an 8-month cochlea (Figure 23). Except for the presence of myeloid bodies and 
lipofuscin granules, probably due to aging, and a slight increase in electron density the 
cytoplasm of the epithelial cells showed no degenerative changes. Cell junctions appeared to 
be normal. A distinct basal lamina was observed between the folded epithelial cells. The 
mesothelial cells did not seem to be included in a folding.

Fig. 23. Folding of epithelial cells into the scala media; basal turn, 8-month hydrops 
cochlea. The cytoplasm contains a myeloid body (M) and lipofuscin granules (L). Note intact 
epithelial cell junctions and basal lamina. (9,100x)

2.2 Mesothelial defects

Defects in the mesothelial cell layer (Figure 24) could be studied in all three animals. 
Their extent and locations within the cochlea varied considerably. The epithelial cells, 
including their intercellular junctions, had normal ultrastructural features. The basal lamina 
demonstrated no discontinuities.
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Fig. 24. Small defect in mesothelial cell layer; third turn, 8-month hydrops cochlea. 
Epithelial cells and their intercellular junction are normal;' note the junctional complex (JC) 
and interdigitating processes (IP). The basal lamina is intact. Scala vestibuli (SV), scala media (SM). 
(20,000x)

2.3 Bony wall connections

Connections between the mesothelial cells of Reissner's membrane and the 
mesothelial lining of the scala vestibuli were observed wherever the membrane reached the 
bony wall of the scala vestibuli. As with light microscopy (Figures 7 and 8), two different 
types of connections could be discerned: multiple spiderweb-like and single string-like ones. 
In Figure 25 a spiderweb-like connection is shown in the base of an 8-month cochlea. This 
connection seems to originate from the mesothelial cells of Reissner's membrane and the 
mesothelial lining of the scala vestibuli. The epithelial cell layer does not seem to 
participate. In Figure 26 a string-like adhesion of mesothelial cells is seen in the apex of an 
8-month hydrops specimen. Again, no degenerative changes in the epithelial cells can be 
observed.
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Fig. 25. Multiple spiderweb-like connections (C) between mesothelial cells of Reissner's 
membrane and mesothelial lining of the scala vestibuli; base, 8-month hydrops. The 
epithelial cells of Reissner's membrane (E) are intact. (6,000x)

Fig 26. Single string-like adhesion (A) between Reissner's membrane and the scala vestibuli; 
apex, 8-month hydrops cochlea. The epithelial cells are intact, although the individual cells 
are more flattened by distension of the membrane. (6,000x)

2.4 Scala tympani distension

A distension of Reissner's membrane through the helicotrema into the scala tympani 
was extensively studied in one 8-month specimen (Figure 27). In the scala tympani the 
membrane paralleled the wall of the osseous spiral lamina. The epithelial cells had normal 
ultrastructural features. The basal lamina and the mesothelial cell extrusions formed a 
spiderweb-like structure.
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Fig. 27. Distension of Reissner's membrane into the scala tympani; apex, 8-month hydrops 
specimen. Part of the membrane runs along the osseous spiral lamina (OSL). The mesothelial 
cell layer forms a spiderweb-like structure in conjunction with the basal lamina (BL). 
(2,600x)

2.5 Rupture

A rupture of Reissner's membrane was investigated in the apex of an 8-month 
hydrops specimen (Figure 28). The epithelial cells on both sides of the rupture showed an 
outspoken rounded appearance, a feature which is also seen with cells in suspension. Some 
cells showed an increased electron density of their cytoplasm. Other possible signs of cell 
degeneration were absent. Both "light" and "dark" cells demonstrated many invaginations of 
the plasmalemma. Mesothelial cells were present whereas the basal lamina appeared to be 
intact.
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Fig. 28. Rupture in Reissner's membrane; apex, 8-month hydrops cochlea. The epithelial 
cells demonstrate differences in electron density. (4,000x)

2.6 Increased electron density of cytoplasm

An increased electron density of epithelial cells of Reissner's membrane was observed 
in all three specimens without any preference for a particular location in the cochlea. Such a 
condensation of cytoplasm was occasionally present together with other changes in 
Reissner's membrane, e.g., mesothelial degeneration and defects, bony wall connections, 
scala tympani distension and membrane rupture. In Figure 29 an increased electron density 
of the cytoplasm of epithelial cells is accompanied by degeneration of mesothelial cells. The 
alternating sequence of epithelial cells with normal and increased electron density is evident. 
The cell organelles of these cells remained unchanged (Figure 30). Intercellular junctions 
between epithelial cells seemed intact

Fig. 29. Epithelial cells with increased electron density of cytoplasm (arrows) in alternating sequence 
with epithelial cells of normal density; apex, 8-month hydrops specimen. Note also degeneration of 
mesothelial cells. (2,600x)
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Fig. 30. Detail of epithelial cell with increased electron density. Note the presence of normal 
cellular organelles: rough endoplasmic reticulum (ER), mitochondria (MO), microvilli (MI), 
coated vescicles (V) and lipofuscin granules (G). (20,000x)

2.7 Atrophy

Occasionally, a total degeneration of single epithelial cells was observed in both the 
8- and 15- month hydrops cochleae (Figure 31). Cell bodies were enlarged and protruded into 
the lumen of the scala media. They contained only cell debris. The plasmalemma of these 
epithelial cells and the basal lamina seemed to be intact.
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Fig. 31. Atrophy of epithelial cell; second turn; 8-month hydrops specimen. The cell 
contains only fragmented material; the nucleus is absent. The basal lamina seems to be intact 
(arrows). (6,000x)
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CHAPTER V

ULTRASTRUCTURAL MORPHOLOGY OF ENDOLYMPHATIC HYDROPS. 
SCANNING ELECTRON MICROSCOPY

Hydrops cochleae

1. Reissner's membrane

1.1 Degree of hydrops

One month after endolymphatic sac obliteration a marked distension of Reissner's 
membrane was observed in the basal cochlear turns. The expansion of the membrane 
proceeded towards the apex in guinea pigs sacrificed later. In severe hydrops cochleae 
Reissner's membrane was firmly stuck against the bony wall of the scala vestibuli. In one 8- 
month specimen the membrane bulged slightly through the helicotrema into the scala 
tympani of the fourth turn.

1.2 Foldings

Foldings of Reissner's membrane were observed in all hydrops cochleae processed 
for scanning electron microscopy. Usually, the membrane was doubled up over a 
considerable distance. At the curve of a folding the epithelial cell lining and individual cells 
were intact. No connections were seen between the different layers of a folding. An example 
of two foldings - horizontally and vertically - at the same site in the second turn of a 2- 
month hydrops cochlea is shown in Figure 32.

Fig. 32. Two foldings, horizontal (arrow) and vertical (double arrow), in Reissner's 
membrane; second turn, 2-month hydrops cochlea. The epithelial cell lining is intact. The 
upper part of the membrane is tom off in dissecting the cochlea. (l,000x)
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1.3 Epithelial cell elongation

During the development of a hydrops the distension of Reissner's membrane was 
accompanied by elongation of the pentagonal and hexagonal epithelial cells in a radial 
direction (Figure 33 A,B). At the base of the cochlea the length of the stretched epithelial 
cells was at most twice their original size (approx. 10 x 10 pm). At the apex this cell 
stretching was less obvious. The boundaries of the epithelial cell membrane could still be 
easily recognized whereas gaps between the cells were absent despite the enormous 
elongation of Reissner's membrane itself. The number of microvilli on the epithelial cell 
surface remained unchanged during the progression of hydrops.

Fig. 33. A. Epithelial cell in Reissner's membrane; second turn, control cochlea. Note the 
normal hexagonal shape. (4,500x) B. Stretching of epithelial cells in Reissner's membrane; 
basal turn, 8-month hydrops specimen. Note individual cell boundaries without any gaps in 
between them. An intercellular pit is present (arrow). (3,600x)

1.4 Epithelial pits

On the surface of epithelial cells small pits were observed throughout all 
experimental groups (Figures 33 B and 34). Between the number of pits and the degree of 
distension of Reissner's membrane there did not seem to be any relationship. The pits had a 
characteristic shape: a smooth centre with small holes, bordered by a rim, which was raised 
slightly above the surface of the epithelial cells. Their size was small and did not exceed 1.0 
x 1.0 pm. It was not clear whether the undersurface of these pits represented an epithelial 
cell body, the basal lamina between epithelial and mesothelial cells or a mesothelial cell.

Fig. 34

Fig. 34. Detail of an epithelial pit on the surface of Reissner's membrane; second turn, 2- 
month hydrops specimen. (7,850x)
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1.5 Epithelial ridges.

In two 2-month, two 4-month and one 8-month hydrops cochleae multiple ridges of 
epithelial cells were found running in a radial direction from the spiral limbus to the stria 
vascularis. The ridges, mostly straight, had a maximum width of three epithelial cells. In 
four animals they were present in the third and fourth turn of the cochlea. In one 4-month 
hydrops specimen a ridge was seen in the basal cochlear turn (Figure 35 A,B). A defect of 
the epithelial cell lining was present in the centre of that ridge. Within this defect the nature 
of the underlying structure was not clear. A nucleus, possibly of epithelial origin, could be 
discerned. No defects in the epithelial cell lining of ridges could further be observed. One 
cochlea of the 2-month group had a ridge with a highly irregular aspect (Figure 35 C,D).

Fig. 35. A. Epithelial ridge of Reissner's membrane in radial direction (arrow); basal turn, 4- 
month hydrops. (350x) B. In detail: central defect in this ridge (arrow). The underlying 
structure contains a nucleus. (3,500x) C. Epithelial ridge of Reissner's membrane; apex, 2- 
month cochlea. (300x) D. In detail: this ridge is highly irregular. The epithelial cell lining is 
intact. (l,800x)
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1.6 Bony wall connections

On the scala vestibuli side, connections were observed between the mesothelial cells 
of Reissner's membrane and the mesothelial cell lining of the osseous spiral lamina. They 
were present in all hydrops cochleae. Numbers and sizes varied substantially. Occasionally 
single strands with a considerable length could be seen when the distance between Reissner's 
membrane and the osseous spiral lamina increased (Figure 36). Numerous delicate 
connections were present in cases where Reissner's membrane approached the bony wall 
(Figure 37). The junctions between the mesothelial cells were frequently interrupted at the 
site of bony wall connections and the cells themselves seemed to have atrophied.

