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Introduction

INTRODUCTION

Introduction
In 1861 Prosper Menière, a french physician, presented a paper in which he described a series of
patients with episodic vertigo, hearing loss and tinnitus. Menière concluded that vertigo originates
from diseases of the inner ear. Until then, vertigo was thought to be a cerebral symptom similar to
epileptic seizures.
At present Menière’s disease is known as a chronic illness characterised by disabling attacks of
vertigo, fluctuating hearing loss, tinnitus and often a sensation of aural fullness. In 1938, Hallpike
and Cairns and also Yamakawa presented histological findings of temporal bones from patients
with Menière’s disease. The common pathological feature was a distension of Reissner’s membrane. Since then an endolymphatic hydrops, which is an excess of endolymph volume, has been
generally accepted as the histopathological substrate of Menière’s disease. However, there is also
evidence that Menière’s disease may exist without an endolymphatic hydrops (Fraysse et al.,
1980). Furthermore, an endolymphatic hydrops may be present without symptoms of Menière’s
disease (Vasama and Linthicum, 1999).
The precise mechanism of endolymph volume regulation and pathophysiology of an endolymphatic hydrops remain enigmatic. Various etiologic factors regarding the endolymphatic hydrops
have been proposed, including functional or anatomic obstruction of endolymphatic flow, malabsorption of endolymph, genetic defects, vasodilatation, allergy, viral infection and autoimmunity
(Paparella and Djalilian, 2002). Furthermore a tiny organ in the inner ear, called the endolymphatic sac, is generally believed to represent one of the primary loci for endolymph volume regulation (Kimura and Schuknecht, 1965; Rask-Andersen et al., 1999).
Studies on experimentally induced endolymphatic hydrops have extensively been performed over
the years. The guinea pig is most often chosen as experimental animal model for it has an inner ear
closely resembling the human. In the chronic model, the endolymphatic sac is surgically ablated
resulting in an endolymphatic hydrops within several days to weeks (Kimura and Schuknecht,
1965). An obvious disadvantage of this model is the destruction of an organ which is essential for
inner ear homeostasis.
The model of an acute endolymphatic hydrops involves micro-injection of artificial endolymph into scala media of the cochlea. This refined model leaves the inner ear intact and is moreover verifiable. First introduced by Kitahara (1982), this model provides a useful research tool for
examination of the immediate effects of an endolymphatic hydrops on the inner ear.
In this thesis, changes in morphology and cochlear function during and after induction of an acute
endolymphatic hydrops are presented. Besides increasing our knowledge regarding pathophysiological mechanisms in Menière’s disease, this thesis also contributes to our knowledge of fundamental processes in the inner ear.

Objectives of this study
In this thesis, changes in morphology and cochlear function during and after induction of an acute
endolymphatic hydrops are evaluated. Light microscopy, transmission electron microscopy and
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orthogonal-plane fluorescence optical sectioning microscopy (OPFOS) demonstrate morphological characteristics of the cochlea and endolymphatic sac. Distortion products in otoacoustic
emissions (DPOAE) and cochlear microphonics (CMDP) were assessed to evaluate cochlear function.
Chapter 2 describes the morphological study of the endolymphatic sac’s epithelia and luminal filling after induction of an acute endolymphatic hydrops.
Chapter 3 describes the evaluation of cochlear function in the acute endolymphatic hydrops model by measuring of the 2ƒ1-ƒ2 DPOAE.
Chapter 4 describes the effects of inner ear pressure changes on the 2ƒ1-ƒ2 DPOAE. The changes
in inner ear pressure were induced by injection of artificial perilymph and withdrawal of native
perilymph.
Chapter 5 describes the effects of injection of artificial perilymph into scala tympani on the
2ƒ1-ƒ2 DPOAE, ƒ2-ƒ1 and 2ƒ1-ƒ2 CMDP.
Chapter 6 describes the effects of injection of artificial endolymph into scala media on the 2ƒ1-ƒ2
DPOAE, ƒ2-ƒ1 and 2ƒ1-ƒ2 CMDP.
Chapter 7 describes the effects of cumulative injections of artificial endolymph into scala media.
During and after a “catastrophic” endolymphatic hydrops, both cochlear function and morphology
were assessed.
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Morphology of the endolymphatic sac in the
guinea pig after an acute endolymphatic hydrops

Valk WL, Wit HP, Segenhout JM, Dijk F, van der Want JJL, Albers FWJ.
Morphology of the endolymphatic sac in the guinea pig after an acute endolymphatic hydrops.
Hearing Research 2005;202:180-187.

MORPHOLOGY OF THE ENDOLYMPHATIC SAC

Introduction
An endolymphatic hydrops (EH) is generally acknowledged as the fundamental histopathological
substrate of Menière’s disease (Hallpike and Cairns, 1938; Kimura and Schuknecht, 1965). An
EH, which is an increased endolymph volume, may give rise to a disruption of inner ear function
resulting in characteristic symptoms like vertigo, hearing loss, tinnitus and a subjective aural fullness. The mechanisms of endolymph volume regulation and pathophysiology of an EH remain
enigmatic. Still, a tiny organ called the endolymphatic sac (ES) is generally believed to represent
one of the primary loci for endolymph volume regulation (Kimura and Schuknecht, 1965; RaskAndersen et al., 1999). The ES’s anatomical and histological characteristics suggest an involvement in transport functions. Besides, different other functions have been ascribed to the ES:
secretion of macromolecules, removal of waste products (Fukazawa et al., 1991), an immunological (Yan et al., 2003) and endocrine function (Qvortrup et al., 1999). Surgical ablation of the ES
in the guinea pig results in a chronic EH (Kimura and Schuknecht, 1965), which has been widely
investigated to gain insight into Menière’s disease. In the present study, an acute EH was created
by microinjection of artificial endolymph into scala media of the cochlea. In contrast to the chronic EH, the injection-produced hydrops develops rapidly and is not disturbed by complex cascades
of secondary pathological changes.
In literature, there is only one report on the ultrastructural effects of microinjection of artificial endolymph on the ES. Rask-Andersen et al. (1999) provided a new perspective on endolymph
volume homeostasis. They reported that directly after induction of an acute EH, there was an
almost total absence of the normal intraluminal homogeneous substance (HS). On the other hand,
when native endolymph was aspirated, the amount of HS increased substantially. It was therefore
suggested that the volume of fluid in the ES, and hence the volume of the entire membranous
labyrinth, might be regulated by a dynamic active secretion and degradation of the lumen-expanding HS.
Intentionally, the present study was performed to gain further insight into the most conspicuous
finding of Rask-Andersen et al. (1999), which was a degradation of HS in the ES after an acute
EH. An additional time-sequence study might identify specific ES time related mechanisms in the
inner ear coping with an acute volume stress.

Materials and methods
Nineteen healthy female albino guinea pigs (Harlan, the Netherlands) with adequate Preyer’s
reflexes and a weight of 350-450 g were used in this study. Animal care and use were approved by
the Experimental Animal Committee of Groningen University, protocol No. 2910.
General anesthesia was induced by intramuscular administration of ketamine/xylazine (60/3.5
mg/kg). For maintainance of an adequate anesthesial depth, additional injections were given every
hour. Muscle relaxation was obtained with succinylcholine (2.5 mg/kg). The animals were artificially ventilated through a tracheostoma (Columbus Instruments, model 7950) with body temperature being maintained at 38°C. The heart rate was monitored with a pair of skin electrodes placed
19
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on both sides of the thorax. The animal’s head was kept in a stationary position by means of a steel
bolt fixed to the skull with dental cement. Following a retroauricular incision, the bulla was
opened and the round window was exposed. Through the round window membrane, the tip of a
double-barreled micropipette was inserted into scala tympani. After perforation of the basilar
membrane, the micropipette was advanced into scala media. An ~ 80 mV increase in DC potential
at the pipette tip indicated measurement of the endocochlear potential and verified its correct position. The double-barreled micropipettes were drawn from borosilicate glass (1.5/0.84 mm diameter per barrel) with tips bevelled by a Narishige EG-40. The tip diameters were around 20 µm
per barrel. One barrel of the pipette was used to measure inner ear pressure and DC potential (WPI
900A micropressure system). Through the other barrel, artificial endolymph (140 mM KCl + 25
mM KHCO3 ) was injected. A constant flow rate was created by applying a controlable pneumatic
pressure with a second WPI 900A micropressure system to the barrel end. Approximately 1.1 µl
of artificial endolymph was injected with a rate of 91-109 nl/min. After injection, the animals were
sacrificed by an intracardial injection of pentobarbital. In 6 animals microinjection was followed
by immediate termination. Other animals were let to survive for a period of 1⁄2 h (n=3), 1 h (n=4)
and 2 h (n=4).
After decapitation, bullae were rapidly dissected, opened and immersed in formalin 10%. The
time lag between termination and fixation was approximately 5 min. Subsequently, the specimens
were decalcified in 0.1 M Na-EDTA for at least 14 days. After rinsing in distilled water and dehydration in a graded ethanol series (30-100%), the specimens were placed in ethanol:HPMA (1:1)
for 8 h. In the following 48 h the specimens were embedded in HPMA with addition of a catalyst
(N,N-dimethylaniline, PEG 400; 15:1). For LM, 4 µm-sections were stained with toluidine blue
and contrast-stained with basic fuchsin. The ES was sectioned longitudinally to obtain optimal
data on luminal filling and staining characteristics. The contralateral, non-injected ear served as a
histological control.
For transmission electron microscopy, the endolymphatic sacs (n=5) were fixed in a solution of
2.5% glutaraldehyde in 0.1 M Na-cacodylate buffer (pH 7.4; 4 °C; 400 mOsm) and 2 mM CaCl2.
After fixation, the specimens were postfixed in 1% OsO4 with 1% K4Ru(CN)6 for 3-4 h, carefully
rinsed in distilled water, and then dehydrated in a graded ethanol series followed by propylene oxide. They were then infiltrated using a mixture of 1:1 propylene oxide and Spurr’s low viscosity
resin for 1 h and pure resin overnight. Polymerisation took place at 70 °C after exsiccation in a
vacuum. Ultrathin sections (100 nm) of the ES were contrast-stained with 7% uranyl acetate in
70% methanol and lead citrate according to Reynolds, and examined using a Philips 201 operating at 40 kV.
Additional experiments involved microinjections of suspended polystyrene microspheres (molecular probes ®) into scala media of the cochlea (n=2). The microspheres, with a diameter of 2 µm,
can not penetrate inner ear membranes. After histological processing, the polystyrene microspheres in the endolymphatic compartment were visualised by using a similar method as described
by Voie (2002); the orthogonal-plane fluorescence optical sectioning (OPFOS) microscopy.
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Results
The microinjections of 1.1 µl of artificial endolymph into scala media of the cochlea were successfully performed in all guinea pigs (n=17). The mean rate of injection was 98 nl/min (91-109).
In 2 additional experiments 2.2 µl of suspended polystyrene microspheres (molecular probes ®)
were injected.
The mean endocochlear potential (EP) prior to manipulation of endolymph volume was 77.2 mV
(± 5.1). During the period of injection the EP remained stable. The animals which were let to survive for 2 h demonstrated an EP of 64.5 mV on average prior to termination.
After histological processing, polystyrene microspheres were visualised by OPFOS microscopy.
The microspheres could be detected in the endolymphatic compartment of the cochlea (Fig. 1). In
this figure, the endolymphatic scala media is filled with microspheres. There is no presence of microspheres in the perilymphatic scala vestibuli and scala tympani. A distension of Reissner’s
membrane in the different coils of the cochlea demonstrates an acute endolymphatic hydrops.
The ES was analyzed by light microscopy with emphasis on luminal filling (Fig. 2). The level of
intraluminal HS was categorized as low, medium or high. Category “low” equals no HS or only
traces of HS, whereas the category “high” equals an ES full of HS. To surpass the possible visual
bias of overlooking a HS-filled lumen with a very low density, the scoring was objectively
analysed by checking the RGB-values in the pixels of the LM micrographs with ImageJ
(http://rsb.info.nih.gov/ij). All injected and non-injected contralateral ears were scored (table 1).
The ES of the guinea pigs that were terminated directly after injection showed no differences between the injected and non-injected contralateral ear. The ES’s luminal homogeneous substance
(HS) was always present and often to a large extent. Furthermore, no obvious differences in luminal filling with regard to the amount of HS or presence of macrophages, were found between animals which were let to survive for different periods after induction of an acute EH (Fig. 2).
HS was found primarily in the proximal and intermediate part of the ES, with the distal part being
the least HS-filled. Typically, in 12 out of 17 specimens HS was also present in the endolymphatic
duct.

