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Introduction

Endolymphatic hydrops is generally believed to be one of the main features of Menière’s
disease1,2, an inner ear disorder accompanied by fluctuating hearing loss, vertigo and
tinnitus. Hydrops may arise as a result of an imbalance between production and absorp-
tion of endolymph. In the animal model of Kimura and Schuknecht3, an experimental
hydrops was obtained after total destruction of the endolymphatic sac (ES), which is
thought to play an important role in the regulation of the endolymph composition.
However, obliteration of the vestibular aqueduct is regarded as a non-physiological
model for Menière’s disease. In patients with Menière’s disease ES tissue still remains
present, although the size of the ES is reduced4,5, suggesting a reduction in resorptive
capacity.

The production of endolymph is thought to be regulated by Na/K-ATPase in the mar-
ginal cells of the stria vascularis of the cochlea, as well as in the dark cells of the utricle
and the cristae ampullares of the semicircular canals6. In recent experiments, a relation-
ship between circulating adrenal steroids and Na/K-ATPase activity in the inner ear was
observed7,8. Emotional stress leads to the activation of neuroendocrine effector systems,
including the production of adrenal steroids such as aldosterone, and could thus increase
the production of endolymph. A borderline capacity of the ES, in combination with a
periodic increase of endolymph production caused by stressful situations may be respon-
sible for the development of Menière’s disease. Indeed, manifestations of Menière’s
disease frequently occur during stressful experiences in patients with physiological
systems under challenge due to a neurasthenic psychological profile.

Our aim is to induce a mild decrease in absorption capacity, combined with a transient
increased production of endolymph, to create a more physiological model for Menière’s
disease. Hence, we developed the two-phase endolymphatic hydrops model, in which,
on the one hand, the distal ES is dissected from the sigmoid sinus, leaving the intermedi-
ate part intact, and, on the other hand, the production of endolymph is temporary stimu-
lated through systemic administration of aldosterone9.

In this paper we describe the ultrastructure of the sensory cell structures of the organ
of Corti, the stria vascularis and Reissner’s membrane after dissection of the distal part
and/or after administration of aldosterone, in order to obtain more insight of the com-
promising factors of our model.

Materials and methods

In 5 female albino guinea pigs (Harlan, the Netherlands), weighing about 300 grams, the
extraosseous part of the endolymphatic sac of the left ear was dissected from the sigmoid
sinus. The right ear served as a control. After three weeks, three of the animals received
a once-daily intraperitoneal injection of 1 ml aldosterone in a dose of 100 µg/100g
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(Sigma #A-6628) for five days. Four different groups of ears were created: non-treated
control ears, aldosterone-treated ears, dissected ears, and dissected ears with subsequent
aldosterone treatment.

Four weeks postoperatively, the guinea pigs were terminated, and both the endolym-
phatic sac and the cochlea were prepared for light and transmission electron microscopy.
Animal care and use were approved by the Experimental Animal Committee of the
University of Groningen, protocol number 0777-1193/1294, in accordance with the
principles of the Declaration of Helsinki.

Surgical procedure

The operation was performed under halothane and O2-N2O anaesthesia, using a Zeiss
stereo microscope. The body temperature was maintained using an electric heating pad.
The most distal part of the endolymphatic sac was totally dissected from the sigmoid
sinus through an extradural posterior fossa approach and a small sheet of latex was
inserted in the thus-created space between the sigmoid sinus and the endolymphatic sac.
The intermediate part of the ES was left intact.

Fixation and embedding procedure

The animals were terminated by decapitation. After preparation of the cochleas, the
stapes was removed and the cochlea was opened by dissection of the bony capsule of the
cochlear apex and perforation of the round and oval membranes. The cochlea was gently
perfused with a fixation solution in 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.4. The specimens were decalcified for five days in 10% EDTA, pH 7.4,
postfixed in 1% OsO4 with 1% K4Ru(CN)6 for two to three hours, carefully rinsed in
distilled water, dehydrated in a graded ethanol series followed by propylene oxide, and
infiltrated using a mixture of 1:1 propylene oxide and Spurr’s low-viscosity resin for two
hours and pure resin overnight. Polymerization took place at 70°C after exsiccation in
a vacuum. The cochleas were cut in the midmodiolar plane and stained with toluidine
blue. The extent of hydrops was classified as none, slight, moderate or severe, in accor-
dance with Sperling et al.10. Sections of the organ of Corti, the stria vascularis and
Reissner’s membrane of new imbedded apical and basal regions were stained with
toluidine blue, and evaluated by light microscopy. Ultrathin sections of 100 nm were
contrast-stained with 7% uranyl acetate in 70% methanol and lead citrate according to
Reynolds, and examined using a Philips 201 transmission electron microscope (TEM)
operating at 40 kV.
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Results

The degree of hydrops in the different subgroups was similar to earlier studies9,10, with
a slight degree of hydrops in aldosterone-treated ears, a moderate degree in dissected
ears, and a tendency to a more severe degree of hydrops in the dissected and aldosterone-
treated specimens (Table 1). In normal control cochleas no hydrops was observed. Some
of our control specimens showed signs of fixation and staining artefacts such as shrink-
age or extraction of cell matrix constituents, and electron-dense particles due to lead
staining.