**

Fig. 36. Multiple large strands (arrows) between Reissner's membrane (*) and osseous spiral 
lamina (**). The mesothelial cell lining is atrophied; third turn, 8-month hydrops. (l,300x)
Fig. 37. Delicate connections (arrows) between mesothelial cells of Reissner's membrane (*) 
and osseous spiral lamina (**); first turn, 8-month hydrops cochlea. (2,400x)
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1.7 Mesothelial cell pathology

Several phases of submicroscopical mesothelial cell pathology were present in the 
2-, 4- and 8-month groups. At first small gaps were observed between the individual cells in 
mild hydropic cases. These gaps became larger in size as the hydrops progressed. 
Furthermore, the cytoplasm of the mesothelial cells got a frayed appearance and was 
condensed to small processes which were detached from Reissner's membrane and projected 
into the lumen of the scala vestibuli. In cases of severe hydrops large areas of mesothelial 
cells were atrophied or even missing (Figure 38).

Grooves were observed at the perilymphatic side of the epithelial ridges. The 
mesothelial cells were atrophied in the vicinity of these grooves. Only small cytoplasmic 
processes bridged these grooves (Figure 39).

Fig. 38. Atrophy and loss of mesothelial cells (arrow); small fibrils of condensed cytoplasm 
are present (double arrow); apex, 4-month hydrops cochlea. (750x)
Fig. 39. Large area devoid of mesothelial cells; only one cell protrusion crosses an epithelial 
groove (arrow); apex, 8-month hydrops cochlea. (2,400x)
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1.8 Microfistulae

Several microfistulae were observed near the helicotrema in one 2-month animal. 
These microfistulae connected the scala media and vestibuli. The gaps had a punched-out 
appearance. Their size was smaller than that of an individual epithelial cell. The borders 
of the fistulae had a normal cell surface. A marked loss of outer hair cells was present in the 
apex. Similar changes of outer hair cells were also seen in the other hydrops cochlea of the 
2-month group. Thus differences in sensory cell pathology between these two specimens 
were not observed. The microfistulae are illustrated in Figures 40 and 41.

Fig. 40. Apical turn near the helicotrema; Reissner's membrane is distended up to the bony 
wall of the scala vestibuli; several microfistulae are present (double arrow); note also the 
atrophy of the tectorial membrane; 2-month hydrops cochlea. (340x)
Fig. 41. Detail of the microfistulae with a punched-out appeareance. The bordering epithelial 
cells are intact. (2,850x)
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2. Hair cells

Several stages of degeneration of the stereocilia and hair cell bodies were observed 
depending on survival time after endolymphatic sac obliteration and on location in the 
cochlea. The transition from the normal to a pathological state went gradually for both the 
outer and inner hair cells.

2.1 Characteristics of outer hair cell degeneration

The first sign of submicroscopical outer hair cell pathology was a disarrangement 
and bulging of the stereocilia (Figure 42 A,B). At several sites the stereocilia of individual 
hair cells were detached from each other and the cross-linkage system, which connects them, 
was interrupted. At first only the stereocilia of the outermost row of outer hair cells were 
involved. When the disarrangement had progressed the stereocilia of the middle and 
innermost row of outer hair cells were also disturbed. At this stage the stereocilia kept their 
smooth surface structure. The cuticular plate and the supporting structures of the outer hair 
cells appeared to be intact.

The second phase of outer hair cell degeneration introduced a more profound 
pathology. Some stereocilia became fused. Their surface appeared irregular. In others giant 
cilia formation was present.

Later on, stereocilia were atrophied and the cuticular plate of the hair cells in 
question was lifted from the basilar membrane. At this stage no open connection was seen 
between the scala media and structures in the basilar membrane.

Eventually the hair cell bodies were lost. Defects of the cuticular plates were filled 
up with scar tissue which developed from the supporting elements of the organ of Corti.

Fig. 42. A. Outer hair cell of the outer row; stereocilia are disarranged; several cross-links are 
broken; some side-to-side linkages are still present (arrows); first turn, 1-month hydrops 
specimen. (13,700x) B. Outer hair cell of the inner row; stereocilia are bulged and separated 
from each other; a part of a broken cross-link is visible (arrow); first turn, 1-month hydrops 
cochlea. (14,100x)
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2.2 Characteristics of inner hair cell degeneration

At first a small disarrangement and bulging of stereocilia was also seen in inner hair 
cell degeneration. Contrary to the outer hair cells bulging of cilia was only minute whereas 
numerous cross-linkages in between them remained intact. In Figure 43 the inner hair cell 
at the basal turn of an 1-month hydrops cochlea is shown. Despite a slight bulging of cilia, 
they are still bundled together by many cross-linkages.

In the progressed hydrops cases stereocilia had clotted and their cuticular plate was 
lifted up. An open connection with basilar membrane structures was not observed. Giant 
cilia were seldom present.

Eventually the cell bodies were lost. The defects in the basilar membrane were filled 
with scar tissue originating from the supporting elements of the organ of Corti. Inner hair 
cell loss proceeded in two different ways. First the inner hair cells degenerated gradually like 
outer hair cells. Secondly, small defects in large areas of an apparently normal inner hair 
cell row were also present (Figure 44).

In all groups small protrusions of the cuticular plate of inner hair cells were observed 
at the site of the outer pillar cells (Figure 43 and 44). Individual cell bodies frequently 
contained several protrusions.

Fig. 43. Stereocilia of inner hair cell; basal turn, 1-month hydrops cochlea. Despite a small 
bulging, cilia are bundled together by many side-to-side cross-linkages (arrows). (12,800x)
Fig. 44. A lost inner hair cell is replaced by scar tissue (arrow); fourth turn, 8-month cochlea. 
Note the protrusions of the hair cells on both sides of the defect (double arrow). (7,600x)
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2.3 Hair cell degeneration in relation to time

One month after sac obliteration a disarrangement of the stereocilia of the outer hair 
cells was observed. This disarrangement was only mild at the base and progressively more 
severe towards the cochlear apex (Figure 45). In the 2-month animals clotting and giant 
cilia formation of outer hair cells were present in the upper cochlear turns. In the apex the 
hair cells were atrophied and occasionally lost (Figure 46). In the 4-month group this 
atrophy was more severe and proceeded towards the base of the cochlea (Figure 47). Eight 
months postoperatively many outer hair cells were replaced by scar tissue.

In the 1-, 2- and 4-month group only protrusions of the inner hair cell cuticular 
plates were present. In the apex of the 8-month animals clotting and atrophy of cilia 
together with a severe hair cell loss were observed (Figure 48).

The pathological changes of the stereocilia as they develop in time during an 
experimental hydrops are summarized in Table 8 a,b. The loss of inner and outer hair cells 
in relation to time and position in the cochlea is shown in Table 9 a,b.

Fig. 45. Disarrangement of stereocilia in the two outermost rows of outer hair cells (arrows); 
second turn, 1-month hydrops cochlea. (3,100x)
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Fig. 46. Clotting (arrow) and loss (double arrow) of outer hair cells; third turn, 2-month 
hydrops cochlea. The inner hair cells are normal. (l,700x)
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Fig. 48

Fig. 48. Atrophy and loss of inner hair cells; third turn, 8-month hydrops cochlea. Note also 
degeneration and loss of outer hair cells. (l,600x)

Stereocilia Time interval after sac obliteration
OHC 1 month 

(N=2)
2 months 

(N=2)
4 months 

(N=2)
8 months 

(N=2)

Cochlear turn D D C A D C A D C A

Base 1 + 1 + 1 + 1 +
11 2+ 2+ 1 + 1 + 2+ 2+ 2+ 2+ 3+ 3+
III 3+ 3+ 2+ 2+ 3+ 3+ 3+ 3+ 3+ 3+
Apex 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+

Table 8a. Pathology of stereocilia and cuticular plate of outer hair cells as related to duration 
of hydrops. D: Disarrangement, C: Clotting and giant cilia formation, A: Atrophy; 1+: mild, 
2+: moderate, 3+: severe.
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Stereocilia Time interval after sac obliteration
IHC 1 month 2 months 4 months 8 months

(N=2) (N=2) (N=2) (N=2)

Cochlear turn P P P C A P C A

Base 1 + 1 + 1 + 1 +
II 1 + 1 + 1 + 2+ 1 +
III 1 + 1 + 1 + 2+ 2+ 1 +
Apex 1 + 1 + 1 + 1+ 1 + 2+ 3+ 3+

Table 8b. Pathology of stereocilia and cuticular plates of inner hair cells as related to duration
of hydrops. P: Protrusions of cuticular plate, C: Clotting and giant cilia formation, A:
Atrophy; 1+: mild, 2+: moderate, 3+ : severe.

Loss Time interval after sac obliteration
OHC 1 month 2 months 4 months 8 months

(N=2) (N=2) (N=2) (N=2)

Base
II 1 + 1 + 2+
III 1 + 2+ 3+
Apex 2+ 3+ 3+

Table 9a. Loss of outer hair cells (OHC) in the cochlea as related to duration of hydrops. 1+:
mild, 2+: moderate, 3+: severe.

Loss Time interval after sac obliteration
IHC 1 month 2 months 4 months 8 months

(N=2) (N=2) (N=2) (N=2)

Base
||
III 1 + 2+
Apex 1 + 2+ 3+

Table 9b. Loss of inner hair cells (IHC) in the cochlea as related to duration of hydrops. 1+:
mild, 2+: moderate, 3+: severe.
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3. Tectorial membrane

The tectorial membrane was completely elevated and retracted from the basilar 
membrane in the 1-, 2- and 4-month specimens due to the way of tissue processing 
(dehydration/drying). This elevation, however, was incomplete in the two 8-month hydrops 
cochleae. In these specimens the tectorial membrane was probably as a result of its atrophy 
still positioned on the basilar membrane at different sites in the apex.

The tectorial membrane of the 4- and 8-month specimens contained many clotted 
stereocilia of outer hair cells which were attached to its undersurface (Figure 49). At the 
corresponding site on the basilar membrane a loss of outer hair cells was present. An 
insertion of inner hair cell stereocilia in an identical way was not observed.