Figure 1: Cochlear image acquired by OPFOS.
The grey coloured areas beneath Reissner’s membrane depict the endolymphatic scala media of the
cochlea which is filled with microspheres. A
bulging Reissner’s membrane in the different coils
of the guinea pig’s cochlea indicates an endolymphatic hydrops. The photograph is blurring towards the lower left corner because of
overprojection of cochlear structures.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2: Light microscopic photographs of the intermediate part of the ES of guinea pigs terminated after
different time intervals.
A: injected ear, directly terminated after endolymph injection. B: contralateral non-injected ear, direct. C: injected ear after 1⁄2 h. D: contralateral non-injected ear, 1⁄2 h.
E: injected ear after 1 h. F: contralateral non-injected ear, 1 h.
G: injected ear after 2 h. H: contralateral non-injected ear, 2 h.
HS is always present to a large extent. Also note the difference in HS-densities between the specimens.
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The epithelial architecture changed from cubic in the proximal to cylindrical in the intermediate
and again to cubic in the distal part of the ES. Again, no differences could be observed between
injected and non-injected ears.
Ultrastructurally, different epithelial ES cells could be clearly distinguished. The light cells or mitochondrium rich cells (MRC) were markedly outnumbered by dark cells, also called ribosome
rich cells (RRC) or chief cells (Fig. 3). The more columnar MRC displayed abundant supranuclear
mitochondria and apical microvilli. Other common morphological features included a basally
placed, round nucleus with smooth and rough endoplasmic reticulae, Golgi-apparatus and lysosymal structures (Fig. 3). At some points MRC’s were covered over by RRC’s (Fig. 4). The RRC
showed less mitochondria and showed more variety in cell and nucleus shape. In general they had
a more calyx-like structure with often an indented nucleus (Figs. 3, 4).
Typically, a clear luminal zone was present adjacent to the epithelial cells (Fig. 4). This was predominantly seen on the luminal side of the RRC’s (Figs. 4,5). In figure 5, a detailed example of
such a clear zone is demonstrated. The clear zone possesses some remnants of HS, which forms a
matrix in which the microvilli stand out. This clear zone was not continuous and exhibited several
interruptions, which gave them a vesicle-like structure. Further, in the majority of specimens a
completely HS filled lumen of the ES showed several vacuole-like spheres (Fig. 6). The spheres
of dissolved HS at the epithelial surface outnumbered the spheres in the ES’s lumen. Apparently,
the spheres originate from the epithelium with subsequent drifting into the dynamic HS-filled lumen.
Intraluminal macrophages were full of activity showing abundant lysosomes involved in trapping
and digesting HS (Fig. 7). The macrophages typically contained several HS filled vesicles with
different densities. Aggregates of macrophages were often found in the intermediate part of the
ES. No differences in macrophage activity between injected and non-injected ears could be found.

Discussion
The present results do not confirm the findings of Rask-Andersen et al. (1999), who observed
dramatic changes in ES’s luminal filling immediately following endolymph volume manipulation.
It was suggested that endolymph volume might be regulated by a dynamic secretion and degradaTable 1
Time after induction
of an acute EH
Direct
control
1
⁄2 h
control
1h
control
2h
control

Number of
specimens

Low

6
3

+
+
+

4
4
+

Level of intraluminal HS
Intermediate

High

++++
+++
+
+
++
+++
++
+

++
++
+
+
++
+
++
++
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tion of the lumen-expanding HS. In contrast with this theory, no differences in luminal HS content
or ES’s epithelia were found between injected and non-injected ears after immediate termination.
Additionally, no distinct changes were observed in guinea pigs terminated after time-intervals up
to 2 h.
There are several possible differences with the study performed by Rask-Andersen et al. (1999).
They do not state the details of the animals they used. It is known that there are physiological differences between guinea pigs of different strain, gender, size or age. In addition, other anesthetics
may have been used. A technical explanation for the contrasting findings remains obscure, for almost exactly the same techniques were used. The only difference was the approach for microinjection. Whereas they microinjected directly into the second turn of scala media in the cochlea, we
reached scala media by puncturing the round window and basilar membrane respectively. The
transition from the perilymphatic to the endolymphatic compartment was confirmed by measuring the endocochlear potential (± 80 mV). To further corroborate that the microinjection was actually performed in the endolymphatic scala media, additional experiments in which polystyrene
microspheres were injected, were carried out. With afterwards tracing of the microspheres in the
endolymphatic compartment, a correct injection site was ensured (Fig. 1).
Despite our apparent negative findings concerning the role of HS in endolymph volume homeostasis some interesting clinical data are well documented about HS. In patients with Menière’s
disease a higher incidence of eosinophilic intraluminal HS is found in the ES compared to nonMenière’s controls (Ikeda and Sando, 1984). Besides, a feature of Menière’s disease is a positive
glycerol test. In this somewhat controversial test a hearing improvement occurs after ingestion of

Figure 3: TEM image showing different epithelial
cells in the intermediate part of the ES. MRC, mitochondrium rich cell. RRC, ribosome rich cell. The
lumen of the ES is completely filled with HS. There
is also a macrophage (M) in the ES’s lumen.
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Figure 4: TEM image of a ribosome rich cell (darker cell) covering a mitochondrium rich cell
(light cell). There is a HS clear
zone (asteriks) adjacent to the luminal side of the darker RRC’s.
The lumen of the ES is again
filled with HS.

the hyperosmolar diuretic glycerol. A possible explanation is a raised blood osmolarity which removes fluid from the inner ear. Further, it is known that after intravenous injection of urea or glycerol in the guinea pig, the HS in the ES’s lumen is substantially increased (Erwall et al., 1988).
When we take a closer look at this intriguing substance, it is known that HS is a composite of complex macromolecules (Thalmann, 2001), of which the principal glycosaminoglycan is hyaluronan
(Parker et al., 1992). Furthermore, HS is the major contributor to the different protein profile and
50 fold higher protein content in the ES in respect to cochlear endolymph. The presence of HS in
the ES seems to be linked to the epithelial cells. In the ES of the guinea pig the ultrastructural
morphological appearance of both MRC and RRC suggests an active involvement in secretion and
degradation of HS respectively. Peters et al. (2003) studied ES cells in detail in the rat. The different subtypes of ES cells were suggested to be dynamically active in endolymph homeostasis.
MRC’s could be involved in proton secretion and Cl–/HCO3– exchange. This is supported by
Stankovic et al. (1997), who located proton secreting cells in the ES of the guinea pig. Peters et al.
(2003) also suggested that RRC’s are actively involved in secretion and absorption of complex
proteins. RRC’s appeared to synthesize and secrete glycoproteins into the ES lumen. In our study,
in both injected and non-injected ears, the RRC’s appeared to secrete a lytic substance that was digesting the HS. For there were no enzyme filled granules in the apical cytoplasm of the RRC, the
lytic enzymes might be secreted by diffusion. It seemed plausible that intraluminal macrophages
had similar enzymes involved in digesting HS. Several deglycosylating ES enzymes are known to
be able to degrade intraluminal HS (Thallman, 2001).
In our study HS was present in all hydropic and non-hydropic specimens. The role of HS in endolymph volume homeostasis therefore remains obscure. In order to elucidate the mechanisms in
which endolymph volume is regulated, these results prompt us to find an answer in other directions.
In the acute EH model, Salt and DeMott (1997) demonstrated that small volume disturbances are
corrected locally in the cochlea, whereas larger disturbances produced a longitudinal flow of endolymph out of the cochlea. Through the ductus reuniens, saccule and endolymphatic duct, the endolymph would eventually reach the ES. This overflow system could represent a mechanism
25
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Figure 5: Detailed TEM image of a
HS clear zone demonstrating a matrix (arrows) in which the microvilli extend.

contributing to inner ear volume correction. As the total endolymph volume in the inner ear of the
guinea pig is around 4.7 µl (Shinomori et al., 2001), a volume increase of 1.1 µl corresponds with
an EH of ~23%. Perhaps this degree of an EH is within the coping limits of the inner ear. This is
in accordance with a previous study (Valk et al., 2004), where the same degree of hydrops only
had a minor reversible influence on cochlear function, as measured by distortion product otoacoustic emissions (DPOAE). However, it remains doubtful, if the relatively small ES with its volume of ~0,1 µl is able to correct an endolymph excess of this magnitude. The excess of endolymph
could be taken up by the perisaccular tissue and surrounding vascular network. An important

Figure 6: TEM image showing several vacuole-like
HS free spheres (arrows) in an otherwise completely HS filled lumen of the ES.
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Figure 7: Highly detailed image of a macrophage
harbouring several membrane bound vacuoles with
different electron densities in which there appears to
be endocytosis of a substance similar to HS (arrows); the smaller the size of the vacuole, the denser
the contents.

blood vessel would than be the sigmoid sinus which is anatomically closely related to the ES
(Rask-Andersen, 1979). This might seem plausible, for an EH results after removal of the vascular network from the ES (Lee and Kimura, 1992).
Endolymph volume might also be regulated by an inhibitor of sodium reabsorption. Qvortrup et
al. (1996) found a natriuretic factor in extracts of the ES. Cytoplasmatic granules in the RRC or
the HS might contain this factor and thus control fluid transport in the ES. In similar respect, pressure changes of the inner ear have been suggested to control antidiuretic hormone release (Bartoli
et al., 1989).
Another intriguing theory is that of specific water channels which are found in several organs including the inner ear. These specific water channels are composed of aquaporin (AQP) proteins.
Recently, Takeda et al. (2003) found that water homeostasis in the inner ear of the guinea pig is
regulated via the vasopressin-AQP2 system. As AQP2 could be involved in endolymph volume
regulation, a “leaky boat” model was proposed by Beitz et al. (2003). In this model endolymph
volume is regulated by osmotic water influx into the endolymph through AQP2 (the leaks in
the boat) and removal of endolymph by isoosmotic pinocytosis (scooping out buckets of water).
The whole process would be balanced by vasopressin, which depends on the systemic hydration
status. In this light the choice of xylazine as an anesthetic turns out to be less fortunate, because
this anesthetic is known to have diuretic properties which might interfere with systemic hydration
status.
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Another important question in endolymph volume regulation is: how does the inner ear sense a
volume change? To answer this question, it might be of interest to look at cell volume regulation.
Different mechanisms are proposed for cells actively regulating their volume. Possibly, specific
cell mechanisms could be similar for the inner ear as a whole. One of the proposed cell mechanisms involves mechanosensitive ion channels which would respond to mechanical stretching or
compression of the membrane lipid bilayer. Another volume sensor might be a high concentration
of macromolecules in the cytoplasm which would affect molecular and cellular functions (Mongin and Orlov, 2001). Further, Grunnet et al. (2003) found that so called KCNQ4 channels are
tightly regulated by small cell volume changes, when expressed with aquaporin water channels.
Remarkably, these channels are also expressed in hair cells and the auditory tract.
In conclusion, endolymph volume homeostasis is a complex mechanism, in which the role of HS
in the ES remains obscure. Further investigation is necessary to elucidate regulatory mechanisms
of inner ear fluid volume. This will hopefully lead to understanding and treatment of inner ear diseases, like Menière’s.
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ACUTE ENDOLYMPHATIC HYDROPS AND DPOAE