Table 1. Degree of hydrops in the different treatment modalities.

Degree of Hydrops
Treatment Modality

None Slight Moderate Severe

No treatment (n=2) 2

Aldosterone (n=2) 2

Dissection (n=2) 1 1

Dissection and Aldosterone (n=3) 1 1 1

Organ of Corti

In the control specimens, the outer and inner hair cells including their stereociliary
complex had a normal appearance. The three rows of outer hair cell stereocilia including
their cross-links had a normal arrangement (Figure 1). The infracuticular region con-
tained numerous mitochondria, lysosomes, an extensive Golgi complex and rough
endoplasmic reticulum. The round nucleus was located in the lower part of the cell. The
subsurface cisternae of the endoplasmic reticulum were arranged in multiple layers along
the lateral cytoplasmic membrane. The tip of the longest stereocilia of the outer hair cells
showed filaments which may originate from the undersurface of the tectorial membrane
in which the tips are embedded, or some kind of glycocalyx layer (Figure 2). The speci-
mens of figure 1 and 2 were embedded after an earlier scanning study using non-coating
techniques which preserved and visualized this glycocalyx layer11. In most cases, it was
difficult to obtain excellent views of all rows of stereocilia and their cross-links.

The inner hair cells showed normal stereocilia, cuticular plate and an infracuticular
region with mitochondria, Golgi complex and vesicles. The nucleus had a central posi-
tion.
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In aldosterone-treated ears, no signs of sensory cell degeneration was observed. In
dissected ears, outer hair cells demonstrated ballooning or shrinkage of their cytoplasmic
outlines (Figure 2). Signs of intracellular degeneration such as vacuolization, an increase
of autolysosomes, degeneration of mitochondria, apicalward positioning of the nucleus,
and the formation of Hensen’s bodies were frequently observed in dissected specimens
(Figure 3). The outer hair cell stereocilia showed loss of their configuration and disrup-
tion of the cross-links (Figure 3). In more severe cases stereocilia were absent, and newly
formed microvillar structures extended from the cuticular plates (Figure 4). Signs of
vesicles or vacuolization were found in their cuticular plates. Inner hair cells had an
undamaged appearance.

In dissected as well as aldosterone-treated ears the outer hair cells showed a compara-
ble degeneration pattern as observed in the dissected ears, such as partial loss of stereo-
cilia, the formation of microvilli on the cuticular plates, and multiple Hensen’s bodies.
The degree of degeneration seemed to be more severe. Also the inner hair cells showed
shrinkage of its cytoplasmic outline and intracellular degeneration, such as mitochondrial
desintegration (Figure 5).

Stria vascularis

In normal cochleas, three layers consisting of marginal, intermediate and basal cells were
observed (Figure 6). Many mitochondria were present in the interdigitations of the

Figure 1. Light microscopic view of a normal guinea pig organ of Corti in which the inner hair
cell (IHC) and three rows of outer hair cells (1, 2 and 3) with their stereocilia on their cuticular
plates. Bar=25 µm.
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marginal cells, as well as a limited number of coated and non-coated vesicles near the
endolymphatic side of these cells.

Aldosterone-treated ears showed an abundant amount of these vesicles in the endo-
lymphatic side of the marginal cells compared to other groups (Figure 7, inset). All cell
layers of the stria seemed to be present and appeared normal.

In dissected specimens the stria vascularis was flattened, which was due to the ab-
sence of intermediate cells mostly in the apical part of the cochlea. Vesicles were also
found, although to a lesser degree than in aldosterone-treated ears, in apical as well as
basal windings. In some cases, many amorph particles were found in the cytoplasm of
the marginal cells, which may consist of glycogen accumulation. Basal cells in the apical
turns as well as basal and intermediate cells in the lower turns appeared normal.

Dissected as well as aldosterone-treated specimens showed the most severe effects,
consisting of degeneration and local absence of intermediate and marginal cells. In one
specimen, total absence of intermediate and marginal cells was found, resulting in a basal
cell layer which bordered the endolymphatic compartment (Figure 8). Junctional com-
plexes seemed to be undamaged in these cells. Underneath the basement membrane of
this basal cell layer, signs of intercellular edema were found in the spiral ligament
(Figure 9). This severely affected specimen demonstrated a slight degree of hydrops.