At the site of incomplete elevation and retraction, i.e., the apex of the hydrops 
cochleae of the 8-month group, the tectorial membrane was atrophied with disintegration 
and loss of its fibrillary structure. In addition, multiple gaps in the limbal zone of the 
membrane had formed. The anchorage of the membrane to the spiral limbus was broken, 
after which the membrane was probably slightly elevated (Figure 50).

Fig. 49. Elevated and retracted tectorial membrane (*); third turn, 8-month hydrops cochlea. 
Many stereocilia of outer hair cells are fixed to the undersurface (arrows). (l,350x)
Fig. 50. Atrophy of the tectorial membrane with disintegration of the fibrillary structure; 
multiple gaps (arrows) in the limbal zone and an elevation of the membrane from the spiral 
limbus (*); third turn, 8-month hydrops cochlea. (l,780x)
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4. Stria vascularis

The number and shape of the pentagonal and hexagonal marginal cells of the stria 
vascularis were not altered in any of the experimental groups. The number of microvilli of 
these cells, bordering the endolymphatic compartment, seemed to have decreased slightly. 
No other cellular changes in the surface micro-architecture could be observed by means of 
scanning electron microscopy.

Control cochleae

No distension of Reissner's membrane was present in the control cochleae. 
Moreover, foldings, bony wall connections, thickening, mesothelial defects, duplications, 
ruptures and atrophy of this membrane were absent.

In the apex a small disarrangement of stereocilia of outer hair cells was observed. 
Stereocilia of inner hair cells were normal. Only occasionally was a ballooning of the 
cuticular plate of inner hair cells seen throughout the control cochleae. The number of inner 
and outer hair cell bodies did not decrease during an observation period of eight months.

In control specimens the tectorial membrane was elevated and retracted from the 
basilar membrane. Insertion of stereocilia of outer and inner hair cells into the tectorial 
membrane was not observed. The fibrillary surface structure of the tectorial membrane was 
intact without the formation of gaps. It remained firmly anchored to the spiral limbus.

The surface architecture of the stria vascularis remained unchanged.
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CHAPTER VI

GENERAL DISCUSSION

Endolymphatic sac and duct

Morphology and function. Destruction or obliteration of the endolymphatic sac causes 
hydrops. Its underlying mechanism is not well understood. Guild (49) described in the 
guinea pig three histologically different parts of the endolymphatic sac: the proximal, 
intermediate and distal part. In the intermediate part two different cell types are known: the 
"light" cells with many microvilli and pinocytotic vesicles, capable to fluid transport, and 
the "dark" cells with phagocytic properties (40,115). The presence of fenestrated capillaries, 
a venous plexus and large perivascular spaces in all three different parts of the 
endolymphatic sac support the idea that it possesses absorbing properties (118). Kronenberg 
and Leventon (96) described the sac as an "endolymphatic glomerulus" resembling the 
kidney. So the morphological characteristics of the sac suggest that this structure and its 
environment is able to take care of the homeostasis of endolymph.

Endolymphatic sac obliteration. In this study in guinea pigs the destruction of the 
intermediate part of the endolymphatic sac caused an endolymph accumulation in the scala 
media, which expressed itself histologically as a distension of Reissner's membrane. In 
other words, a hydrops can be generated by inducing a severe malfunction of the 
endolymphatic sac. This is usually obtained through surgical destruction of the sac and this 
has proven to be successful not only in guinea pigs (75,133) but also in lemon sharks 
(70,144), rabbits (14,120), rats (119) and chinchillas (78). In all these species a hydrops 
occurs within weeks after endolymphatic sac obliteration. In the first experiments on cats 
(112,113), the destruction of the sac failed to produce endolymphatic hydrops in the first 
nine months following the procedure. This was probably due to insufficient surgery, as in 
later studies in cats hydrops was observed six months to three years after obliteration of the 
endolymphatic sac (78,152) or vestibular labyrinth (156). Thus, a considerable difference 
exists between species in the time it takes to develop an endolymphatic hydrops after sac 
obliteration. The magnitude of endolymph production, the completeness of the surgical 
procedure and the participation of the endolymphatic duct in absorption of endolymph are 
most likely the factors that determine this difference between the various species.

In our study the efficacy of the endolymphatic sac obliteration was verified by the 
histological examination of the site of surgery. In the only guinea pig in which no hydrops 
was found, the endolymphatic sac appeared partially obliterated. In all other histologically 
verified cases the vestibular aqueduct appeared to be blocked.

No uniformity in the degree of Reissner's membrane distension was found among the 
animals within one experimental group: one guinea pig already had a severe hydrops after 
one month, whereas most specimens of this group showed only a mild to moderate 
hydrops. As mentioned before, a reliable destruction of the proximal part of the sac and the 
duct is technically difficult to accomplish due to its proximity to the posterior and superior 
semicircular canals. In case of an incomplete destruction of the endolymphatic sac, the
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absorption of endolymph may still continue.

Flow of endolymph. Two theories describe the production, flow and absorption of 
endolymph. In the "longitudinal flow" theory, endolymph is considered to be produced by 
the stria vascularis and flowing through the ductus reunions and the vestibular organ towards 
the endolymphatic duct and sac, where absorption takes place. Several tracer studies support 
this theory. Prussian-blue granules, injected into the scala media of guinea pigs, had 
accumulated into the endolymphatic sac (50). When trypan blue was injected into the scala 
media through small holes in the bony cochlear wall, the dye could be detected in the 
endolymphatic sac within a short time (28). 35S-labelled glycoproteins, incorporated in the 
sensory epithelium of crista and macula of rats, had accumulated into the lumen of the 
endolymphatic sac (119). On the other hand, when thorium dioxide was injected into the 
endolymphatic sac, the tracer could also be found in the scala media within 24 hours, 
suggesting an opposite longitudinal flow (11).

In contrast, the "radial flow" theory (Naftalin and Harrison 1958) supposes a local 
production and absorption of endolymph throughout the entire cochlear duct (131). In their 
hypothesis Reissner's membrane and the stria vascularis act as selective fluid and/or 
electrolyte filters. Experiments by Lawrence (101) support this theory. This latter author 
mechanically ruptured Reissner's membrane and observed from that site on a degeneration of 
hair cells towards the apex of the cochlea and never towards the base. If a longitudinal flow 
existed, one would expect the lesions in the organ of Corti towards the cochlear base. 
Furthermore, Lawrence stressed that Reissner's membrane and the stria vascularis are 
important structures in maintaining locally the ion composition of the endolymph (102).

Lundquist (117) combined these two, partially controversial, hypotheses into a 
"dynamic flow" theory. According to the latter theory the ion composition in the scala 
media is maintained radially by stria vascularis and Reissner's membrane. The fluid balance 
of the scala media, however, would be regulated by a longitudinal flow of endolymph 
towards the sac, where reabsorption takes place. However, several authors (13,63,142) found 
some indications in freeze-fracture studies of the endolymphatic duct and sac that the duct 
may also be involved in the fluid homeostasis due to its "leaky" epithelium which reflects 
diffusion of fluids .

In our study destruction of the intermediate part of the endolymphatic sac 
consistently caused an endolymphatic hydrops. This strongly supports the theory that 
endolymph flows from the scala media towards the sac and that the loss of absorbing 
properties in the intermediate part of the endolymphatic sac per se can already cause 
accumulation of endolymph, leading to hydrops.

Kimura et al. (84) obliterated the ductus reuniens in guinea pigs. They observed a 
cochlear hydrops together with a collapse of the saccule. When the endolymphatic sac was 
destroyed two months after blockage of the ductus reuniens, the collapse of the saccule 
turned into a hydrops. In cats, furthermore, the destruction of the saccule produced a hydrops 
in the cochlea (156). In human temporal bone studies a severe cochlear hydrops was 
observed together with obliteration of the saccule and ductus reuniens (87). These 
experimental data as well as the observations in man support the concept of a longitudinal 
endolymph flow and suggest that the endolymph of the saccule originates from a cochlear 
source.

Several authors have tried to quantify the longitudinal endolymph flow with tracers
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(43,93). Their main problem was the calculation of the passive diffusion of the tracer 
through Reissner's membrane as well as the endolymphatic flow towards the sac. Recently 
Salt et al. (146) estimated the flow and diffusion of an endolymphatic tracer. They injected 
tetramethylammonium into the scala media of guinea pigs and used an analytical model 
through which they could calculate in a very precise way the flow rate to the endolymphatic 
sac. They concluded that the longitudinal endolymph flow between apex and third turn of 
the cochlea is slow and calculated that it would take 18 hours to generate a surplus of 1 pi 
endolymph in the cochlea in case of a blocked absorption. Since an endolymphatic hydrops 
in guinea pigs can develop within 24 hours (77, Ruding et al. [unpublished data]) it seems 
that a volume increase of approximately 1 pi endolymph is already sufficient to induce a 
distension of Reissner's membrane. The presence of a hydrops within 24 hours could 
therefore be in accordance with the longitudinal flow theory. This might also imply that in 
the early stages of a developing hydrops volume control in the scala media is largely 
dependent on the absorption capacity of the endolymphatic sac and duct and not on certain 
regulatory mechanisms of the scala media itself.

Reissner's membrane

Foldings. In both the lightmicroscopical and ultrastructural parts of this study foldings in 
Reissner's membrane were observed. Yazawa (180) reported foldings in hydrops cochleae of 
guinea pigs after the administration of glycerol. This hyperosmolar pharmacon is thought 
to reduce inner ear pressure by a direct osmotic effect on the labyrinth (20). The volume of 
the endolymph is supposed to decrease and Reissner's membrane will collapse. In our study 
also, the development of a folding can only be explained by a sudden collapse of the 
membrane. This phenomenon could just be a reflection of the dynamic properties of the 
membrane in the course of a hydrops: periods with distension and collapse. The underlying 
condition might also be explained by a sudden efflux of endolymph after a rupture of 
Reissner's membrane somewhere along the cochlear duct.