Introduction
Since Menière’s disease was first documented (Menière, 1861), its cause remains an enigma. The
chronic illness is characterised by disabling attacks of vertigo, fluctuating subacute hearing loss,
tinnitus and a sensation of aural fullness. An endolymphatic hydrops, which is an excess of endolymph volume, has been generally accepted as the basic histopathological substrate (Hallpike
and Cairns, 1938). Studies on experimentally induced hydrops constitute a useful model for
Menière’s disease. Over the years, the most extensively studied model has been the surgical
ablation of the endolymphatic sac in the guinea pig. This model, first described by Kimura and
Schuknecht (1965), results in a slowly developing chronic endolymphatic hydrops.
An experimental model of an acute endolymphatic hydrops involves the micro-injection of artificial endolymph (Jin et al., 1990; Salt and DeMott, 1997; Kakigi and Takeda, 1998; Wit et al.,
2000). This model eliminates the secondary effects of a surgically induced chronic hydrops and
provides a useful research tool for investigating the immediate effects of an endolymphatic hydrops on the inner ear. To date, evaluation of cochlear function has only been performed by electrophysiological measurements under these experimental conditions ( Jin et al., 1990; Sirjani et
al., 2003). The present study was designed to register the effects on cochlear function by recording of low-level distortion product otoacoustic emissions (DPOAEs).
Twenty-five years ago Kemp (1978) demonstrated that the cochlea produced otoacoustic emissions (OAEs). These OAEs were measured in the external ear canal as responses that the cochlea
generated in the form of acoustic energy. Nowadays, otoacoustic emissions are widely accepted to
reflect the integrity of cochlear micromechanical processes in general, and outer hair cell (OHC)
function in particular ( Kim, 1986).
Through their association with OHCs, DPOAEs have been linked to the active processes responsible for the cochleas sensitivity and frequence selectivity. OHCs act as the cochlear amplifier by
their unique motor property: the OHC motility (Brownell et al., 2001). As the functionality of outer hair cells is very sensitive to environmental factors, DPOAEs are now widely used to assess
cochlear function in experimental models detecting even minimal OHC dysfunction. The 2f1-f2DPOAE is the most prominent and most frequently used DPOAE. For example, DPOAEs were
used for assessment of gentamicin (Shi and Martin, 1997) and kanamycin-furosemide-induced
ototoxicity ( Alam et al., 1998), cochlear damage caused by acoustic overstimulation ( Emmerich
et al., 2000) and genetic OHC dysfunction in the guinea pig (Horner et al., 1985). Several researchers state that measurement of DPOAEs is a useful tool for monitoring of cochlear function
in different stages of Menière’s disease (Cianfrone et al., 2000; Kusuki et al., 1998; Magliulo et
al., 2001; Perez et al., 1997). Specifically, with the aim to investigate the involvement of cochlear
outer hair cells in cochlear disfunction in patients with an endolymphatic hydrops.
The chronic endolymphatic hydrops animal model has already been investigated extensively using
DPOAEs (Martin et al., 1989; Horner, 1991; Magliulo et al., 1996; Okubo et al., 1997). In these
studies reduced DPOAEs were found in hydropic cochleas and DPOAEs were suggested as a useful tool for detecting hydrops, even at early stages.
In this work, we used low-level DPOAEs to assess cochlear function during and after microinjection of artificial endolymph into the guinea pig’s scala media in order to provide more fun33
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damental knowledge regarding the pathophysiological mechanism operational in endolymphatic
hydrops.

Materials and methods
Experiments were performed in 16 female albino guinea pigs (Harlan, The Netherlands; body
weight 350–450 g) with a positive Preyer reflex and a 2f1-f2-DPOAE of at least 10 dB above the
noise floor. Artificial endolymph micro-injections were performed in the right ear of all guinea
pigs. The injected volume was 1.1 µl (n=12) with a rate of injection of 90–110 nl/min. In four additional experiments the injected volumes were 4.4 (n=3) and 6.0 µl (n=1) with an injection rate
of 530–1060 nl/min. Animal care and use were in accordance with the principles of the declaration of Helsinki and approved by the Groningen animal experiment committee (protocol number
2830).
General anesthesia was induced by intramuscular administration of ketamine/xylazine (60/3.5
mg/kg). Maintenance doses of the anesthetic were administered every hour. Muscle relaxation was
obtained with succinylcholine (2.5 mg/kg). The animals were artificially ventilated through a tracheostoma (Columbus Instruments, model 7950) and body temperature was maintained at 38 °C
with a heating blanket. The heart rate was monitored with a pair of skin electrodes placed on both
sides of the thorax. The animal’s head was kept in a stationary position by means of a steel bolt
fixed to the skull with dental cement. Following a retroauricular incision, the bulla and external
auditory canal were exposed. Subsequently, the bulla was opened, equalizing middle ear pressure
to normal air pressure (Zhang and Abbas, 1997) and exposing the round window.
During the experiment the distortion product otoacoustic emissions were continuously measured
using an Etymotic ER-10C DPOAE probe system. The ER-10C probe, consisting of two sound
delivery tubes and a microphone port, was directly connected and fixated to a custom made conical connecting tube which was placed air-tight into the external auditory canal of the guinea pig.
The two primary frequencies (f1, f2), evoking the 2f1-f2 distortion product, were generated by two
separate oscillators (HP 4204A). After attenuation, these signals were delivered to the Etymotic
ER-10C DPOAE probe system. The two primary frequencies were set at 6 kHz (f1) and 7.5 kHz
(f2), f2/f1-ratio=1.25, with intensities set at respectively, 65 dB SPL (L1) and 55 dB SPL (L2). The
sound system was calibrated for the primary frequencies with a 0.1 cm3 coupler connected to a
Brüel and Kjær type 2636 half inch microphone. The probe microphone signal was amplified (20
dB), passed a custom made 1.5 kHz high pass filter and was subsequently displayed on a dynamic spectrum analyzer (R9211A Advantest). The noise floor in the 4.5 kHz region averaged to approximately 0 dB SPL. The probe microphone signal was also routed via a SRS dual channel low
pass filter (SR640) to a lock-in amplifier (SRS, model SR830 DSP). The lock-in amplifier displayed the amplitude and phase of the DPOAE. It was referenced to an electronic 2f1-f2-distortion
product derived from the original primaries.
The production of this reference electronic 2f1-f2 signal was performed by two multipliers
(AD532JH) in series with subsequent filtering and amplification of the signal.
Through the exposed round window membrane, the tip of a double-barreled micropipette was in34
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serted into scala tympani (Fig. 1). After subsequent perforation of the basilar membrane (BM) the
micropipette was advanced into scala media. DC potential at the pipette tip was measured to verify
its position. The double-barreled micropipettes were drawn from borosilicate glass (1.5/0.84 mm
diameter per barrel) and the tips were bevelled (Narishige EG-40). Tip diameters were around 20
µm per barrel, which is a compromise between a low enough flow resistance for fluid injection and
a small tip size. One barrel of the pipette was used to measure inner ear pressure and DC potential
(WPI 900A micropressure system). Through the other barrel, artificial endolymph (140 mM KCl +
25 mM KHCO3, (Salt and DeMott, 1997)) was injected with a constant flow rate, by applying a
controlable pneumatic pressure with a second WPI 900A micropressure system to the barrel end.
The injected volume was measured as the displacement of the fluid meniscus in the pipette, for
which the inner diameter is precisely known (0.84 mm). The fluid injection rate was calculated as
the total injected volume divided by the total injection time. During an experiment National Instruments LabVIEW was used for data acquisition with a storage rate of 1/s. The recorded output signals were amplitude and phase of the 2f1-f2-DPOAE, DC potential and inner ear pressure. The latter
was stored after low pass filtering with a cut-off frequency of 5 Hz. Averaging and smoothing of relevant portions of the obtained recordings and correction of pressure and potential recordings for
small linear drift were performed off-line with an appropriate software package.

Results
In 10 (out of 12) succesfully performed experiments 1.1 µl of artificial endolymph was injected into scala media of the guinea pig at a mean rate of injection of 1.65 nl/s (1.53–1.83). In two experiments there was a suboptimal artificial ventilation with concomitant hypoxia, severely affecting
DPOAEs and endocochlear potential (EP). These results were therefore not analysed. In addition-

Figure 1: Location of the double-barreled
micropipette during artificial endolymph
injection (SM: scala media, SV: scala
vestibuli, ST: scala tympani, RW: round
window, P: pipette).
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al experiments 4.4 µl (n=3) and 6.0 µl (n=1) was injected at rates of 8.8, 17.6, 17.6 and 14.5 nl/s,
respectively.
The average EP measured prior to manipulation of endolymph volume was 78.1 mV (±4.3, n=14).
During and after fluid injection the EP remained stable. At termination of the 1.1 µl-injection experiments the EP was 76.2 mV (±5.1, n=10) on average.
In Fig. 2 the individual recordings of the 2f1-f2-amplitude and -phase during and after the microinjection of 1.1 µl of artificial endolymph are shown. The 2f1-f2-amplitude in the different guinea
pigs prior to injection covered a wide range; 9–22 dB SPL. After the onset of injection the 2f1-f2amplitude and -phase typically started to change after a delay of a few minutes. Thereafter the amplitude reached a minimum in all recordings, between 2 dB in Fig. 2(d) and 9 dB in Fig. 2(i) below
their pre-injection values. Subsequently, a recovery in amplitude was seen for all individual
recordings, to reach a level around its initial value. The recovery frequently started within the injection period. The 2f1-f2-phase changes observed during the experiments were less uniform. In
some experiments a positive phase change of maximally 50° (Fig. 2(a)) was recorded. In other experiments the phase change was negative, with a maximum of 70° (Fig. 2(f)).
To summarize these results, the mean 2f1-f2-amplitude and -phase changes during and after injection of 1.1 µl of artificial endolymph are shown in Fig. 3. The decrease of the average 2f1-f2-amplitude started about 1 min after the onset of injection, to reach a maximum value of 2.6 dB (±0.7)
about 5 min later. After the injection period the mean 2f1-f2-amplitude partly recovers. The mean
2f1-f2-phase seems to reach a minimum simultaneously with the amplitude. The standard error bars
reflect the wide variability in direction and magnitude of phase change.
In Fig. 4 the simultaneous recordings of inner ear pressure, endocochlear potential, 2f1-f2-amplitude and -phase during and after injection of 1.1 µl of artificial endolymph are depicted. This figure corresponds to Fig. 2(b). During the period of injection inner ear pressure remained stable at
an approximately 20 Pa higher level than before and after injection. This pressure course was consistently observed in all experiments. The endocochlear potential was stable throughout the experiment. The typical pattern was a slightly increasing EP during the first minutes of injection
with a subsequent return to almost its initial value. This pattern was observed in all experiments in
which 1.1 µl of artificial endolymph was injected.
In four additional experiments a larger and more rapid acute endolymphatic hydrops was created.
A representative example of the results is shown in Fig. 5. In this experiment, 4.4 µl of artificial
endolymph was injected at a rate of 17.6 nl/s. The immediate rise in inner ear pressure amounted
to almost 100 Pa. The EP dropped about 20 mV after a stable period of a few minutes. The 2f1-f2amplitude dropped from 22 to 10 dB SPL and the 2f1-f2-phase changed almost immediately after
the onset of injection to a moment where about 3.0 µl of artificial endolymph was injected (dashed
line). At that moment the 2f1-f2-amplitude and -phase dramatically changed, accompanied by a
marked change in EP and inner ear pressure. This was interpreted as a “catastrophe” of the endolymphatic system, where the injected volume presumably created a permanent leak somewhere
in the membranes bounding the endolymphatic system. In all four experiments the behaviour of
the recorded signals after the “catastrophe” showed a great variety, in which no typical patterns
could be detected. These results are therefore left out of debate. The “catastrophe” occurred when
3.0–3.5 µl of artificial endolymph was injected.
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Figure 2 (a–j): Individual recordings in 10 guinea pigs of 2f1-f2-amplitude (solid line) and 2f1-f2-phase
(dashed line) during and after injection of 1.1 µl of artificial endolymph. The grey area depicts the injection
period, starting at t = 100 s and ending between t = 700 s and t = 820 s.
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Figure 3: Averaged changes (n=10) in 2f1-f2-amplitude (upper panel) and 2f1-f2-phase (lower panel)
during and after injection of 1.1 µl of artificial endolymph. The grey area depicts the injection period,
starting at t = 100 s and ending at various times for
individual experiments between t = 700 s and t = 820
s. Standard error bars for the changes with respect to
the pre-injection values are shown at t = 480 s, when
the 2f1-f2-amplitude reaches a minimum during injection, and t = 1000 s.