Figure 2. Guinea pig organ of Corti of a dissected and aldosterone-treated specimen. The inner
hair cell (IHC) appears normal. Although cutting artefacts may not be excluded, only two outer
hair cells are visible. The outer hair cell on the modiolar side shows signs of ballooning of its
cell outline, and collaps of stereocilia (arrowhead). The other hair cell seems to show more
severe degenerative effects, such as shrinkage of cell outline and loss of stereocilia (double
arrowhead). Bar=25 µm.
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Reissner’s membrane

In the control specimens and aldosterone-treated specimens, the epithelial and mesothe-
lial lining of Reissner’s membrane showed no morphological abnormalities.

In the dissected specimens without or with additional treatment of aldosterone,
macrophages were found between the mesothelial and epithelial cell layers (Figure 10)
as well as against the luminal sides of these cell layers (Figure 11). Fluid compartments
between both cell layers as well as a relative extensions of foldings of epithelial cells
were found (Figure 12). The intracellular organelles and cytoplasmic matrix of both
epithelial and mesothelial cells appeared to be normal in all groups.

Figure 3. Third row outer hair cells from the apical turn in a dissected specimen with signs of
moderate intracellular damage, such as displacement of the nucleus, amorph particles, degen-
eration of cell organelles and the formation of Hensen’s bodies. Shrinkage of cell outline and
loss of stereociliary configuration were also observed. Bar=2 µm.
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Discussion

In this experiment, the effects of the two-phase endolymphatic model on the cochlear
ultrastructure are examined in order to evaluate the separate and synergistic conse-
quences of aldosterone application and endolymphatic sac dissection.

In general, the morphological changes in this study demonstrate gradients of damage
in different regions of the cochlear endolymphatic compartment, which were mainly
located in the apical turns. Distal dissection of the endolymphatic sac or application of
aldosterone as a single treatment seemed to induce damage in different regions of the
cochlea in which intracellular changes may be reversible.

The two-phase endolymphatic hydrops, in which aldosterone aggravated the damage
to the already compromised structures due to dissection, resulted in extensive irreversible
damage and cell loss. Some interesting findings will be discussed in the next sections.

Figure 4. Third row outer hair cells from the apical turn in a dissected and aldosterone-treated
specimen with signs of severe damage. On the cuticular plate, total loss of stereocilia was
observed. Microvillar structures extend from the cuticular plates (arrows). Bar=1 µm.
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Organ of Corti

In mild cases of damage, stereociliar organization was lost, probably due to loss of cross-
links. Third and subsequently second rows of outer hair cells in the apical cochlear turns
were the first affected sensory cells which demonstrated stereociliar disorganization.

A recent scanning electron microscopy study demonstrated the same loss of stere-
ociliar structure in two-phase endolymphatic hydrops11. In this study radial as well as
longitudinal gradients of morphological changes were noticed, in which most damage
was observed from the third rows towards the second rows of outer hair cells, and from
the apical turns towards the middle turns.

More severely damaged specimens revealed atrophy and total loss of stereocilia on the
cuticular plates, while microvillar structures were found on the cuticular plates on these
outer hair cells, which were also demonstrated in the referred scanning study. These
microvilli, which seemed to protrude from the cuticular plates, were different from those
on the supporting cells which might expand and replace affected hair cells. The micro-
villar structures on the damaged hair cells may represent regenerative efforts of the hair
cells to repair the stereociliary damage, although characteristic stereociliary central cores
were not observed in these microvilli.

Figure 5. Inner hair cell from the apical turn in a dissected and aldosterone-treated specimen
with signs of severe damage, such as deformation of cell outline, but with a normal stereociliary
bundle. Bar=5 µm.
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Evidence of hair cell regeneration has been identified in noise-damaged or aminoglyco-
side-treated cochleas12. Damaged hair cells and their stereociliary bundles may be re-
paired by a reactivated differentiation process. In several studies however, damaged or
lost hair cells seemed to be replaced by expansion of supporting cells. Hypothetically,
these supporting cells may reenter the cell cycle and divide and then go on to differenti-
ate into either hair cells or supporting cells. Once new hair cells differentiate, the micro-
villar structures found on these cells mature to form stereociliary bundles which will be
reconnected to the tectorial membrane12.

Intracellular signs of outer hair cell dysfunction were demonstrated by ballooning of
the cell outline in moderately affected second row outer hair cells and shrinkage in more
affected third row outer hair cells. These signs were also characterized by the presence

Figure 6. Normal stria vascularis; interdigitating processes of the marginal cells (MC) and
intermediate cells (IC) with an adjacent layer of basal cells (BC). Bar=5 µm.
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of degenerated intracellular organelles and cuticular plates, in particular in the more
apical regions of the hair cells. The early degeneration pattern of the sensory cells in the
two-phase endolymphatic hydrops model may indicate that the underlying pathological
mechanism has its initial effect directly on the apical part of these cells.