Bony wall connections. In moderate or severe hydrops, adhesions were observed between 
Reissner's membrane and the mesothelial cells of the bony wall of the scala vestibuli. Our 
TEM and SEM observations confirm the existence of these cell connections. They develop 
as soon as Reissner's membrane comes into contact with the bony wall of the scala 
vestibuli. Large single strands were present in case of a marked distance between Reissner's 
membrane and the bony wall. A similar observation was made by Schuknecht (150) in the 
cochlea of a patient with Menière's disease. The following explanation could be given for 
the origin of these strands. At first Reissner's membrane reaches the bony wall with the 
formation of many short connections. When a collapse of the membrane occurs, the 
mesothelial cells cannot retract since they are firmly connected to the bony wall. The 
connections will then stretch. Like foldings, large strands could therefore also imply a 
retraction of Reissner's membrane during the state of an experimental hydrops which is in 
favor with the concept of a dynamic "distension and collapse".

Mesothelial cell defects. In this study mesothelial cell defects of Reissner's membrane were
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particularly observed in the apex of the cochlea. At the site of these defects the epithelial 
cell lining and the basal lamina remained intact. Cell mitoses were never observed. Kimura 
(77) reported a similar mesothelial cell loss during experimental hydrops. A loss of these 
cells was also observed in the distended Reissner's membrane as a pathological sequela in 
Menière's disease (81). The defects are probably the consequence of a limited compliance of 
these cells as compared to that of the epithelial cells of this membrane.

Elongation of epithelial cells. We observed an elongation of epithelial cells to twice their 
original size, particularly in the vicinity of the spiral limbus. Others, however, reported a 
fourfold enlargement of these cells eight months after endolymphatic sac obliteration (159). 
Both observations are probably not in conflict with each other, because the size of elongated 
epithelial cells is very likely dependent on their localisation in Reissner's membrane (176). 
During hydrops the distension of the membrane is not the same throughout the scala media.

Epithelial pits. Despite the enlargement of Reissner's membrane, no gaps between adjacent 
epithelial cells were seen. In the individual epithelial cells, however, small pits were 
observed with SEM. Shinozaki and Kimura also reported intracellular pits in prolonged 
hydrops (159). Certain epithelial cell bodies become fragile when Reissner's membrane 
distends. These surface defects may induce a degeneration of the surrounding cellular 
structures and could be responsible for damaging the "barrier" function of Reissner's 
membrane. In contrast, the orderly architecture of these pits and the intact surroundings of 
the epithelial cells do not support the concept of a permanent "intracellular tear". The 
etiology and consequences of these defects remain unclear.

Barrier function of Reissner's membrane in early hydrops. The question arises whether the 
function of the distended and probably damaged Reissner's membrane changes in early 
hydrops and whether the fluid homeostasis of the cochlea is disturbed in this way. Among 
the extracellular fluids, the endolymph with a positive potential of 80 mV has an unique 
ion composition: the concentration of potassium is 155 mM, that of sodium 1 mM. The 
concentrations in the perilymph are approximately the opposite (67,126,164). Thus, when 
the "barrier" function of Reissner's membrane is damaged, potassium will leak out of the 
scala media by diffusion and a influx of sodium into the endolymphatic compartment will 
take place. To maintain the ion balance of peri- and endolymph, potassium has to be 
pumped into the scala media and sodium has to be pumped out against the electrochemical 
gradient. Rauch et al. (143) argued that Reissner's membrane is the site for this active 
transport. Today, however, it has become clear that mainly the stria vascularis is involved 
in the active transport of potassium (93). Although the active transport of ions is suggested 
to be independent from Reissner's membrane, the passive transport, i.e., the diffusion rate, 
could certainly be changed when Reissner's membrane is damaged as in experimental 
hydrops.

In hydrops guinea pigs Shinkawa and Kimura (158) performed a morphometric 
calculation of the volume changes of the scala media. Four months after endolymphatic sac 
obliteration the volume increase was calculated at up to 224% compared with control ears. 
This surface enlargement of Reissner's membrane could weaken the intercellular junctions 
of the epithelial cells, which are considered to control passive ion transport and facilitate the 
process of ion diffusion (64). However, morphological and functional data obtained in
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early experimental hydrops, have provided several arguments against an increased ion 
diffusion rate through Reissner's membrane. Jahnke et al. (64) examined the tight junctions 
between the epithelial cells of Reissner's membrane in hydrops guinea pigs by means of the 
freeze-fracture technique. No significant changes in their structure were observed between 
hydrops and control ears. This experiment, however, did not rule out the presence of tight 
junction pathology, because midsections and outpouchings in a distended Reissner's 
membrane cannot be studied by this technique. Data are available that the Na+, K+ and CT 
concentrations in endolymph are not significantly altered in experimental hydrops up to 
four months after blockage of the sac (20,92,129). Finally, Konishi et al. (94) measured the 
permeability change of the endolymph-perilymph barrier for the K ions in experimental 
hydrops as estimated by the rate of K+ diffusion during permanent anoxia up to seven 
weeks after endolymphatic sac obliteration. During anoxia all active pump systems are 
stopped, which makes a separate study of the process of diffusion possible. The K+ 
permeability did not change significantly in case of an early hydrops.

In conclusion: the morphological and functional experiments indicate that the 
"barrier" function of Reissner's membrane is generally not damaged in the early stages of 
experimental hydrops.

Barrier function of Reissner's membrane in prolonged hydrops - Ruptures. A rupture in the 
membranous labyrinth will have several histopathological, biochemical and 
electrophysiological consequences. Firstly, the contamination of the perilymphatic fluid by 
endolymph will paralyse the cochlear and vestibular nerve fibres (22,160,164). Secondly, 
intermixing of the cochlear fluids by artificially rupturing Reissner's membrane will lead to 
atrophy of the stria vascularis and hair cells (23,25). Thirdly, the disturbance of the fluid and 
ion balance between the scalae will influence the cochlear potentials (168).

Ruptures of Reissner's and vestibular membranes are frequently observed in studies 
of the temporal bones of patients with Menière's disease (5,95,135,150). In a number of 
papers the "rupture and repair" theory has been elaborated, which may explain the 
histopathology and symptomatology as found in this disease (100,151,153,154). According 
to this theory, endolymph with a high potassium concentration is mixed with perilymph 
when a rupture in Reissner's membrane occurs. Through the helicotrema and canaliculi 
perforantes this fluid mixture may then reach the osseous spiral lamina and affect the spiral 
ganglion cells, nerve fibres and organ of Corti, both functionally and structurally. After that 
the ruptures may heal. This entire process is considered repetitive. With progression of the 
disease the biochemical and morphological characteristics of the inner ear will alter 
permanently. Although most authors endorse the existence of Reissner's membrane ruptures 
in Menière's disease, some refuse to regard the "rupture and repair" theory as the main 
contributing factor to this disease. As will be discussed later, the additional importance of 
mechanical effects during an endolymphatic hydrops in Menière's disease as well as in the 
animal model has also been emphasized before (39,170,173).

In one early hydrops specimen in the 2-month SEM group of this study several 
small microfistulae were seen in the vicinity of the spiral limbus near the helicotrema. 
Shinozaki and Kimura reported similar defects in the apex of a 4-month hydrops cochlea 
(159). As a result of such an open connection between the scala media and vestibuli 
intermixing of endo- and perilymph would be expected with local degeneration of the organ 
of Corti. In our specimen, however, no extensive damage to the organ of Corti was present,
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neither were signs of healing of fistulae observed. Thus there are two possible explanations 
for these defects: they might have developed just before sacrificing the animal or they reflect 
an artificial tearing of the cell membrane during microdissection and tissue processing for 
SEM. However, the great number and the identical size of these defects, together with the 
unimpaired surface stmcture of the surrounding epithelial cells do not suggest an artefact.

In prolonged hydrops (the 4- and 8-month groups) we observed ruptures with 
increasing incidence. In the guinea pig hydrops model, ruptures in Reissner's membrane 
have been observed by others (80,82) when saccus obliteration was followed by 
sacculotomy or opening of one of the semicircular canals. Since a distended Reissner's 
membrane is probably very susceptible to trauma, the latter procedures themselves may 
very well be responsible for the creation of ruptures. In hydrops guinea pigs Kimura (85) 
observed fistulae in Reissner's membrane of both operated as well as unoperated control ears 
and therefore considered them tissue processing artefacts.

By means of small glass capillaries positioned into the scala media the relationship 
between an increased hydrostatic pressure of the endolymph and the development of 
Reissner's membrane ruptures was examined in normal guinea pigs (15,180). After 
distension into the scala vestibuli the membrane was found finally to rupture at a pressure 
of 100 mm H2O, suggesting that under normal circumstances Reissner's membrane is 
relatively resistant to pressure. In our study, however, ruptures were mostly found in a 
severely distended Reissner's membrane during a prolonged hydrops. It is furthermore of 
great importance to stress that in control cochleae fistulae never were encountered (also not 
in prolonged hydrops cases).

Thus, although ruptures have not been found often in the guinea pig hydrops model, 
our findings both in light- and electron microscopy suggest that they are a real 
pathophysiological event. They seem to occur only in the later stages of experimental 
hydrops, resembling those of temporal bone studies in Menière’s disease (95).

Thickening, ridges and grooves. In light microscopy a local thickening of Reissner's 
membrane was not only observed in prolonged hydrops after eight months, but also at one 
and two months after obliteration of the endolymphatic sac. The origin of these structures is 
not clear. They could reflect healing of the membrane after a rupture. Various authors have 
reported the healing capacity of Reissner's membrane (25,85), the saccule (82) and the 
semicircular canals (80,90) after a rupture. Lawrence (104) described the formation of a new 
Reissner's membrane in guinea pigs after a rupture by means of acoustic overstimulation. A 
similar repair capacity of the membrane was also suggested by Koskas et al. (95), on the 
basis of their temporal bone studies in Menière's disease cases. The hypothesis that ruptures 
may take place in the early stages of an experimental hydrops is not in agreement with the 
findings of this time sequence study. The thickening of Reissner's membrane in light 
microscopy could also represent a part of the straight ridges as seen by us in SEM. 
Shinozaki and Kimura (159) also described these ridges and grooves in Reissner's membrane 
and considered them small foldings because of their straight appearance.
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Stria vascularis

Anatomy. The stria vascularis marks the boundary of the lateral margin of the scala media 
and consists of three different cell layers: the marginal cells on the endolymphatic side, the 
intermediate cells and the basal cells, which separate the stria vascularis from the spiral 
ligament (Figure 19 A,B). The stria is not only morphologically but also functionally 
separated from both the scala media and the spiral ligament by junctional complexes 
(27,53,63,121).