Discussion
The total endolymph volume in the inner ear of the guinea pig is 4.7 µl (Shinomori et al., 2001).
This means that a volume increase of 1.1 µl amounts to an endolymphatic hydrops of 23%. This
degree of hydrops caused a temporary decrease in 2f1-f2-amplitude of only a few dB. In some
guinea pigs (Fig. 2(a) and (d)) almost no DPOAE change was observed, while in other guinea pigs
( Fig. 2(c) and (i)) clear changes could be recorded. Apparently, the 2f1-f2 generating mechanism,
which is thought to be related to outer hair cell function is not permanently or substantially influenced by this degree of an acute endolymphatic hydrops. Rask-Andersen et al. (1999) used a similar injection rate of artificial endolymph up to a volume of 1.2 µl to study the function of the
endolymphatic sac. After injection they immediately terminated the guinea pig for morphological
study of the endolymphatic sac. They found a dynamic relationship between active secretion and
enzymatic degradation of a lumen-expanding homogeneous substance that was intimately related
to the intraluminal macrophages. These authors suggest that this homogeneous substance could
play an important role in the regulation of endolymph volume in the endolymphatic system. However, explanation of the observed recovery of the 2f1-f2-amplitude during injection by a counteracting absorption of endolymph is contradicted by the behaviour of inner ear pressure during
injection, as shown in Fig. 4. When inner ear pressure is suddenly changed by injection of artificial endolymph, pressure adjusts to a new equilibrium value within seconds. In the new situation
fluid inflow equalizes fluid outflow through the cochlear aqueduct. If outflow (either endolymph
or perilymph) would increase during this period, a decrease of pressure should be observed, which
38
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Figure 4: Typical results from an experiment in which 1.1 µl of artificial endolymph was injected in the guinea
pig’s scala media. The grey area depicts the injection period. Panel 1 (upper panel): calculated volume of endolymph in endolymphatic space; 1.1 µl is added to the normal endolymph volume of 4.7 µl. Panel 2: pressure profile measured in scala media. Panel 3: Endocochlear potential (EP) profile. Panel 4: 2f1-f2-amplitude
profile. Panel 5 (lower panel): 2f1-f2-phase profile. The lower two panels correspond to Fig. 2(b).
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Figure 5: Typical results from an experiment in which 4.4 µl of artificial endolymph was injected in the guinea
pig’s scala media. The grey area depicts the injection period. Panel 1 (upper panel): calculated volume of endolymph in endolymphatic space, 4.4 µl is added to the normal endolymph volume of 4.7 µl. Panel 2: pressure
profile measured in scala media. Panel 3: Endocochlear potential (EP) profile. Panel 4: 2f1-f2-amplitude profile. Panel 5 (lower panel): 2f1-f2-phase profile. The dashed line corresponds with the “catastrophe”, after
which the endolymphatic system is damaged (see main text).
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is not the case. From the recorded pressure increase during injection the flow resistance of the
cochlear aqueduct can be calculated by dividing the pressure increase by the rate of injection. This
yielded a mean cochlear aqueduct flow resistance of 14.3 Pa s/nl (Table 1), which is in accordance
with the results of Wit et al. (1999).
To document the limits of the endolymphatic system when coping with an acute induced hydrops,
volumes of 4.4 and 6.0 µl of artificial endolymph were injected with a higher rate, yielding an
acute hydrops of 94% and 128%. After 3.0–3.5 µl (64–74%) was injected a “catastrophe” occurred, similar as in the injection experiments of Wit et al. (2000). Probably a permanent leak was
created somewhere in the endolymphatic system causing a substantial drop in 2f1-f2-amplitude, indicating a marked disturbance in cochlear function.
As far as we know from available literature, there are only two studies of cochlear function in an
acute induced endolymphatic hydrops model monitored by means of electrocochleography. Jin et
al. (1990) found a rise of the summating potential (SP), a decrease of action potentials (AP) amplitude and an increase in SP/AP ratio, when artificial endolymph was injected. Sirjani et al.
(2003) injected volumes up to 1.2 µl in a 15 min period. EP and CM (cochlear microphonics) amplitude at 8 kHz were almost unaffected, while SP, CM distortion and operating point showed substantial changes, of which the direction and magnitude varied in each guinea pig. These
observations can be explained by a change of the operating point of the transducer channels in the
apical membrane of the OHC ( van Emst et al., 1997), as a consequence of a permanent displacement of the BM.
In contrast to the acute model, the chronic endolymphatic hydrops model has been extensively
studied using DPOAEs. By obliterating the endolymphatic sac Horner et al. (1991), Magliulo et
al. (1996) and Okubo et al. (1997) induced a chronic hydropic ear. They reported the DPOAE to
be a sensitive method for detecting the presence of hydrops. Magliulo et al. (1996) found a close
relationship of the functional effects of hydrops on the results of compound action potentials
(CAPs) and DPOAEs. They argued for DPOAE testing to monitor the progression of cochlear
dysfunction in a hydropic ear. Horner (1991) found reduced DPOAEs in hydropic cochleas when
the primary tones lay within the pathological part of the CAP audiogram. They proposed that lowfrequency CAPs sensitivity loss in early hydrops is of hair cell origin. Their data support the contention that DPOAEs can provide information on the functioning of outer hair cells. The amount
of DPOAE change in our acute hydrops model is less than the changes reported in the chronic hydrops model. An explanation for this might be found in the complicated pathology in later stages
of chronic experimental hydrops. Biochemical modifications to the composition of the endolymph
and substantial loss of hair cells ( Horner, 1991) are secondary effects likely to be responsible for
more severe changes in cochlear functioning.
It is widely accepted that the outer hair cells are responsible for the exquisite sensitivity, frequency
selectivity and dynamic range of the cochlea. The OHCs are part of a mechanical feedback system
involving the BM and tectorial membrane. Displacement of the BM results in a relative motion between the tectorial membrane and the reticular lamina, which causes deflection of the stereocilia
with modulation of the open probability of the OHCs transduction channels. The resulting current
is also fed back into the motion of the BM. Nowadays, it is thought that DPOAEs disappear when
outer hair cells stop enhancing the BM motion, so that it loses its tuning and sensitivity.
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A static displacement of the BM has been put forward as an explanation for low frequency hearing
loss in Menière’s disease (Tonndorf, 1957, 1976). In
this explanation a pressure difference, which is dependent on the mechanical compliance of the membranous labyrinth, displaces the BM from its resting
position, thereby impairing cochlear function. According to Böhmer (1993), the presence of a positive
endolymphatic–perilymphatic pressure gradient in
chronic experimental endolymphatic hydrops was
indeed partially correlated to deterioration of auditory thresholds.
Considering these findings, it is of interest to estimate the BM displacement at the site of the
2f1-f2-location for the acute induced endolymphatic hydrops.
The volume compliance of a part of the BM with length x, at position x is given by C(x)x. By
integrating this expression over the length L of the BM, the total compliance of the BM is obtained:
CBM =



L

C(x)dx.

(1)

0

It is reasonable to assume that C(x) is an exponential function of x (de Boer, 1996):
Cx = C0ex

(2)

in which C0 is the volume compliance for x=0.
Combining Eqs. ((1) and (2)) gives
C=

C0
[exL – 1]


(3)

Décory et al. (1990) provided a value for the compliance of the entire BM of the guinea pig. This
value for CBM is given as 9  10-14 m5/N. Furthermore, C0 = 4.4  10-14 m4/N, as can be derived
(see Appendix A) from S0=1.25 N/m; which is a measured value for the point stiffness at the
guinea pig BM base (Gummer, 1981; formula (28)). This value is in the range of 1.9–6.4  10-14
m4/N, provided by Ruggero (1990, Table IV, 2001). Substituting these values for CBM and C0 in Eq.
(3) gives  = 0.36 mm-1, for L = 18.5 mm (Greenwood, 1990). With this value for  Eq. (2) can be
written as: C(x) = 4.4  10-14 e  0.36x m4/N (x in mm).
According to this relation, C(x) changes with a factor e 0.36 ≈ 800 from base to apex. The progressive decrease in BM stiffness from base to apex explains the cochlear frequency map. Extrapolating from measurements on dissected cadaver cochleas of several species, von Békésy (1960)
estimated a stiffness ratio of ≈ 10,000. However, in excised gerbil cochleas Naidu and Mountain
(1998) found the base-to-apex point stiffness ratio to be 100, which is two orders of magnitude
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smaller. These authors challenge the theory in which the cochlear frequency map solely depends
on the progressive decrease in partition stiffness from base to apex. Our compliance ratio estimation for the guinea pig (800) supports their opinion because a factor of nearly 10,000 is needed for
the cochlear frequency range to depend on BM stiffness only (Robles and Ruggero, 2001).
Avan et al. (1998) provided an estimation for the generation place of the 2f1-f2-DPOAE. It is close
to the place tuned to f2 for stimulus levels lower than 70 dB SPL. In our study f2 was 7.5 kHz. Using the relation f = 0.35(10 0.1135x - 0.85) between frequency and location on the BM as given by
Greenwood (1990), (where x is the distance from helicotrema in mm), the f2-location is found at
6.6 mm from stapes. Substituting the values for C0,  and x in Eq. (2) renders a volume compliance of the BM at the 2f1-f2 (≈ f2)-location of 4.74  10-7 mm2/Pa. The injection of 1.1 µl of artificial endolymph increases the pressure difference between endolymph and perilymph with ≈ 3.5 Pa
(Wit et al., 2000 (Fig. 10)). The calculated volume compliance, taking a parabolic shape for the
cross section of the BM and a width of 130 µm (Lewis et al., 1985), gives a BM-displacement of
19 nm at the 2f1-f2-location. This value is within the functional range of BM displacements, which
is between approximately -10 and +40 nm and corresponds with a full dynamic range of the OHC
stereocilia of ≈ 2° angular displacement (Dallos, 2003). So injection of artificial endolymph leads
to a small deflection of the hair cell stereocilia and as a consequence a change in hair cell conductance, which could explain the observed 2f1-f2 characteristics. It might be that after some time
during injection the position of the BM is returning to its pre-injection position through some (unknown) mechanism. In this case the displacement of the BM at the 2f1-f2 generation site is smaller than 19 nm.
Withnell et al. (2003) found that the guinea pig DPOAE is a composite of two sine waves arising
from different mechanisms, one which is non-linear distortion, the other being linear coherent reflection. In an attempt to explain the typical course of the 2f1-f2-amplitude with its recovery starting within the injection period, we analysed a two sine wave summation model (see Appendix B).
This model can explain the shape of the 2f1-f2-amplitude curve, if it is assumed that one sine wave
decreases monotonically, while the other remains constant. It can even exactly fit the shape of the
amplitude curve by a proper choice of the amplitude decrease of the first sine wave. However, this
fit requires a phase shift of 78° during amplitude change (Appendix B, Eq. (B.5)). Such a large
phase shift was observed in none of the animals ( Fig. 2).
The levels of primaries were carefully chosen with respect to the two-component model of Mills
(1997), in which he describes a level-dependent sensitivity to impairment of OHCs. DPOAEs can
be evoked by high-level or low-level primaries. The high level DPOAEs can persist despite
cochlear pathology, whereas the low level DPOAEs systematically disappear whenever the
cochlear impairment is large enough. The DPOAEs generated by the low-level primaries that we
used proved to be sensitive to changes in cochlear physiology. In pilot experiments guinea pigs
(n=2) were made temporarily hypoxic by blocking of artificial ventilation for a brief period of
time. The resulting substantial decrease and recovery of the measured DPOAEs attested to their
physiological origin.
Reduction of the EP severely decreases low-level DPOAEs (Mills et al., 1993). Therefore, artificial endolymph with the same electrolyte composition as natural endolymph was used ( Salt and
DeMott, 1997). Also, a very low injection rate was chosen to minimize possible mechanical
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effects. Kakigi and Takeda (1998) investigated the effect of artificial endolymph injection on the
EP. They observed a slight increase of the +EP during injection (max. 500 nl/min) with a return to
initial values within minutes after the end of injection. The same phenomenon was observed in this
study.
The present study clearly demonstrates modest effects on DPOAE-amplitude and -phase during
and after induction of an acute endolymphatic hydrops, which do not merely follow change of inner ear pressure. Therefore, the disturbance of endolymph volume itself is likely to be responsible
for the observed effects. By simultaneously measuring DPOAE-changes and changes in cochlear
microphonics (CM) distortion, we expect to obtain more insight in the changes that occur in the
inner ear during an acute hydrops. The measurement of CM-distortion, in particular of the f2-f1 and
2f1-f2-amplitudes, may provide information about the cochlear transducer function (Bian et al.,
2002) and changes in its operating point during injection of artificial endolymph.