Stria vascularis

Endolymph production is believed to originate from the stria vascularis and spiral liga-
ment by active fluid transport mechanisms. The precursor compartment of endolymph

Figure 7. Stria vascularis from the apical turn in an aldosterone-treated
specimen with signs of moderate intracellular damage in the marginal cells
near the endolymphatic surface. Bar=1 µm.
The inset shows a magnification of a small part (curved arrow) with signs
of limited vacuolization (thick arrow), increase of non-coated vesicles (thin
arrow) and coated vesicles (arrowhead).
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Figure 8. Stria vascularis from the apical turn in a dissected and aldosterone-treated specimen.
No marginal and intermediate cells are observed. The remaining basal cell layer (BC) shows
normal desmosome-like intercellular connections (arrow). Bar=2 µm.

Figure 9. Stria vascularis from the apical turn in a dissected and aldosterone-treated specimen
with loss of marginal and intermediate cells. Underneath the basal cell layer signs of intercellu-
lar edema were observed in the spiral ligament (asterisk). Bar=5 µm.
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is perilymph and not plasma, as demonstrated by a comparative kinetic analysis of entry
of radioactive electrolytes into the endolymph during either intravenous or perilymphatic
tracer perfusions13.

The most explicite increase of coated and non-coated vesicles was observed in the
aldosterone-treated specimens. This phenomenon is indicative for a high metabolic
activity, which could be associated with an increased endolymph transport from the spiral
ligament in the direction of the endolymphatic compartment.

Figure 10 (top left). Reissner’s membrane from the apical turn in a dissected specimen. A
macrophage (MP) was observed between the mesothelial (M) and epithelial (E) cell layers.
Bar=5 µm.

Figure 11 (bottom left). Reissner's membrane from the apical turn in a dissected and aldoster-
one-treated specimen. A macrophage (MP) was positioned in the perilymphatic compartment
of the scala vestibuli against a gap (arrowhead) in the mesothelial cell layer (M). The epithlial
cell layer (E) seemed intact. Bar=5 µm.

Figure 12. Outfolding of the epithelial cell layer (E) while the mesothelial cell layer (M) has a
normal appearance. Fluid collections were noticed under these outfoldings (asterisk).
Bar=5 µm.
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Loss of cytoplasmic extensions of the marginal cells and absence of intermediate cells
were observed in the apical turns of dissected ears, whereas total loss of marginal and
intermediate cells was found in dissected as well as aldosterone-treated ears. Loss of
adequate marginal cell function must severely compromise endolymph production13. In
this specimen, only a slight degree of hydrops was found, which is in agreement with a
reduced transport activity. This may be due to negative feed-back mechanisms or final
damage in the strial cell function as illustrated by a minor amount of vesicles in marginal
cells of these two groups. This situation may represent an irreversible state of our two-
phase concept, and may be similar to the last stages of Menière’s disease.

The interconnections between the basal cell layer, which may be important as a barrier
to the endolymphatic compartment were still intact. Intercellular edema underneath the
basal cell layer has been demonstrated in this study, which possibly is associated with
transport obstruction due to missing marginal and intermediate cells in the stria vascu-
laris.

Reissner’s membrane

Earlier papers reported about intercellular gaps between the mesothelial cells. In hydropic
ears, mesothelial cells were frequently missing after long-term hydrops14,15. Mesothelial
cells in our affected specimens were thin and elongated, while the macrophage posi-
tioned against a small gap between two mesothelial cells may represent a repair mecha-
nism.

Fluid collections between both cell layers and extensions or foldings of epithelial cells
as observed in this study, were earlier described in hydropic ears15.

Recent experiments reported stretch-activated channels which might play a role in the
regulation of the electrochemical composition of endolymph16. Continuous activation of
such stretch-activated channels as a consequence of endolymphatic hydrops, could result
in an increased fluid transport from the endolymphatic to the perilymphatic compartment,
with accumulation of fluid between the mesothelial and epithelial cell layers of Reiss-
ner’s membrane.

In conclusion, the two-phase endolymphatic hydrops model showed interesting findings
on cochlear cell histopathology. Although each compromising factor revealed separate
effects, synergistic effects were noticed due to our two-phase concept.

A certain lack of correlation between the degree of hydrops and cochlear damage was
found. This may indicate that hydrops may be considered as an epiphenomenon rather
than a causative factor. The endolymph volume as a parameter for the quality of endo-
lymph homeostasis has to be disputed. Other primary factors and their influences on
endolymph regulation and dysregulation probably are more directly involved in sensory
cell function.
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