Edema and atrophy. In our study edema and/or vacuolization of the stria vascularis was 
already present one month after endolymphatic sac obliteration in the specimens with a 
moderate or severe hydrops. In the apex of the 4- and 8-month groups atrophy of the stria 
was seen together with hair cell and nerve fibre loss. These observations are in agreement 
with the results of other experimental studies (2,77,78,180,181) and also with those found 
in the temporal bones of Menière's disease (79). This indicates that no time-lag exists 
between the early development of a hydrops and the occurrence of morphological changes in 
the stria vascularis. Whether these are (partially) reversible is still to be studied. In 
prolonged hydrops strial pathology is severe and certainly of an irreversible character.

Regulation of the endolymph balance. Histopathological changes in the stria vascularis are 
not specific to endolymphatic hydrops. They were also seen after an intoxication with 
atoxyl (6), cis-platinum (166) and several diuretics (37,126). A severe acoustic trauma can 
also cause edema and atrophy of the stria vascularis (110) which can occur simultaneously 
with structural defects in the basilar membrane (145). Artificially rupturing of Reissner’s 
membrane has the same effect (25,101). In cases of an acoustic trauma and Reissner’s 
membrane rupture the intermixing of the cochlear fluids is probably responsible for the 
changes in the stria vascularis because the fluid and ion homeostasis between endolymph 
and stria becomes disturbed. However, in our study persistent ruptures in Reissner's 
membrane were only observed in prolonged hydrops and not in the early stages. As was 
mentioned before, the ion composition in the inner ear does not change in the first months 
after endolymphatic sac obliteration (20,92,129). Therefore it is not likely that a massive 
and continuous contamination of endolymph induces the edema and vacuolization of the 
stria vascularis in the early stages of an endolymphatic hydrops.

Another explanation for stria vascularis pathology could be attributed to a "failure of 
the pumping systems”. Many authors have demonstrated that Na+-K+-ATPase is involved 
in the maintenance of the endolymphatic ion profile and the generation of a positive 
endocochlear potential (91,99,175). This enzyme has a high activity in the stria vascularis 
(73,89,99). Bosher et al. (18) studied the relation between morphological and biochemical 
changes in the inner ear after a perilymphatic perfusion with ouabain, a Na+-K+-ATPase 
inhibitor. They observed a swelling of the marginal cells, a decline in the potassium 
concentration in the endolymph together with an increase in sodium and the replacement of 
the endocochlear potential by a negative one. The same effects were found after the 
administration of ethacrynic acid, although the primary mode of action is slightly different 
and more disperse (17,130,134). In guinea pigs, a significant reduction of the endocochlear 
potential in combination with edema of the stria vascularis was observed four weeks after
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endolymphatic sac obliteration (94). One may wonder whether dysregulation of the Na+- 
K+-ATPase system is a direct consequence of the volume and pressure changes that occur 
during the developing hydrops. As mentioned in the discussion on endolymph flow, the 
hypothesis has been raised that the endolymph volume is regulated by the endolymphatic 
duct and sac, whereas the ion homeostasis of the scala media is controlled by the stria 
vascularis, independently from each other. According to this theory, the pumping systems 
in the stria vascularis will have to call on their reserve capacity in the course of a 
developing hydrops in order to maintain the potassium concentration at the required level. 
When hydrops progresses, the pumping systems of the stria will fail. This could account 
for a decline of the Na+-K+-ATPase activity. A potassium drop will be accompanied by a 
decreased endocochlear potential. Edema of the stria vascularis could reflect such a 
compensatory activity of the stria vascularis. A prolonged failure would finally induce stria 
vascularis atrophy as observed in the apex of hydrops cochleae.

Spiral limbus and tectorial membrane

Anatomical considerations. The anatomical relationship between the tectorial membrane and 
the spiral limbus has been studied extensively (103,106,107). It is generally accepted that 
the limbal zone of the tectorial membrane is firmly attached to the interdental cells of the 
spiral limbus. Several studies have indicated that the interdental cells secrete a product, 
which becomes incorporated in the tectorial membrane. Voldrich (174), for instance, 
observed the extrusion of a strong PAS positive staining substance into the membrane. 
This secretory activity could be enhanced by pilocarpine as can be seen by the widening of 
the interdental cell neck. Interdental cells showed at the ultrastructural level a well-developed 
Golgi complex and numerous intracytoplasmic vesicles, which indicates the presence of an 
active transport system (60,62). Furthermore, glycoproteins were identified as the secretion 
product of interdental cells by means of histochemical analysis (10). In conclusion, the 
interdental cells have probably a secretory activity and may be involved in the development 
and maintenance of the tectorial membrane architecture.

Tectorial membrane elevation and atrophy. Lightmicroscopically, an elevation of the 
tectorial membrane from the spiral limbus was present in 15 cochleae with a severe 
hydrops. The intervening space between the raised tectorial membrane and the spiral limbus 
was filled with a substance which stained in the same way as the content of the interdental 
cells (glycoproteins?). The neck of the interdental cells was opened wide. Furthermore, a 
partial release of the tectorial membrane was observed in the apex of 8-month specimens. 
This detachment was confirmed by means of SEM. In prolonged hydrops, moreover, a 
severe disintegration of the membrane was present together with multiple gaps.

The pathological changes in the tectorial membrane during experimental hydrops are 
not understood well. Several mechanisms might explain the elevation of the membrane. It 
could reflect physiological periods of an increased activity of the interdental cells, as has 
been observed in a study by Arnold and Vosteen (10). Another possibility is that the 
fixatives have changed the osmolarity in the endolymphatic compartment, which may
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induce elevation of the tectorial membrane as a tissue processing artefact (97). The latter, 
however, is not likely since all control cochleae in our study showed a normal position of 
the membrane. The presence of glycoproteins (?) between the tectorial membrane and the 
interdental cells together with a widening of the interdental cell neck support the concept of 
an increased activity of these cells, which might induce the elevation of the tectorial 
membrane during an experimental hydrops. Whether the final disintegration of the tectorial 
membrane is a consequence of diminished activity of these nursing interdental cells remains 
unexplained.

Spiral limbus connective tissue cells. An apical loss of spiral limbus connective tissue 
cells was observed in prolonged hydrops. Atrophy and loss of these cells has been reported 
in several experiments by others. Kimura et al. (82) reported atrophy of these cells after 
producing fistulae in the endolymphatic compartment. Artificial tearing of Reissner's 
membrane was also found to induce a degeneration of limbal cells (23). Thus intermixing of 
endolymph with perilymph may induce atrophy of the spiral limbus connective tissue 
cells supporting the concept of fluid intermixing in the late stages of an experimental 
hydrops. Atrophy of the spiral limbus was also been seen following blockage of the venous 
cochlear circulation (74). As shown in several studies, the spiral limbus has its own blood 
supply (30,167). A decrease in terminal blood flow in the limbal vessels might therefore 
induce degeneration of limbal cells. In experimental hydrops studies a degeneration of these 
capillaries has occasionally been reported (85). The decrease in blood flow in the limbal 
vessels might be another contributing factor to atrophy of the connective tissue cells in the 
spiral limbus.

Hair cells and stereocilia

In our study disarrangement, fusion and giant cilia formation of outer hair cells were 
already observed within one month after endolymphatic sac obliteration. Outer hair cell loss 
was seen after two months. Inner hair cell surface pathology had developed after just four 
months. Albers et al. (1) counted hair cell loss in experimental hydrops by means of the 
block surface and Nomarsky technique. After two months a distinct apical loss of outer hair 
cells was found without differences between the three individual rows. Inner hair cell loss 
was not seen earlier than after four months. This difference in time between the initial 
degeneration of the outer and the inner hair cells confirmed earlier observations by Aran et 
al. (8). Various mechanisms may be responsible for this difference in degeneration pattem 
between outer and inner hair cells.

Potassium intoxication. Several authors (100,154) favour the idea that potassium 
intoxication, due to "rupture and repair" or leakage of Reissner's membrane is responsible 
for the temporary dysfunction, degeneration and loss of sensory and neural elements in the 
inner ear. Recently a new dimension was added to this theory by experiments on isolated 
hair cells of guinea pigs. Brownell et al. (19) observed a shortening of outer hair cells 
in response to depolarization and an increase in length after hyperpolarization. Inner hair

63



cells did not respond. They concluded that changes in the length of outer hair cells influence 
the mechanics of the cochlear partition. These observations were provided with a strong 
morphological basis by Flock et al. (36), who described the contractile intracytoplasmatic 
protein actin along the wall of outer hair cells only. They found a contractile apparatus in 
the wall of these cells, together with another cytoplasmic contractile system. Zenner (182) 
pointed out that this active motor capacity of outer hair cells is dependent on the free 
calcium concentration and can be inhibited by several enzymes. He incubated isolated outer 
hair cells in a potassium-rich medium and observed a sustained depolarization together with 
a reversible contraction of the hair cells. The most prominent motile response was seen in 
the longest outer hair cells of the apical turn. A repeated potassium intoxication induced a 
slower relaxation of these hair cells without return to their prestimulatory length (183). He 
also suggested that the depolarization and contraction of outer hair cells can induce a change 
in cochlear micromechanics, resulting in sensorineural hearing loss and tinnitus. A 
sustained or repeated intoxication may cause the death of the individual outer hair cells. This 
elaboration of the potassium intoxication theory could be the explanation of the difference 
in time between outer and inner hair cell degeneration, since inner hair cells miss 
cytoskeletal actin proteins (36).

In our study several morphological observations are not in complete agreement with 
the potassium intoxication theory. Pathological changes in outer hair cells were already 
present one month after endolymphatic sac obliteration, whereas ruptures in Reissner's 
membrane were not seen earlier than after four and eight months. Several other studies also 
indicate that persistent fistulae or increased potassium leakage do not occur during the early 
stages of experimental hydrops (69,97,159). In other words, outer hair cell loss can precede 
the development of fistulae in Reissner's membrane. The early histopathological changes in 
outer hair cells can thus not be a consequence of potassium intoxication. A pure mechanical 
disturbance of hair cell contractility has to be considered another important factor for the 
initial outer hair cell degeneration. In prolonged hydrops, however, this potassium 
intoxication might further endanger the survival conditions of the remaining outer and inner 
hair cells.