Appendix A
Gummer et al. (1981) measured the point stiffness of the guinea pig’s BM by displacing it with a
probe with a diameter w = 25 µm. The work done by the force F exerted by the probe is W = F · d,
in which d is the displacement of the BM at the position of the probe tip. As F = S · d (S = membrane point stiffness), this amount of work is also given by
W = S · d2

(A.1)

If a pressure p causes a displacement y(x) of a basilar membrane ribbon with width w, the work
done by p is given by (Fig. 6).
W=



a/2

py(x)wdx

–a /2

This gives
W = pwA

(A.2)

in which A is the area under the curve in Fig. 6(a). We assume that the amount of work given by
(A.1) and (A.2) are equal. Hence:
S=
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Figure 6: Assumed cross section of BM displacement induced by a pressure p.

The volume compliance of the displaced BM ribbon is given by
Cx = A ·
p

(A.4)

So, from (A.3) and (A.4) we get:
Cx = w A 2
S d ·

()

(A.5)

If we assume that y(x) has a parabolic shape A = 2/3 ad, and (A.5) can be written as:
Cx =

4 wa2
·
9 S

(A.6)

For the basal part of the guinea pig cochlea a = 70 µm (Lewis et al., 1985). This gives C0 =
5.44  10-14/S0 m4/N. With S0 = 1.25 N/m, we get C0 = 4.4  10-14 m4/N.

Appendix B
If two sine waves a1 sin t and and a2 sin (t + ) are added, the amplitude of the resulting sine
wave is given by:
A = ,
a2 + a2 + 2a a cos
1

2

1 2

(B.1)

and the phase angle (with respect to a1 sin t ) by:
cos

=

a1 + a2 cos 
·
A

(B.2)
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If we assume  to remain constant, changes of A and depend on the behaviour of a1 and a2 as a
function of time.
If a1 decreases monotonically and a2 remains constant, A passes through a minimum at the moment that
a1 = –a2cos  ·

(B.3)

This condition can only be fulfilled if cos  < 0. The minimum has the value:
Amin = a2 sin  ·

(B.4)

The total phase shift of the resulting sine wave is given by:
=

– (Arcsin

Amin
A
+ Arcsin min)
Af
A0

(B.5)

in which A0 and Af are the initial value and final value of A, respectively.
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INNER EAR PRESSURE AND DPOAE

Introduction
As inner ear pressure and volume regulation are requisites for normal inner ear function, inner ear
pressure changes are believed to be a primary factor contributing to cochleovestibular disturbances. For example, a decrease in perilymphatic pressure might be responsible for the often acute
reversible sensorineural hearing loss in perilymphatic fistulas. Opposite, an endolymphatic hydrops, accompanied by an increased inner ear pressure, is generally believed to be the histopathological substrate in Menière’s disease (Hallpike and Cairns, 1938). Further, increased intracranial
pressures are associated with increased perilymphatic pressures since the perilymphatic space is
linked to the subarachnoid space via the cochlear aqueduct. This structure is the main route for inner ear pressure equalisation (Carlborg et al., 1992). When inner ear fluid pressure is suddenly
changed, pressure equalisation takes place within seconds (Wit et al., 1999). During activities like
coughing, sneezing or changing posture perilymphatic pressure may undergo substantial fluctuations up to 10 mm Hg.
In the guinea pig, when pressure variation is in the normal physiological range, this does not influence cochlear function measured by compound action potentials (Böhmer, 1993). However,
when pressure is changed pathologically, this might cause changes in cochlear function measured
by low-level distortion product otoacoustic emissions (DPOAE). DPOAEs are measured in the external ear canal and describe responses that the cochlea generates in the form of acoustic energy
(Kemp, 1978). Nowadays, these otoacoustic emissions are widely accepted to reflect the integrity
of cochlear mechanical processes in general, and outer hair cell (OHC) function in particular
(Kim, 1986). Through their association with OHCs and their sensitivity to environmental factors,
DPOAEs are now frequently used to monitor cochlear function in experimental models of hearing
loss. The 2ƒ1-ƒ2 -product is the most prominent DPOAE which is decreased in outer hair cell
pathology, induced by for example ototoxic drugs (Shi and Martin, 1997) or acoustic overstimulation (Emmerich et al., 2000). In addition, human otoacoustic emissions are proved to be very
sensitive to modifications of intracranial pressure (de Kleine et al., 2000).
In a previous study an acute endolymphatic hydrops was created by injection of artificial endolymph into scala media in the guinea pig. When an acute endolymphatic hydrops was created,
the inner ear pressure level increased by 22 Pa and resulted in a reversible drop in 2ƒ1-ƒ2 -DPOAE
of 2.6 dB (Valk et al., 2004). The precise mechanism of cochlear function change in these experiments prompted further investigation. In this study, by rapidly changing perilymph volume in
scala tympani, inner ear pressure is changed without disturbing endolymph (Salt and DeMott,
1998). In this way, a relation between acute inner ear pressure changes and cochlear function
measured by low-level 2ƒ1-ƒ2 -DPOAEs might be found. This could gain insight into pathophysiological mechanisms in pathological pressure changes, as seen in Menière’s disease and perilymphatic fistulas.
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Materials and methods
Experiments were performed in 8 female albino guinea pigs (Harlan, The Netherlands; body
weight 350-450g) with a positive Preyer reflex and a 2ƒ1-ƒ2 -DPOAE of at least 10 dB above noise
floor. Sequential artificial perilymph injections and perilymph aspirations were performed solely
or alternately in one or both ears. Animal care and use were in accordance with the principles of
the declaration of Helsinki and approved by the Groningen animal experiment committee (protocol number 2964).
General anesthesia was induced by intramuscular administration of ketamine/xylazine (60/3.5
mg/kg). Maintenance doses of the anesthetic were administered every hour. Muscle relaxation was
obtained with succinylcholine (2.5 mg/kg). The animals were artificially ventilated through a tracheostoma (Columbus Instruments, model 7950) and body temperature was maintained at 38 _C
with a heating blanket. The heart rate was monitored with a pair of skin electrodes placed on both
sides of the thorax. The animal’s head was kept in a stationary position by means of a steel bolt
fixed to the skull with dental cement. Following a retroauriculair incision, the bulla and external auditory canal were exposed. Subsequently, the bulla was opened, equalizing middle ear pressure to
normal air pressure (Zhang and Abbas, 1997) and exposing the round window. During the experiment the distortion product otoacoustic emissions were continuously measured using an Etymotic
ER-10C DPOAE probe system. The ER-10C probe, consisting of two sound delivery tubes and a
microphone port, was directly connected and fixated to a custom made conical connecting tube
which was placed air-tight into the external auditory canal of the guinea pig. The two primary frequencies (ƒ1,ƒ2), evoking the 2ƒ1-ƒ2 -distortion product, were generated by two separate oscillators
(HP 4204A). After attenuation, the signals were delivered to the Etymotic ER-10C DPOAE probe
system. The two primary frequencies were set at 6 kHz (ƒ1) and 7.5 kHz (ƒ2), ƒ2/ƒ1 -ratio = 1.25,
with intensities set at respectively 65 dB SPL (L1) and 55 dB SPL (L2). The sound system was calibrated for the primary frequencies with a 0.1 cm3 coupler connected to a Brüel & Kjær type 2636
half inch microphone. The probe microphone signal was amplified (20 dB), passed a custom made
1.5 kHz high pass filter and was subsequently displayed on a dynamic spectrum analyzer (R9211A
Advantest). The noise floor in the 4.5 kHz region averaged to approximately 0 dB SPL. The probe
microphone signal was also routed via a SRS dual channel low pass filter (SR640) to a lock-in amplifier (SRS, model SR830 DSP). The lock-in amplifier displayed the amplitude and phase of the
DPOAE. It was referenced to an electronic 2ƒ1-ƒ2 -distortion product derived from the original primaries. The production of this reference electronic 2ƒ1-ƒ2 signal was performed by two multipliers
(AD532JH) in series with subsequent filtering and amplification of the signal.
Through the exposed round window membrane, the tip of a double-barreled micropipette was inserted into scala tympani. The double-barreled micropipettes were drawn from borosilicate glass
(1.5/0.84 mm diameter per barrel) and the tips were bevelled (Narishige EG-40). Tip diameters
were around 30-35 µm per barrel, which is a compromise between a low enough flow resistance
for fluid injection and tip smallness. One barrel of the pipette was used to measure inner ear pressure and DC potential (WPI 900A micropressure system). Through the other barrel, artificial perilymph (Salt and DeMott, 1998) was injected with a constant flow rate, by applying a controlable
pneumatic pressure to the barrel end (WPI PV830 Pneumatic PicoPump). The injected volume
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was measured as the displacement of the fluid meniscus in the pipette, for which the inner diameter is precisely known (0.84 mm). The fluid injection rate was calculated as the total injected volume divided by the total injection time. As injection and/or aspiration time and repetition rate were
controlled with a precision electronic timer (Stanford DG 535), subsequent pressure profiles could
be averaged to improve the sensitivity of the measuring method. Different volume manipulations
were performed, all with a rate of 50 nl/s; injection of artificial perilymph during 10 s, aspiration
of perilymph during 10 s and alternate injection and aspiration both lasting 10 s. Measurement series consisted typically of 20 repetitions with a period duration of 50 s for injection or aspiration
only and of 20 s for alternate injection and aspiration. During an experiment National Instruments
LabVIEW® was used for data acquisition with a storage rate of 2/s. The recorded output signals
were amplitude and phase of the 2ƒ1-ƒ2 -DPOAE, DC potential and inner ear pressure. The latter
was stored after low pass filtering with a cut-off frequency of 5 Hz. Averaging of relevant portions
of the obtained recordings and correction of pressure recordings for small linear drift were performed off-line with an appropriate software package.

Results
Succesful experiments were performed in all guinea pigs (n=8). In 6 guinea pigs, after prolonged
experiments on one ear, the physical condition allowed further experiments on the other ear. Repeated sequences of injection (n=8), aspiration (n=8) and alternate injection and aspiration (n=6)
were carried out, all with a rate of 50 nl/s.
The mean steady state inner ear pressure measured prior to manipulation of perilymph volume
was around 200 Pa. The 2ƒ1-ƒ2 -DPOAE amplitude in the different guinea pigs and different ears
prior to the experiments, covered a wide range: 12-26 dB SPL.
In figure 1a the averaged recorded inner ear pressure, 2ƒ1-ƒ2 -amplitude and -phase changes during and after injection of 0.5 µl of artificial perilymph are shown. At the start of injection the mean
pressure increased to an approximately 520 Pa higher stable level within seconds. After 10 s, when
injection was stopped, the pressure immediately dropped, returning to its initial value within approximately 20 s.
The mean 2ƒ1-ƒ2 -amplitude showed a typical similar pattern with a small observable time lag. Almost directly after the start of injection the 2ƒ1-ƒ2 -amplitude also increased to reach a maximum
value of about 0.75 dB above its initial value at the end of the injection period. When the injection
was instantaneously terminated, the amplitude dropped and returned to slightly above its initial
level. This pattern was consistently observed in all individual experiments. The mean 2ƒ1-ƒ2 phase change showed a similar typical course as the inner ear pressure and 2ƒ1-ƒ2 -amplitude, and
reversibly changed by almost 3 degrees.
In figure 1, the curve along which the pressure reached a stable higher level has an exponential
shape. To determine whether the 2ƒ1-ƒ2 -amplitude curve has the same rise and fall time as the
pressure curve, proper fits were obtained with the simple exponential function (figure 1b):
a exp(- t/ ) + c
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Figure 1a: Averaged changes
(n=8) in inner ear pressure (upper panel), 2ƒ1-ƒ2 -amplitude
(middle panel) and 2ƒ1-ƒ2 phase (lower panel) during and
after injection of 0.5 µl of artificial perilymph into scala tympani. The grey area depicts the
injection period.