Hair cell and nerve fibre loss. Is there a direct relation between hair cell loss and 
degeneration of the peripheral auditory nervous system (the nerve terminals to the organ of 
Corti, the spiral ganglion cells and the cochlear nerve)? As mentioned before, a loss of outer 
hair cells was already present in the one-month group, whereas degeneration of nerve fibres 
and inner hair cells was not seen earlier than after four months. In an ultrastructural study 
Kimura (77) noticed degeneration of nerve endings after changes in the outer hair cells, 
whereas the nerve endings at the inner hair cell appeared to atrophy prior to changes in these 
sensory cells. He also reported the severe decrease in spiral ganglion cells without 
degeneration of the corresponding inner hair cell population. In the early stages of hydrops 
degeneration of sensory cells in the organ of Corti seems to involve first the outer hair 
cells, which is followed by secondary changes of their nerve terminals.The outer hair cell 
loss is probably not responsible for secondary atrophy of the spiral ganglion cells and the 
cochlear nerve fibres. Retrograde degeneration of these structures is assumed to follow 
disintegration of the inner hair cells (165). Nevertheless, even in a prolonged hydrops the 
nerve endings and spiral ganglion cells may degenerate before extensive changes in the inner 
hair cell can be found.
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Stereocilia configuration. As a result of several SEM studies the normal arrangement of the 
sensory cells in the mammalian cochlea is well known: a single row of inner hair cells and 
three rows of outer hair cells. Three rows of stereocilia are anchored in the cuticular plate of 
each hair cell. They have different lengths and are arranged in a "W" or "V" formation 
(58,177). The individual hairs and the cuticular plate contain several microfilaments, which 
are composed of the cytoskeletal protein actin, which is cross-bridged by fimbrin 
(29,31,34,161, 163). The bundles of fibrillar actin account for the stiffness of the stereocilia 
(32). The hairs are covered by a coating, the glycocalyx, which is strongly negatively 
charged (147,162). The glycocalyx is believed to be involved in the maintenance of the 
separation between adjacent cilia. Lim (111) postulated that the reduction or absence of the 
glycocalyx would be the underlying mechanism of ciliary fusion . Several authors observed 
cross-linkages between the stereocilia (9,41,65,137). Three different types of cross-links in 
both inner and outer hair cells were described: side-to-side, row-to-row and upward-pointing 
linkages. The presence of these linkages support the observation that the cilia of one hair 
cell move together as if they were joined one to another (32). Whether these cross-links are 
also a part of the glycocalyx is still an open question.

Many differences between the stereocilia related to their location in the cochlea have 
been reported. The size, height, number, angle formed with the reticular lamina and the "W" 
formation arrangement vary along the basilar membrane (111,178). The organization of the 
stereocilia of the various hair cells is thought to play an important role in the tuning 
process of auditory transduction.

Stereocilia and tectorial membrane. The architecture of the tectorial membrane and its 
relation to the inner and outer hair cells is an important feature in the micromechanics of 
the cochlear partition. The tectorial membrane is formed by an amorphous substance in 
which radial and longitudinal fibres are embedded. In several mammals Kimura (76) 
observed a firm attachment of the tallest cilia of the outer hair cells to Hardesty's 
membrane, the underlying covering of the tectorial membrane. Several investigators 
observed 'W" configurated imprints in this membrane, which indicates a strong coupling 
between the outer hair cells and Hardesty's membrane (56,72,108). These findings are in 
agreement with our observation that clotted stereocilia of atrophied outer hair cells were 
found fixated into the tectorial membrane eight months after blockage of the endolymphatic 
sac. Imprints of inner hair cell stereocilia in the undersurface of the tectorial membrane, i.e., 
the Hensen stripe, are rarely seen (55). Therefore, most authors support the concept that the 
outer hair cells are strongly coupled to the tectorial membrane, whereas the stereocilia of the 
inner ones are standing free and probably only touch the tectorial membrane during basilar 
membrane motion.

The tectorial membrane is, apart from its attachment to the spiral limbus and its 
coupling to the outer hair cells, connected to the basilar membrane in other ways. The 
Hensen stripe near the inner hair cells has trabecula-like structures which are thought to be 
anchored to the inner phalangeal cells. The outer margin of the tectorial membrane, the 
marginal band, is connected to the phalanges of the outermost row of Deiter's or Hensen's 
cells by means of a so-called marginal net (106,107). It is still controversial whether this 
marginal net seals off the subtectorial space completely. In guinea pigs and gerbils 
Lawrence and Burgio (103) reported a complete seal of the subtectorial space as seen in bulk 
frozen-hydrated tectorial membrane specimens. This enclosure would protect the reticular
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lamina in the organ of Corti from endolymph. The observations by Lawrence and Burgio 
are in agreement with the findings of Kronester-Frei (97) who examined the unfixed tectorial 
membrane. In contrast, Lim (107) observed in several species a free communication 
between the scala media and the subtectorial space through holes in the marginal net, 
implying that the subtectorial space is an endolymphatic compartment. Some authors 
(7,33) measured a high potassium content in the inner sulcus of the organ of Corti by 
means of X-ray microanalysis, supporting the endolymph-like nature of this space. Thus 
the subtectorial space is probably an endolymphatic compartment and the outer margin of 
the tectorial membrane, although attached to the supporting structures of the basilar 
membrane, does not seal it off completely.

The function of the marginal net and the trabeculae at the site of inner hair cells 
remains unclear. Basilar membrane displacements produce a direct shearing movement 
between the tectorial membrane and the outer hair cells by means of their coupling. Also 
the free-standing inner hair cell stereocilia may be touched by the Hensen stripe during 
basilar membrane motion. So, besides a fixation of the whole tectorial membrane to the 
organ of Corti, the marginal net and the trabeculae might protect the stereocilia from 
deflecting too far in case of an excessive shearing motion.

Stereocilia disarrangement. In our study a limited disarrangement of the outermost row of 
outer hair cell stereocilia was present one month after blockage of the sac. This initial 
difference in stereocilia architecture between the three rows of outer hair cells was also 
reported by others (3,4,98) in guinea pigs up to three months after endolymphatic sac 
obliteration. No variety between the three rows was observed in case of a severe 
disarrangement together with giant cilia formation and fusion of the cilia. These changes in 
stereocilia configuration could indicate a disturbance of the micromechanics in the organ of 
Corti during the early stages of an experimental hydrops.

Stereocilia pathology has been studied extensively in relation to experimentally 
induced acoustic trauma. In chinchillas Huntar-Duvar (57) observed a disarrangement of only 
the inner row of outer hair cells after a mild noise exposure. After several days the 
stereocilia appeared to return to their original state. In guinea pig cochleae Thome et al. 
(169) recently described the ultrastructural changes in stereocilia following an acoustic 
trauma. The first damage to the organ of Corti consisted mainly of a displacement, collapse 
and fusion of the cilia within the inner row of outer hair cells without changes in the 
sensory cells themselves. On an ultrastructural level the cilia showed a separation of the 
interconnecting linkage system, as well as rupture and disarray of the microfilaments 
comprising the rootlets of individual stereocilia. Also a fusion of cilia with a disappearance 
of their intervening plasma membrane was seen. The authors suggested that this fusion 
might occur as a result of damage to the glycocalyx and reduction of the strong negative 
charge between the stereocilia. Pressure changes in the cochlea, more abrupt in nature, 
might also induce alterations in the stereocilia configuration. Legouix et al. (105) used a 
more direct method of inducing an acoustic trauma by driving the cochlear partition with an 
excessive amplitude by means of sudden pressure changes in the perilymph. They observed 
a disarrangement and fusion of cilia in the outermost row of outer hair cells, particularly in 
the apex of the cochlea. They pointed out that the pressure changes might break the 
marginal net of the tectorial membrane. In this way the tectorial membrane might be 
capable of moving with an increased amplitude, thus producing a greater shearing force.

66



These movements would induce an excessive displacement of the stereocilia. As a result the 
interconnecting linkage system might break, rendering the affected stereocilia vulnerable to 
fusion and fracture (35).

The question arises whether the pathological changes of the stereocilia in both 
acoustic trauma and the early stages of an experimental hydrops may have the same 
underlying mechanism. It is postulated that in experimental hydrops an increased pressure 
gradient exists between the endolymphatic and perilymphatic space. Tonndorf (171) was the 
first to suggest a mechanical cause for the hearing loss in the early stages of Menière's 
disease. He supposed that periods with an increased endolymphatic pressure exist in the 
course of an endolymphatic hydrops. As a consequence, Reissner's membrane would distend 
into the scala media and the basilar membrane would move towards the scala tympani, 
changing the elastic properties of the cochlear partitition. This hypothesis was based on 
experiments with a mechanical cochlear model, in which a loss of sensitivity, a shift in the 
location of the maximal displacement along the basilar membrane and a harmonic distortion 
were observed after an increase in the endolymphatic pressure (170). Moreover, Tonndorf 
argued (173) that the cochlear and vestibular symptoms of Menière's attacks and the return 
to normal function have mechanical causes, based on changes in the cochlear and vestibular 
mechanical transduction. The importance of stereociliary dysfunction in the generation of 
sensorineural hearing loss, recruitment, poor speech discrimination and tinnitus was also 
stressed (172).

Data from experimental studies, including electrocochleography, also support the 
hypothesis that in endolymphatic hydrops a pressure gradient can develop between 
endolymph and perilymph, which might contribute to a disturbance of the cochlear 
mechanics. Ito et al. (61) studied the changes of the endolymphatic pressure in guinea pigs 
up to two and a half months after endolymphatic sac obliteration. They measured a pressure 
in the endolymph of hydrops cochleae that was significantly higher than the pressure in 
control ears. Thus their findings suggest an enhanced endolymphatic pressure in 
experimental hydrops. Moreover, several authors reported changes in the compound action 
potential (CAP) and summating potential (SP) in Menière's disease as well as in 
experimental hydrops.

Kumagami and Miyazaki (98) investigated the CAP in guinea pigs up to 13 months 
after endolymphatic sac obliteration. They also processed some of the cochleae for SEM. 
After one week the threshold of the CAP had increased already. Up to three months after sac 
blockage a normal CAP was obtained and this corresponded morphologically with only a 
disarrangement of the outer hair cell stereocilia. After three months the maximum output of 
the CAP decreased and there was a progressed degeneration of sensory cells. Horner and 
Cazals (54) performed electrocochleography in hydrops guinea pigs with chronically 
implanted electrodes. A CAP threshold loss of up to 20 dB was measured within two weeks 
postoperatively. In individual animals they observed threshold fluctuations of as much as 20 
dB within one day. According to Tonndorf, a decrease in the CAP threshold together with 
maintenance of the maximum output potential could reflect a decoupling between the 
tectorial membrane and the stereocilia without pathology of the hair cells themselves (172).

The generation of the SP, a complex response, is attributed to outer hair cell 
activity. Changes in the magnitude of the SP seem to reflect a distortion of the cochlear 
transduction mechanism (44,149). Several authors measured an enhancement of the SP in 
Menière's disease (42,86). In our lightmicroscopical series of animals van Deelen et al. (21)
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recorded an increased negative SP one month after blockage of the endolymphatic sac. As 
time progressed the negative SP decreased. They concluded that an increased negative SP 
exists in the early phase of experimental hydrops. The loss of SP amplitude, as seen in the 
4- and 8-month specimens, might reflect the degeneration and loss of outer hair cells. The 
relationship between an enlarged SP and the displacement of the basilar membrane was 
further clarified by Klis and Smoorenburg (88). In normal guinea pigs they recorded the 
modulation of responses to short single-frequency tone bursts by means of a low-frequency 
bias sound at the round window. The SP increased during the negative half-cycle of the low- 
frequency cochlear microphonics, i.e., during the displacement of the basilar membrane 
towards the scala tympani. Thus in experimental hydrops the increase in the SP might be 
attributed to the displacement of the basilar membrane in the direction of the scala tympani. 
This finding supports the hypothesis of an increased endolymphatic pressure in the course 
of a hydrops.

In conclusion: several data support the hypothesis that there are periods with an 
increased endolymphatic pressure during the early phases of endolymphatic hydrops. These 
pressure fluctuations could influence the mechanical transduction of the cochlea in various 
ways. Directly, by acting on the coupling between the tectorial membrane and the hair cell 
stereocilia. Indirectly, by displacement of the basilar membrane towards the scala tympani, 
which induces an abnormal shearing motion of the cochlear partition. We consider both 
mechanisms as being responsible for the disarrangement of the stereocilia as seen in our 
hydrops study.
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SUMMARY AND CONCLUSIONS

In this study the histopathological changes in the cochlea of guinea pigs after 
obliteration of the endolymphatic sac are presented. This animal model is still the best 
available for research on Menière's disease. The major questions of this study were:

- which are the changes that occur in the cochlea after endolymphatic sac obliteration in 
relation to time?
- which are, more particularly, the alterations of Reissner's membrane and of the hair cells 
and their stereocilia?

In Chapter I some historical notes are made on the publications and the person of 
Prosper Menière. He was the first to attribute the well known triad of symptoms: vertigo- 
tinnitus-deafness, to a labyrinthine disease instead of to "cerebral congestion".

Important steps in the development of experimental endolymphatic hydrops are 
reported. The work by G. Portmann, S. Guild, R. Kimura and H.F. Schuknecht is 
reviewed. It is emphasized that also W.J. M'Nally and T. Naito have to be credited for their 
efforts to induce an endolymphatic hydrops in animals.

Differences in symptomatology and histopathology between Menière's disease and 
the guinea pig hydrops model are pointed out.

In Chapter II the material and methods are described. In 44 guinea pigs an 
endolymphatic hydrops was obtained through obliteration of the endolymphatic sac. Pitfalls 
in the surgical procedure are discussed. The cochleae of 33 animals were processed for light 
microscopy, those of eight animals for scanning electron microscopy and those of three 
guinea pigs for transmission electron microscopy. In order to study the effects of time on 
the alterations in the cochlea, the animals were sacrificed after one, two, four, eight or 
fifteen months. The efficacy of the sac obliteration procedure was evaluated in eight 
animals. Three guinea pigs were submitted to a sham operation.

In Chapter III the results of light microscopy are presented.
Within one month after sac obliteration a distension of Reissner's membrane was 

observed. In the following months this distension increased. Several other histopathological 
changes of this membrane were present. These included: foldings, connections between 
Reissner's membrane and the bony wall of the scala vestibuli, local thickenings, defects in 
the mesothelial cell lining, duplications, ruptures and atrophy.

In the 2-, 4- and 8-month groups a progressive loss of outer hair cells was seen. 
Light microscopy appears insufficient to examine inner hair cell loss. In progressed hydrops 
the tectorial membrane was elevated and detached from the limbal zone of the spiral limbus 
and the connective tissue cells of the spiral limbus were atrophied.

Edema of the stria vascularis as well as vacuolization of the marginal cells were 
seen. A marked atrophy of the stria vascularis occurred in progressed hydrops.

At the cochlear apex a progressive loss of nerve fibres and spiral ganglion cells was
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observed in all experimental groups in relation to time.
The vestibular aqueducts appeared to be completely obliterated in seven out of the 

eight specimens in which the efficacy of the surgical procedure was checked. The 
intermediate part of the endolymphatic sac was partially intact in one temporal bone and the 
accompanying cochlea did not show hydrops.

Chapter IV deals with the ultrastructural alterations of Reissner's membrane as seen 
in the three cochleae investigated with transmission electron microscopy.

Foldings of epithelial cells were present. Their cytoplasm showed no degenerative 
changes. Some epithelial cells revealed a condensation of cytoplasm. Occasionally, a 
complete degeneration of individual epithelial cells was observed. No interruption of the 
basal lamina was seen except in case of a rupture of the entire membrane.

Mesothelial defects of a varying extent were observed. Bony wall connections seemed 
to originate from the mesothelial cells of the membrane as well as the mesothelial cells of 
the bony wall of the scala vestibuli.

Reissner's membrane distended in one specimen through the helicotrema into the 
scala tympani with the formation of a spiderweb-like basal lamina.

A rupture of the membrane with an increased electron density of epithelial cells on 
both sides was present in one specimen.

Chapter V describes the ultrastructural alterations of Reissner's membrane and the 
organ of Corti as seen by scanning electron microscopy.

Distension of Reissner's membrane was found accompanied by elongation of 
epithelial cells. In between the cells no gaps were observed. The surface of epithelial cells 
contained small pits. Again foldings of the entire membrane were seen. Multiple ridges of 
epithelial cells were found running from the spiral limbus to the stria vascularis.

Small strands connected the mesothelial cells of Reissner's membrane and the bony 
wall of the scala vestibuli. Several stages of mesothelial cell atrophy were observed.

Multiple microfistulae of the entire membrane were present in one specimen.
The first sign of submicroscopical outer hair cell pathology observed was a 

disarrangement and bulging of stereocilia with a break of their cross-linkage system. 
Subsequently, the stereocilia became fused and atrophied. Cross-linkages of the inner hair 
cells remained intact.

Loss of both inner and outer hair cells started in the apex of the cochlea and 
progressed towards the base.

The tectorial membrane, which was elevated and retracted from the basilar membrane, 
contained many clotted stereocilia of outer hair cells. In progressed hydrops the tectorial 
membrane was locally atrophied with disintegration and loss of its fibrillary structure.

In Chapter VI the results of this study are discussed in relation to previous research 
by other authors. Some conclusions are presented.

In guinea pigs a total destruction of the endolymphatic sac is required to obtain an 
endolymphatic hydrops. The development of endolymphatic hydrops after endolymphatic sac 
obliteration strongly supports the theory that endolymph flows from the scala media 
towards the endolymphatic sac. Based on measurements of endolymph flow by others 
workers and the occurrence of an endolymphatic hydrops within 24 hours, it seems likely
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that a volume increase of approximately 1 pi is already sufficient to induce a distension of 
Reissner's membrane.

Foldings and bony wall connections of Reissner's membrane, as observed in this 
study, might be the result of variations in the degree of distension of the membrane. 
However, they could also represent intermediate stages in the process of distension-rupture- 
collapse-healing. Whether the formation of a thickening in Reissner's membrane also 
reflects fistula healing after a rupture or represents a part of ridges and foldings is still an 
open question.

Defects in the mesothelial cell lining of Reissner's membrane are probably caused by 
a limited compliance of these cells as compared to that of epithelial cells. The etiology and 
consequences of the small epithelial pits in the distended Reissner's membrane, as observed 
by SEM, remain unclear.

The important question whether the "barrier" function of Reissner's membrane in 
hydrops is damaged, is discussed. It is concluded that this "barrier" is generally not damaged 
in the early stages of experimental hydrops. In the later stages, however, the "barrier" 
function of Reissner's membrane might be lost because of the occurrence of ruptures.

Already in early hydrops edema and atrophy of the stria vascularis are present, 
suggesting that no time-lag exists between the development of hydrops and stria vascularis 
pathology. It is discussed that edema of the stria vascularis may reflect a failure of the 
"pumping systems", which may induce disintegration and atrophy of the strial cells.

The elevation of the tectorial membrane due to the presence of a substance in the 
intervening space seems to be induced by an increased activity of the interdental cells. 
Whether the final disintegration of the tectorial membrane is a result of the diminished 
activity of these cells remains unexplained.

The cause of the time difference between inner and outer hair cell degeneration is 
discussed. The presence of contractile intracytoplasmic proteins in the outer hair cells make 
them possibly more vulnerable to a sustained potassium intoxication as it may occur in 
prolonged endolymphatic hydrops.