The inner ear pressure recovery curves in figure 1c and 2b needed an extra term in the formula for
a proper fit:
a exp(- t/ ) / [1 + b {1 – exp(- t/ )}]
According to Wit et al. (1999), time constants were calculated from the fits. The mean time constant showed a marked difference; = 0.95 for pressure increase vs = 2.94 for 2ƒ1-ƒ2 -amplitude
increase (figure 1b). Only a small part of this difference can be explained by delay in the 2ƒ1-ƒ2
generating mechanism and in the measuring equipment: a sudden change in the ƒ1 -amplitude was
followed by 2ƒ1-ƒ2 amplitude change with a time constant of 0.18 s. This was measured in an ad54

INNER EAR PRESSURE AND DPOAE

ditional experiment. The mean time constants for pressure and 2ƒ1-ƒ2 -amplitude recovery after
termination of injection were 1.27 and 2.88 s respectively (figure 1c).
In figure 2a the averaged recorded inner ear pressure, 2ƒ1-ƒ2 -amplitude and -phase changes during and after aspiration of 0.5 µl of artificial perilymph are shown. At the start of aspiration the
mean pressure decreased immediately, reaching a maximum decrease of approximately 680 Pa at
the end of injection. No stable pressure level was reached within the 10 s aspiration period. When
the aspiration was stopped, the pressure immediately increased, returning to its initial value within roughly 20 s.
Again, the mean 2ƒ1-ƒ2 -amplitude showed a typical similar pattern with a small observable time
lag with respect to the pressure change. With aspiration the 2ƒ1-ƒ2 -amplitude also decreased to
reach a maximum decrease of about 0.9 dB below its initial value at the end of the 10 s aspiration
period. When the aspiration stopped, the amplitude again increased to its original level within approximately 20 seconds. This pattern was consistently observed in all performed experiments. The
2ƒ1-ƒ2 -phase change was in the order of a few degrees and did not show a typical course in the individual experiments which can also be seen in the mean 2ƒ1-ƒ2 -phase change. Because no stable
inner ear pressure level was reached during aspiration, no time constants for the corresponding
parts of the curves were derived. For the pressure and 2ƒ1-ƒ2 -amplitude recovery curves, after termination of aspiration, was 2.25 and 4.41 s respectively (figure 2b). These time constants are
larger than for recovery after injection, as shown in figure 1c.
In figure 3, the averaged results of the alternate injection and aspiration experiments are summarized.

Discussion
The major finding of this study is that large changes in overall inner ear pressure give only small
changes in 2ƒ1-ƒ2 -amplitude and -phase. This is in contrast with previous experiments, in which
an acute endolymphatic hydrops of about 1 µl was created by injection of artificial endolymph into scala media in the guinea pig (1.65 nl/s) and the inner ear pressure level increased by only 22
Pa with a maximum decrease in 2ƒ1-ƒ2 -amplitude of 2.6 dB. In the same series of experiments a
larger and more rapid induction of acute endolymphatic hydrops resulted in an inner ear pressure
increase of 100 Pa, with a 2ƒ1-ƒ2 -amplitude drop of 12 dB (Valk et al., 2004). Thus, the larger
changes of 2ƒ1-ƒ2 -amplitude (and phase) observed in these earlier experiments can not primarily
be the result of a changing overall inner ear pressure, because the present experiments show that
the influence of pressure on the 2ƒ1-ƒ2 generating mechanism is only small. This conclusion is
supported by the finding of Salt and DeMott (2002) that large pressure changes, induced by injection of artificial perilymph into scala tympani, created virtually no endolymph movement or
change of the endocochlear potential (EP), unless a fluid outlet was created in scala vestibuli (in
the latter situation significant EP changes occurred). This leads to the conclusion that in our earlier endolymphatic hydrops experiments it is somehow the increased endolymph volume itself and
not merely the increased inner ear pressure that is responsible for the changes in cochlear function
measured by low-level DPOAEs.
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Figure 1b: The shape of the mean
inner ear pressure (upper panel)
and 2ƒ1-ƒ2 -amplitude (lower
panel) curves during injection of
artificial perilymph into scala
tympani (time axis corresponds
with figure 1a). The recordings
(solid circles) are both fitted
(dashed line) with a single exponential function, yielding different time constants ( ).

As can be seen in figures 1a, 2a and 3, the 2ƒ1-ƒ2 -DPOAE amplitude directly follows the changes
in inner ear pressure. When inner ear pressure is increased by injection of artificial perilymph (to
720 Pa), the 2ƒ1-ƒ2 -amplitude also increases. The other way round, when inner ear pressure is decreased by aspiration of perilymph (to –500 Pa), the 2ƒ1-ƒ2 –amplitude also decreases. At first
sight the direction and magnitude of the 2ƒ1-ƒ2 -amplitude changes can be explained by the model predictions of Büki et al. (2002). These authors show that, as a consequence of a changing stiffness of the oval window, inner ear pressure increase causes a small increase of DPOAE-amplitude
for frequencies above 2 kHz (their figures 8 and 9). In the case of aspiration of perilymph the Büki (Zwislocki)-model (2002) will predict a decrease of DPOAE-amplitude, followed by an increase, because if the stapes moves inwards through its zero position the oval window compliance
first increases, whereafter it decreases again (Ivarsson and Pedersen, 1977). This predicted 2ƒ1-ƒ2
-amplitude change was not observed: the amplitude simply followed inner ear pressure.
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Figure 1c: The shape of the mean
inner ear pressure (upper panel)
and 2ƒ1-ƒ2 -amplitude (lower
panel) recovery directly after injection of artificial perilymph into scala tympani (time axis
corresponds with figure 1a). The
recordings (solid circles) are fitted (dashed line) by exponential
functions, yielding different time
constants ( ).

Furthermore, if it is the overall stiffness of the stapes-oval window-system that governs the behaviour of the 2ƒ1-ƒ2 -amplitude, it is expected that this amplitude follows stiffness changes instantaneously. This was not measured: the time constant for the 2ƒ1-ƒ2 -amplitude change was 1 to
2 seconds larger than the time constant for pressure change. This difference can not be covered
by the delay in the 2ƒ1-ƒ2 generation mechanism and the measuring equipment, because this
was measured to be only 0.18 s. It is imaginable that a delayed change in cochlear potentials is the
cause of the difference in -values, but in experiments by Salt and DeMott (1999) the endocochlear
potential followed a transient pressure stimulus with a delay smaller than 0.1 s. So, the mechanism
for the delay in 2ƒ1-ƒ2 -amplitude change following inner ear pressure change remains to be elucidated.
In guinea pigs, hydrostatic pressure in the inner ear fluids is in the order of 200 Pa (2 cm H2O) and
has physiological variations in the range of -100 to 700 Pa. Böhmer did not observe a consistent
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Figure 2a: Averaged changes
(n=8) in inner ear pressure (upper panel), 2ƒ1-ƒ2 -amplitude
(middle panel), and 2ƒ1-ƒ2 phase (lower panel) during and
after aspiration of 0.5 µl of perilymph. The grey area depicts the
aspiration period.

effect on tresholds of compound action potentials (CAPs) when hydrostatic pressure was changed
in this physiological range (Böhmer, 1993). Nor were pressure differences detected between
endolymph and perilymph during a variety of manipulations, including posture change, osmotic
dehydration and cochlear perforation (Böhmer, 1993). These results are in accordance with our
finding that large inner ear pressure variation hardly affects its functioning. To investigate the
relation between inner ear pressure and otoacoustic emissions, Chang et al. (1995) recorded clickevoked otoacoustic emissions at different perilymphatic pressures in guinea pigs. Actual inner ear
pressures were not measured in this experiment, but “pressure loadings” of 10, 20 and 30 cm H2O
gave reductions in the amplitude of click-evoked OAEs of 0.9, 2.5 and 3.7 dB respectively. Amplitudes returned to normal after removal of the excess pressure. The “pressure loading” will have
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Figure 2b: The shape of the mean
inner ear pressure (upper panel)
and 2ƒ1-ƒ2 -amplitude (lower
panel) recovery directly after aspiration of perilymph out of scala
tympani (time axis corresponds
with figure 2a). The recordings
(solid circles) are fitted (dashed
line) by exponential functions,
yielding different time constants
( ).

caused an outflow of perilymph through the cochlear aqueduct (Carlborg and Farmer, 1983;
Suzuki et al., 1994). In this situation the actual inner ear pressure increase is smaller than the pressure value of the “loading”, measured at theinjection pipette entrance, because of the large flow
resistance of the micropipette tip (20-30 µm diameter).
An increased perilymphatic pressure, or perilymph hypertension, results in an outbulging round
window membrane and is considered a precursor to perilymphatic fistulas (Paparella et al., 1987).
In experimentally created perilymphatic fistulas in the guinea pig, inner ear pressure immediately
dropped, whereas the compound action potentials remained unchanged (Böhmer, 1990). Kokesh
et al. (1994) found a 18.8 dB depressed 2ƒ1-ƒ2 -DPOAE on average across all frequencies and
stimulus levels that were applied, immediately after a round window perilymphatic fistula had
been made. Assuming that inner ear pressure drops in the presence of perilymphatic fistulas, this
condition resembles the situation in the present experiments in which perilymph was aspirated. In
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Figure 3: Averaged changes
(n=6) in inner ear pressure (upper panel), 2ƒ1-ƒ2 -amplitude
(middle panel) and 2ƒ1-ƒ2 phase (lower panel) during alternate injection (10 s) and
aspiration (10 s), both with a
rate of 50 nl/s. The inner ear
pressure and 2ƒ1-ƒ2 -amplitude
prior to manipulation of perilymph volume were 210 Pa and
16.3 dB SPL respectively. Aspiration period in this figure is
roughly from 7.5 to 17.5 s.

these experiments a negative inner ear pressure was accompanied by a relatively mild drop in 2ƒ1ƒ2 -DPOAE amplitude. When aspiration was terminated, the inner ear pressure and 2ƒ1-ƒ2 –amplitude returned to their initial values, underlining the recovering properties of the inner ear.
Time constants were derived for all inner ear pressure curves. The difference between time constants for pressure recovery after an increased or after a decreased inner ear pressure is striking. It
is well documented that the round and oval window position is related to time constants for inner
ear pressure recovery (Ivarsson and Pedersen, 1977; Feijen et al., 2002; Wit et al., 2003). In the
performed experiments, the cochlear windows are moving outwards when inner ear pressure is increased, whereas the windows are moving inwards when inner ear pressure is decreased. The time
constant depends on R and C, in which R is the cochlear aqueduct’s flow resistance and C is the
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sum of compliances of the cochlear windows (Wit et al., 2003). It is plausible that an outward
moving round window reduces the cochlear aqueduct’s flow resistance by stretching of the attached meshwork (Feijen et al., 2002; Wit et al., 2003). This is in accordance with the observation
that smaller time constants were found after increased inner pressure levels than during recovery
after decreased inner ear pressure levels.
As the inner ear is continually exposed to pressure fluctuations at infrasonic frequencies from external and internal sources, cochlear fluid movements could play a role in fluid homeostasis in the
normal state and in fluid disturbances in pathological states. Salt and DeMott (1999) demonstrated that cochlear fluid movements induced by an alternating pressure stimulus at 0.1 to 10 Hz resulted in substantial endocochlear potential changes and small longitudinal movements of
endolymph. Likewise, the cochlear microphonics (CM) response followed the dynamics of the
stimulus. In our experiments in which a sequential alternate perilymphatic injection and aspiration
was executed, a similar infrasonic frequency (0.05 Hz) of pressure disturbance was created. Characteristically, the 2ƒ1-ƒ2 -amplitude followed the dynamics of pressure disturbances (figure 3).
This observation is in agreement with the results of Salt and DeMott (1999).
In conclusion, DPOAEs as a measure of cochlear function almost directly follow the dynamics of
acute changes in inner ear pressure. However, large changes in overall inner ear pressure give only small changes in 2ƒ1-ƒ2 -amplitude. These findings can be of value in gaining insight into the
pathophysiological mechanisms in pathological pressure changes, like in Menière’s disease or
perilymphatic fistulas.
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INNER EAR PRESSURE AND CMDP

Introduction
The cochlea is a nonlinear mechanical transducer that transforms sound pressure waves into electrical information, the so-called mechanoelectric transduction (MET). The reverse electromechanical transduction is performed by the outer hair cell (OHC) which mechanically influences
the vibration of the cochlear partition (Kim, 1986). When the cochlea is stimulated by two tones,
distortion products can be measured in cochlear microphonic potentials (CMDP) and in the external auditory meatus as otoacoustic emissions (DPOAE). Both microphonic and acoustic distortion
products are considered to be reflections of OHC electromotility in the cochlea. Obviously, it is of
interest to find a relation between these two functional modalities of the cochlea and the OHC in
particular.
In this study the most prominent distortion products, the 2ƒ1- ƒ2 and ƒ2- ƒ1, have been observed
while increasing inner ear pressure. This was done by rapid injection of artificial perilymph into
the scala tympani of the guinea pig’s cochlea. Measurement of specific distortion products may
describe changes in gain and operating point of the non-linear cochlear amplifier. Furthermore,
transfer characteristics of forward and backward transmission may be clarified by using CMDP
and DPOAE (Zhang and Abbas, 1997). These data could help gaining insight into pathophysiological mechanisms involved in pathologically increased inner ear pressures.
When pressure variation is in the normal physiological range, this does not influence cochlear
function as measured by compound action potentials in the guinea pig (Böhmer, 1994). In humans, during activities like coughing or sneezing, perilymphatic pressure may undergo substantial
fluctuations up to 10 mm Hg (1.4 kPa).
An increased pathologic inner ear pressure may be the result of an increased intracranial pressure
since the perilymphatic space is linked to the subarachnoid space via the cochlear aqueduct. Human
otoacoustic emissions have been proven to be very sensitive to modifications of intracranial pressure
(de Kleine et al., 2000). Another clinical example of increased inner ear pressure or volume with an
accompanying change of cochlear function is the endolymphatic hydrops in patients with Menière’s
disease.
In a previous study (Valk et al., 2004a), we have already measured the 2ƒ1- ƒ2 DPOAE’s in response to microinjection of artificial perilymph into the cochlea. Large changes of approximately
500 Pa in overall inner ear pressure gave only a small mean change of 0.7 dB in 2ƒ1- ƒ2 DPOAE
amplitude. The magnitude of change could (partly) be explained by a change in oval window stiffness. In this study, the same experimental setup was used, with the addition of the simultaneous
recording of the 2ƒ1- ƒ2 and ƒ2- ƒ1 CMDP. We attempt to establish a better understanding of increased inner ear pressure effects on distortion products in both cochlear microphonic potentials
and OAE’s.

Materials and methods
Experiments were performed in 8 guinea pigs (Harlan Laboratories, The Netherlands; body
weight 350-450g) with a positive Preyer reflex. Animal care and use were in accordance with the
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principles of the declaration of Helsinki and approved by the animal experiment committee (protocol number 3047/3103).
General anesthesia was induced by intramuscular administration of ketamine/xylazine (60/3.5
mg/kg). Maintenance doses of the anesthetic were administered every hour. Muscle relaxation was
obtained with succinylcholine (2.5 mg/kg). The animals were artificially ventilated through a tracheostoma (Columbus Instruments, model 7950). Body temperature was maintained at 38 degrees
Celsius with a heating blanket. Heart rate was monitored by skin electrodes placed on both sides
of the thorax. The animal’s head was kept in a stationary position by means of a steel bolt fixed to
the skull with dental cement. Following a retroauricular incision, the bulla and external auditory
canal were exposed. Subsequently, the bulla was opened equalizing middle ear pressure to normal
air pressure . By opening of the bulla, the round window was exposed. Through the round window
membrane, the tip of a double-barreled micropipette was inserted into scala tympani. The doublebarreled micropipettes were drawn from borosilicate glass (1.5/0.84 mm diameter per barrel) and
the tips were bevelled (Narishige EG-40). The total tip diameter was around 60 µm, which is a
compromise between a low enough flow resistance for fluid injection and tip smallness. One barrel of the pipette was used to measure inner ear pressure (WPI 900A micropressure system).
Through the other barrel, artificial perilymph (Salt and De Mott, 1998) was injected with a constant flow rate by applying a controlable pneumatic pressure to the barrel end. The injected volume was measured as the displacement of the fluid meniscus in the pipette, for which the inner
diameter is precisely known (0.84 mm). The fluid injection rate was calculated as the total injected volume divided by the total injection time.
During the experiment the DPOAE’s were continuously measured using an Etymotic ER-10C
DPOAE probe system. The two primary frequencies were set at 6 kHz (ƒ1) and 7.4 kHz (ƒ2), meaning a ƒ2 / ƒ1 -ratio of 1.23. The low-level intensities were set at respectively 65 dB SPL (L1) and
55 dB SPL (L2). Full details of the measuring equipment are described elsewhere (Valk et al.,
2004ab).
Cochlear microphonic potentials were recorded with two differential Ni-Cr electrodes with a diameter of 50 µm. One electrode was placed in scala tympani through the bony wall of the basal turn
of the cochlea. The other was placed in scala vestibuli next to the oval window. The signals
were routed via an amplifier to a spectrum analyzer and two lock-in amplifiers (SRS, model
SR830 DSP). The lock-in amplifiers displayed the amplitude of the 2ƒ1- ƒ2 and ƒ2- ƒ1 CMDP
which were referenced to an electronic 2ƒ1- ƒ2 and ƒ2- ƒ1–distortion product derived from the original primaries.
A measurement contained a sequence of 10 microinjections of artificial perilymph of 10 s each
with pauses of 40 s. The rate of microinjection was 50 nl/s. The repetitive microinjection was controlled with a precision electronic timer (Stanford DG535). During an experiment, National Instruments LabVIEW® was used for recording of the following output signals: amplitude and phase
of the 2ƒ1- ƒ2 DPOAE, 2ƒ1- ƒ2 CMDP, ƒ2- ƒ1 CMDP, ƒ1 CM and inner ear pressure. Calculations
and fits to relevant portions of the obtained recordings were made off-line with an appropriate
software package.
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Results
Successful repeated sequences of injection with a rate of 50 nl/s (n=10) were performed in all
guinea pigs (n=8).
The mean steady state inner ear pressure measured prior to injection of artificial perilymph was
205 Pa.
To determine the rise and fall times of the curves from the measured signals, proper fits were obtained with a simple exponential function:
a exp(- t/ ) + c
In some cases (figure 1c, 2c, 4c) the curves needed an extra term in the formula for a proper fit:
a exp(- t/ ) / [1 + b {1 – exp(- t/ )}] + c
According to Wit et al. (1999) time constants were calculated from the fits.
In figure 1a the averaged recorded inner ear pressure during and after injection of 0.5 µl of artificial perilymph is shown. At the start of injection the mean pressure increased to an approximately 600 Pa higher level within seconds. At the end of injection, the pressure immediately decreased,

A

B

Figure 1: A. Averaged changes (n=8) in inner ear
pressure (Pa) during and after injection of 0.5 µl of
artificial perilymph into scala tympani. The grey
area depicts the injection period.
B. The shape of the mean inner ear pressure curve at
the start of injection (time axis corresponds with figure 1A). The recording (filled circles) is fitted (broken line) with an exponential function, yielding a
time constant .
C. The same is done for inner ear pressure recovery
directly after injection.

C
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A

Figure 2: A. Averaged changes (n=8) in ƒ1 CM amplitude (µV) during and after injection of 0.5 µl of artificial perilymph into scala tympani. The grey area
depicts the injection period.
B. The shape of the mean ƒ1 CM amplitude curve at
the start of injection (time axis corresponds with figure 2A). The recording (filled circles) is fitted (broken line) with an exponential function, yielding a
time constant .
C. The same is done for ƒ1 CM amplitude recovery
directly after injection.

B

C

returning to its initial value within seconds. This pattern was consistently observed in all individual experiments. The time constant for increase and subsequent decrease of inner ear pressure
were 1.25 and 1.16 s respectively.
The ƒ1 signal in the cochlear microphonics (figure 2a) showed a mirrored behaviour in respect to
the inner ear pressure. Directly after the start of injection, the ƒ1 CM decreased by 30 µV. The corresponding time constant was 1.17 s, which is very close to the time constant for pressure increase.
Conversely, at the end of injection the ƒ1 amplitude returned to its initial value with = 3.49 s,
which is slow with respect to the corresponding for pressure.
The averaged DPOAE 2ƒ1- ƒ2 -amplitude showed a similar typical course as the inner ear pressure
(figure 3a). Almost directly after the start of injection the 2ƒ1- ƒ2 -amplitude increased to reach a
maximum of 0.4 dB above its original value at the end of the injection period. When the injection
was instantaneously terminated, the amplitude dropped and returned to slightly above its onset
level. There was a small observable time lag with respect to the pressure curve. The time constant
for increase and subsequent decrease of the 2ƒ1- ƒ2 -amplitude were 1.52 and 3.43 s respectively.
In figure 4a the typical temporary decrease for the mean 2ƒ1- ƒ2 CMDP amplitude relative to the
ƒ1 CM is shown. The time constant for decrease in amplitude at the onset of injection was 1.12 s,
which corresponds with for pressure. The recovery is somewhat slower (2.28 s), but still faster
than the time constant for 2ƒ1- ƒ2 DPOAE recovery.
Finally, in figure 5, the averaged results of the ƒ2- ƒ1 CMDP amplitude relative to ƒ1 CM depict an
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Figure 3: A. Averaged changes (n=8) in 2ƒ1- ƒ2
DPOAE amplitude (dB SPL) during and after injection of 0.5 µl of artificial perilymph into scala tympani. The grey area depicts the injection period.
B. The shape of the mean 2ƒ1- ƒ2 DPOAE amplitude
(µPa) curve at the start of injection (time axis corresponds with figure 3A). The recording (filled circles)
is fitted (broken line) with an exponential function,
yielding a time constant .
C. The same is done for 2ƒ1- ƒ2 DPOAE amplitude
recovery directly after injection.

A

B

C

increase during injection of artificial perilymph. When the injection was terminated, the ƒ2- ƒ1
CMDP amplitude returned to the pre-injection level. Unfortunately, due to a low signal-to-noise
ratio for the ƒ2- ƒ1 CMDP, the obtained curve could not be fitted properly and no time constants
could be derived.

Discussion
The most striking result of this study is the minimal change in amplitude of the distortion products
in both OAE and CM during an acute increase of inner ear pressure. Besides, amplitudes changed
to normal when inner ear pressure returned to its initial level. These results indicate a dynamically stable inner ear which is able to cope with a pressure increase of 600 Pa with only minimal and
reversible cochlear function loss. According to Böhmer (1994) this level of pressure increase
would still be in the physiological range of the guinea pig ear varying between –100 and +700 Pa.
The inner ear is an elastic structure completely encompassed by bone, in which pressure changes
depend on the compliance of the membranous structures (Wit et al., 2000). In normal ears, hydrostatic pressure in the perilymph equals pressure in the endolymph, and pressure changes applied
to one compartment are immediately transmitted to the other through the elastic walls. The perilymph is in a dynamic equilibrium with the cerebrospinal fluid via the cochlear aqueduct. An excess of perilymph will escape through the cochlear aqueduct restoring inner ear fluid level.
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Figure 4: A. Averaged changes (n=8) in 2ƒ1- ƒ2
CMDP relative to ƒ1 CM amplitude during and after
injection of 0.5 µl of artificial perilymph into scala
tympani. The grey area depicts the injection period.
B. The shape of the mean 2ƒ1- ƒ2 CMDP (relative to
ƒ1 CM) amplitude curve at the start of injection (time
axis corresponds with figure 4A). The recording
(filled circles) is fitted (broken line) with an exponential function, yielding a time constant .
C. The same is done for 2ƒ1- ƒ2 CMDP (relative to ƒ1
CM) amplitude recovery directly after injection.