The architecture of the tectorial membrane and the organ of Corti probably protects 
the stereocilia from becoming deflected too far. Assuming that pressure fluctuations in the 
scala media occur during the early phases of an endolymphatic hydrops, it is concluded that 
the mechanical transduction of the cochlea might be influenced in various ways. Directly, 
by disrupting the coupling between the tectorial membrane and the hair cell/stereocilia 
complex. Indirectly, by displacing the basilar membrane towards the scala tympani, which 
induces an abnormal shearing motion within the cochlear partition. Both mechanisms are 
considered as being responsible for the disarrangement of the stereocilia and the break of its 
cross-linkages.
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SAMENVATTING EN CONCLUSIES

In dit onderzoek worden de histopathologische veranderingen in de cochlea van cavia's 
beschreven na obliteratie van de saccus endolymphaticus. Voor onderzoek van de ziekte van 
Menière is dit proefdiermodel vooralsnog het meest geschikt. De belangrijkste vragen in dit 
onderzoek waren:

- welke veranderingen in de tijd treden er in de cochlea op na obliteratie van de saccus 
endolymphaticus?
- welke veranderingen treden in het bijzonder op in het membraan van Reissner, de 
haarcellen en de stereocilia?

In Hoofdstuk I worden enkele historische aantekeningen gemaakt bij de persoon 
Prosper Menière en zijn artikelen. Als eerste schreef hij de bekende trias van symptomen, 
vertigo-tinnitus-doofheid, toe aan een ziekte van het labyrint in plaats van aan "cerebral 
congestion".

Belangrijke stappen in de ontwikkeling van de experimenteel verkregen 
endolymphatische hydrops worden vermeld. Op het werk van G. Portmann, S. Guild, R. 
Kimura en H.F. Schuknecht wordt teruggeblikt. Met nadruk dienen ook W.J. M'Nally en T. 
Naito genoemd te worden vanwege hun inspanningen om een endolymphatische hydrops in 
proefdieren op te wekken.

De verschillen in symptomatologie en histopathologic tussen de ziekte van Menière 
en het cavia hydrops model worden samengevat.

In Hoofdstuk II worden materiaal en methoden beschreven. In 44 cavia's werd een 
endolymphatische hydrops verkregen door obliteratie van de saccus endolymphaticus. De 
chirurgische techniek wordt in detail besproken. De cochlea's van 33 proefdieren werden 
opgewerkt voor lichtmicroscopie, die van 8 dieren voor scanning elektronen microscopie en 
die van 3 cavia's voor transmissie elektronen microscopie. De proefdieren werden opgeofferd 
na een, twee, vier, acht of vijftien maanden om in de tijd de veranderingen in de cochlea te 
kunnen bestuderen. De doeltreffendheid van de saccus obliteratie werd geëvalueerd in acht 
proefdieren. Drie cavia's werden onderworpen aan een pseudo-obhteratie.

In Hoofdstuk III worden de lichtmicroscopische resultaten beschreven. Eén maand na 
obliteratie van de saccus werd een uitzetting van het membraan van Reissner gezien. De 
daaropvolgende maanden nam deze toe. Verschillende andere histopathologische 
veranderingen waren in dit membraan aanwezig, zoals: vouwen, verbindingen tussen het 
membraan van Reissner en de benige wand van de scala vestibuli, verdikkingen, 
onderbrekingen in de mesotheliale cellaag, verdubbelingen, rupturen en atrofie.

Een verlies van buitenste haarcellen werd gezien in de 2-, 4- en 8-maands groep. 
Lichtmicroscopie bleek ontoereikend ter nadere bestudering van verlies van binnenste 
haarcellen. In oudere hydrops cochlea's was het tectoriaal membraan opgelicht en losgelaten 
van de spirale limbus ter hoogte van de "limbal zone" en de bindweefselcellen van de spirale
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limbus waren atrofisch.
Oedeem alsmede vacuolisatie van de marginale cellen was aanwezig in de stria 

vascularis. In de oudere hydrops cochlea's was de stria vascularis atrofisch.
Verlies van zenuwvezels en cellen van het ganglion spirale werd, progressief in de 

tijd, waargenomen in alle experimentele groepen.
De vestibulaire aquaducts bleken volledig te zijn geoblitereerd in zeven van de acht 

proefdieren, bij wie de doeltreffendheid van de chirurgische procedure werd gecontroleerd. In 
één cavia was het intermediaire gedeelte van de saccus gedeeltelijk intact en de betreffende 
cochlea vertoonde geen hydrops.

Hoofdstuk IV beschrijft de transmissie elektronenmicroscopische veranderingen in 
het membraan van Reissner van drie cochlea's.

In epitheliale cellen waren vouwen aanwezig zonder andere ultrastructurele 
veranderingen. Ook vertoonden sommige epitheliale cellen een condensatie van het 
cytoplasma. Incidenteel werd een volledige degeneratie van individuele epitheliale cellen 
gezien. De basale lamina was intact, tenzij een ruptuur aanwezig was.

In de mesotheliale bekleding werden defecten van wisselende grootte waargenomen. 
Verbindingen met de benige wand leken zowel van de mesotheliale cellen van het membraan 
van Reissner als die van de scala vestibuli uit te gaan.

In één proefdier was het membraan van Reissner uitgezet via het helicotrema tot in 
de scala tympani waarbij een spinneweb-achtige basale lamina was gevormd.

In een ander proefdier was een volledige ruptuur van het membraan aanwezig, waarbij 
de elektronendichtheid van de epitheliale cellen aan beide zijden was toegenomen.

Hoofdstuk V beschrijft de scanning elektronenmicroscopische veranderingen in het 
membraan van Reissner en het orgaan van Corti.

De uitzetting van het membraan van Reissner was mogelijk door een verlenging van 
epitheliale cellen. Tussen deze cellen werden geen defecten gezien. Aan de oppervlakte van 
epiteheliale cellen waren kuiltjes aanwezig. Vouwen werden in alle windingen gezien. 
Veelvuldig werden richels in de epitheliale cellaag geobserveerd, welke vanuit de spirale 
limbus in de richting van de stria vascularis liepen.

In één proefdier werden diverse kleine fistels waargenomen.
De eerste submicroscopische afwijking in de buitenste haarcellen was een verstoring 

van de gelijkmatige architectuur van stereocilia met het optreden van breuken in de 
kruisverbindingen tussen stereocilia. Later versmolten de stereocilia en werden zij atrofisch. 
De kruisverbindingen van de binnenste haarcellen bleven intact.

Verlies van binnenste en buitenste haarcellen was allereerst in de apex van de cochlea 
zichtbaar en nam in de oudere proefdieren toe in de richting van de lagere windingen.

Het tectoriaal membraan, dat geretraheerd was van het basilair membraan, bevatte 
vele samengeklonterde stereocilia, afkomstig van de buitenste haarcellen. In de oudere 
proefdieren was het tectoriaal membraan op sommige plaatsen geatrofieerd, waarbij de 
normale vezelige structuur verloren was gegaan.

Hoofdstuk VI omvat een discussie en enkele conclusies aan de hand van resultaten uit 
deze en andere studies.

Voor het opwekken van een endolymphatische hydrops is het vereist, dat de saccus
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endolymphaticus volledig wordt geoblitereerd. Het ontstaan van een endolymphatische 
hydrops in aansluiting op obliteratie van de saccus ondersteunt in hoge mate de theorie, dat 
endolymphe vanuit de scala media naar de saccus stroomt. Gebaseerd op flowmetingen van 
endolymphe en het ontstaan van een hydrops 24 uur na obliteratie, is een volumetoename 
van 1 pi waarschijnlijk reeds voldoende om een uitzetting van het membraan van Reissner 
te genereren.

Vouwen en verbindingen met de benige wand zijn mogelijkerwijs het resultaat van 
variaties in de mate van uitzetting van het membraan. Zij zouden echter ook verschillende 
stadia kunnen vertegenwoordigen in een dynamisch proces van uitzetting-ruptuur-inzakking- 
fistelsluiting. Het blijft een open vraag of verdikkingen in het membraan van Reissner een 
vorm van fistelsluiting zijn of slechts een onderdeel van een grotere richel.

Het ontstaan van gaten in het mesotheel wordt waarschijnlijk veroorzaakt door de be
perkte compliantie van deze structuur in vergelijking met de epitheliale cellaag. De ont
staanswijze van de epitheliale kuiltjes blijft vooralsnog onduidelijk.

Het belangrijke vraagstuk betreffende de "barrièrefunctie" van het membraan van 
Reissner in de hydrops cochlea wordt besproken. De conclusie luidt, dat deze waarschijnlijk 
niet verandert in de vroege stadia van een experimentele hydrops. In de oudere hydrops 
daarentegen, is deze functie mogelijkerwijs veranderd door het optreden van rupturen.

Het al vroeg aanwezig zijn van oedeem en atrofie in de stria vascularis suggereert, dat 
er geen tijdsverschil bestaat tussen het ontstaan van een hydrops enerzijds en stria vascularis 
pathologie anderzijds. Een ernstige dysfunctie van het "pompsysteem" in de stria leidt 
mogelijkerwijs tot oedeem, desintegratie en atrofie van de stria vascularis.

De stof tussen het tectoriaal membraan en de spirale limbus wordt waarschijnlijk 
geproduceerd door de interdentale cellen. Het is niet duidelijk of de atrofie van het tectoriaal 
membraan het gevolg is van een verminderde activiteit van deze cellen.

De oorzaken van het tijdsverschil in degeneratie tussen binnenste en buitenste 
haarcellen wordt besproken. De aanwezigheid van intracytoplasmatische eiwitten maken de 
buitenste haarcellen mogelijk kwetsbaarder voor een permanente kalium intoxicatie, die in 
met name een langdurige hydrops kan voorkomen.

De architectuur van het tectoriaal membraan en het orgaan van Corti beschermt de 
stereocilia waarschijnlijk voor een al te sterke buiging. Er wordt geconcludeerd dat de 
mechanische transductie in de cochlea beïnvloed kan worden op verschillende manieren, 
aannemende dat drukvariaties in de scala media vóórkomen in de vroege stadia van een 
hydrops. Rechtstreeks, door een verstoring van de koppeling tussen het tectoriaal membraan 
en het haarcel/stereocilia complex. Indirect, door verplaatsing van het basilair membraan in 
de richting van de scala tympani, waardoor een abnormale schaarbeweging ontstaat in het 
orgaan van Corti. Beide mechanismen worden verantwoordelijk gesteld voor het ontstaan 
van afwijkingen in de stereocilia configuratie en breuken in de kruisverbinden.
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