B

C

When increasing inner ear pressure, a cochlear disturbance with functional loss is expected. The
observed decrease in CM ƒ1 amplitude thus seems obvious. An increased cerebrospinal fluid pressure also suppresses the CM. The increase in 2ƒ1- ƒ2 DPOAE is counterintuitive, but in accordance
with a previous publication in which we demonstrated the same change in cochlear function as
measured by 2ƒ1- ƒ2 DPOAE’s (Valk et al., 2004b). According to Büki et al. (1996) a change in
stiffness of the oval window might slightly improve middle ear transfer and thus explain the small
increase in DPOAE amplitude. In contrast to the 2ƒ1- ƒ2 DPOAE, the 2ƒ1- ƒ2 CMDP showed a decrease in amplitude during injection. Unfortunately, in literature very little can be found about the
relation between DPOAE and CMDP. With the exception of Kemp and Brown (1984), who found
close parallels in the guinea pig in the behaviour of the 2ƒ1- ƒ2 DPOAE and CMDP during and after anoxia. Furthermore, group latencies and third-tone suppression were found to be very similar,
linking both signals to have a common origin.
The DPOAE and CMDP are generated in response to the same acoustic stimuli. The acoustic primaries are transferred through the external and middle ear to eventually reach the sensory epithelia in the cochlea. The cochlea as a nonlinear mechanical transducer transforms sound pressure
waves into electrical information. This forward transduction process is called the mechano-electric transduction (MET). The cochlear microphonic potential is a direct result of this process and
is thought to be mainly produced by outer hair cells. On the other hand, there is also a reverse
electromechanical transduction in which the outer hair cell mechanically influences the vibration
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Figure 5: Averaged changes (n=8) in ƒ2- ƒ1 CMDP
relative to ƒ1 CM amplitude during and after injection of 0.5 µl of artificial perilymph into scala
tympani. The grey area depicts the injection period.

of the cochlear partition (Kim, 1986). Sound is transmitted back to the external ear where the
acoustic DPOAE can be measured; the backward transmission.
The rise and fall times of the distortion products in response to changes in inner ear pressure were
derived from the fitted curves (figures 2, 3 and 4). As both CMDP and DPOAE were measured,
this yielded information on forward and backward transmission. As anticipated, the time constants
for the CMDP were smaller than the time constants for the DPOAE. Indeed, the latter would travel back and forth the middle ear. The averaged differences were 0.4 and 1.15 s for the 2ƒ1- ƒ2 distortion product during increase and decrease of inner ear pressure respectively.
At pressure increase all measured signals almost directly followed the change in inner ear pressure. Time constants varied from 1.17 to 1.52 s with respect to 1.25 s for the inner ear pressure
curve. However, with pressure decrease there was a delay of 1-2 s for all measured signals. Measured differences cannot be accounted for by delay in measuring equipment, for this was <0.18 s.
Assumed that the overall stiffness of the stapes-oval window-system governs the behaviour of the
DPOAE 2ƒ1- ƒ2 amplitude, it is expected that it would follow stiffness changes directly and not 2
s later, as observed. It is conceivable that a delayed change in the endocochlear potential (EP)
could be the cause of difference in values. However, in experiments by Salt and DeMott (1999)
the EP followed a temporary pressure change with a delay of < 0.1 s. So, the mechanisms for the
observed delays in inner ear pressure recovery remain to be elucidated.
By injecting artificial perilymph into scala tympani of the cochlea, the basilar membrane is temporarily displaced towards scala media. By this displacement, the operating state of the cochlear
amplifier is influenced. Bian et al. (2002) described the forward mechano-electrical transduction
(MET) by a sigmoid-shaped function, which relates the displacement of the basilar membrane to
the response of the hair cells. We measured a small decrease in the amplitude of the 2ƒ1- ƒ2 distortion in CM (with respect to the amplitude of ƒ1 in CM) and a small increase in the ƒ2- ƒ1 in CM.
Using the model by Bian et al. (2002) this leads to the conclusion that the operating point for hair
cell transduction is somewhat shifted from a symmetric position. This shift leads to an increase in
even-order distortion and a decrease in odd-order distortion. Along these lines of reasoning we
would also expect the 2ƒ1- ƒ2 DPOAE to decrease. This might be the case at the generation sites
(Withnell et al., 2003), but this effect is then more than compensated for by an improved middle
ear transfer.
Anyhow, the observed changes are small. Changes of overall inner ear fluid pressure have minor
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effects on cochlear function. It may be that creating an artificial endolymphatic hydrops, by injecting into scala media instead of scala tympani, has a larger effect. This will be the tested in further research, which will hopefully give insight into diseases with pathologically changed inner
ear fluid volumes, as in Menière’s disease.

References
Bian L., Chertoff M.E., Miller E., 2002. Deriving a cochlear transducer function from low-frequency modulation of distortion product otoacoustic emissions. J Acoust Soc Am 112:198-210.
Böhmer A., 1994. Hydrostatic pressure in the inner ear fluid compartments and its effects on inner ear function. Acta Otolaryngol Suppl 507:3-24.
Büki B., Avan P., Lemaire J.J., Dordain M., Chazal J., Ribari O., 1996. Otoacoustic emissions: a new tool for
monitoring intracranial pressure changes through stapes displacements. Hear Res 94:125-139.
Kemp D.T., Brown A.M., 1984. Ear canal acoustic and round window electrical correlates of 2f1-f2 distortion
generated in the cochlea. Hear Res 13:39-46.
Kim D.O., 1986. Active and nonlinear cochlear biomechanics and the role of outer-hair-cell subsystem in the
mammalian auditory system. Hear Res 22:105-114.
de Kleine E., Wit H.P., van Dijk P., Avan P., 2000. The behavior of spontaneous otoacoustic emissions during
and after postural changes. J Acoust Soc Am 107:3308-3316.
Salt A.N., DeMott J.E., 1998. Longitudinal endolymph movements induced by perilymphatic injections. Hear
Res 123:137-147.
Salt A.N., DeMott J.E., 1999. Longitudinal endolymph movements and endocochlear potential changes induced by stimulation at infrasonic frequencies. J Acoust Soc Am 106:847-856.
Valk W.L., Wit H.P., Albers F.W., 2004a. Effect of acute inner ear pressure changes on low-level distortion
product otoacoustic emissions in the guinea pig. Acta Otolaryngol 124:929-936.
Valk W.L., Wit H.P., Albers F.W., 2004b. Evaluation of cochlear function in an acute endolymphatic hydrops
model in the guinea pig by measuring low-level DPOAEs. Hear Res 192:47-56.
Wit H.P., Thalen E.O., Albers F.W., 1999. Dynamics of inner ear pressure release, measured with a doublebarreled micropipette in the guinea pig. Hear Res 132:131-139.
Wit H.P., Warmerdam T.J., Albers F.W., 2000. Measurement of the mechanical compliance of the endolymphatic compartments in the guinea pig. Hear Res 145:82-90.
Withnell R.H., Shaffer L.A., Talmadge C.L., 2003. Generation of DPOAEs in the guinea pig. Hear Res
178:106-117.
Yoshida M., Uemura T., 1991. Transmission of cerebrospinal fluid pressure changes to the inner ear and its
effect on cochlear microphonics. Eur Arch Otorhinolaryngol 248:139-143.
Zhang M., Abbas P.J., 1997. Effects of middle ear pressure on otoacoustic emission measures. J Acoust Soc
Am 102:1032-1037.

72

Chapter 6

Changes in distortion of two-tone cochlear
microphonic and otoacoustic emission signals during
an acute endolymphatic hydrops in the guinea pig

Valk WL, Wit HP, Albers FWJ.
Changes in distortion of two-tone cochlear microphonic and otoacoustic emission signals
during an acute endolymphatic hydrops in the guinea pig.
Submitted for publication.

ACUTE ENDOLYMPHATIC HYDROPS AND CMDP

Introduction
Menière’s disease is a chronic illness characterised by disabling attacks of vertigo, fluctuating
hearing loss, tinnitus and often a sensation of aural fullness. In 1938, Hallpike and Cairns presented histological findings from Menière’s patients, in which the pathological feature was a distended Reissner’s membrane. Since then an endolymphatic hydrops, which is an excess of
endolymph volume, has been generally accepted as the histopathological substrate of Menière’s
disease. Various etiologic factors for this endolymphatic hydrops have been proposed, including
functional or anatomic obstruction of endolymphatic flow, malabsorption of endolymph, genetic
anomalies, vasodilatation, allergy, viral infection and autoimmunity (Paparella and Djalilian,
2002).
Studies on experimentally induced hydrops have been performed extensively over the years. In the
chronic model, the endolymphatic sac is surgically ablated, which results in an endolymphatic hydrops within several weeks to months (Kimura and Schuknecht, 1965). An experimental model
without the secondary effects of the surgical ablative model is the acute endolymphatic hydrops
model, which was first introduced by Kitahara et al. (1982). By injection of artificial endolymph
into scala media of the cochlea an acute endolymphatic hydrops is created. A disturbance of the
mechanical and electrolytic balance presumably accounts for the symptoms in Menière’s disease.
By studying the cochlear electrophysiology during an acute induced endolymphatic hydrops, underlying pathophysiological processes might be clarified. Sirjani et al. (2004) showed that even
though endolymph volume disturbances cause only minor elevation of action potential (AP)
thresholds, measures of cochlear microphonic distortion products (CMDP) were markedly influenced.
Further, in a previous study (Valk et al., 2004a) the 2f1-f2 distortion products otoacoustic emissions (DPOAE) amplitude reversibly decreased by only 2.6 dB on average in response to
microinjection of artificial endolymph. In another study, artificial perilymph injections with concomitant changes of overall inner ear fluid pressure had only minor effects on DPOAEs (Valk et
al., 2004b).
In the present study 1.1 µl of artificial endolymph was microinjected into scala media of the
guinea pigs cochlea with simultaneous measurement of acoustic and microphonic distortion products. The measurement of CMDP, in particular of the f2-f1 and 2f1-f2 amplitudes, provides information about the cochlear transducer function (Bian et al., 2002) and changes in its operating
point. By investigating both acoustic and electric modalities, a relation between cochlear function
(with outer hair cell function in particular) and an acute endolymphatic hydrops might be found.
This might gain insight into diseases with pathologically changed inner ear fluid volumes, as
Menière’s disease.

Materials and methods
Experiments were performed in 8 guinea pigs (Harlan Laboratories, The Netherlands; body
weight 350-450g) with a positive Preyer reflex. Animal care and use were in accordance with the
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principles of the declaration of Helsinki and approved by the animal experiment committee (protocol number 3047/3103).
General anesthesia was induced by intramuscular administration of ketamine/xylazine (60/3.5
mg/kg). Maintenance doses of the anesthetic were administered every hour. Muscle relaxation was
obtained with succinylcholine (2.5 mg/kg). The animals were artificially ventilated through a tracheostoma (Columbus Instruments, model 7950). Body temperature was maintained at 38 degrees
Celsius with a heating blanket. Heart rate was monitored by two skin electrodes, which were
placed on both sides of the thorax. The animal’s head was kept in a stationary position by means
of a steel bolt fixed to the skull with dental cement. Following a retroauricular incision, the bulla
and external auditory canal were exposed. Subsequently, the bulla was opened equalizing middle
ear pressure to normal air pressure (Zhang and Abbas, 1997). By opening of the bulla, the round
window was exposed. Through the round window membrane, the tip of a double-barreled micropipette was inserted into scala tympani. After subsequent perforation of the basilar membrane
the micropipette was advanced into scala media (figure 1). DC potential at the pipette tip was
measured to verify its position.
The double-barreled micropipettes were drawn from borosilicate glass (1.5/0.84 mm diameter per
barrel) and the tips were bevelled (Narishige EG-40). The total tip diameter was 40 µm. One barrel of the pipette was used to measure inner ear pressure (WPI 900A micropressure system).
Through the other barrel, artificial endolymph (25 mM KHCO3 and 140 mM KCl (Salt and DeMott, 1997) was injected with a constant flow rate by applying a controlable pneumatic pressure
to the barrel end. In all guinea pigs, 1.1 µl of artificial endolymph was injected with a constant rate
in 12 minutes. The injected volume was measured as the displacement of the fluid meniscus in the
pipette, for which the inner diameter is precisely known.
During microinjection the DPOAEs were continuously measured using an Etymotic ER-10C
DPOAE probe system. The two primary frequencies were set at 6 kHz (f1) and 7.4 kHz (f2), meaning a f2 / f1 -ratio of 1.23. The low-level intensities were set at respectively 65 dB SPL (L1) and 55
dB SPL (L2). Full details on the measuring equipment are given elsewhere (Valk et al., 2004ab).
Cochlear microphonic potentials were recorded with two differential Ni-Cr electrodes with a diameter of 50 µm. One electrode was placed in scala tympani through the bony wall of the basal
turn of the cochlea. The other was placed in scala vestibuli next to the oval window. The signals
were routed via an amplifier to a monitoring spectrum analyzer and a digital audio processor
(PCM-F1, Sony). Subsequent data acquisition was on a Betamax recorder (SL-F30, Sony). Offline Fourier analysis of the recorded CM signal yielded amplitudes of the f1 CM, 2f1-f2 CMDP and
f2-f1 CMDP. During an experiment, National Instruments LabVIEW® was used for recording of the
following output signals: amplitude and phase of the 2f1-f2 DPOAE, endocochlear potential (EP)
and inner ear pressure.

Results
In all guinea pigs 1.1 µl of artificial endolymph was successfully injected with a mean constant
rate of 92 nl/min. In figure 2, the averaged simultaneous recordings of inner ear pressure, EP, 2f176
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Figure 1: Location of the double-barreled micropipette during artificial endolymph injection (SM: scala media, SV: scala vestibuli,
ST: scala tympani, RW: round window, P: pipette).

f2 DPOAE, 2f1-f2 and f2-f1 CMDP during and after this acute endolymphatic hydrops are depicted.
During the injection period the inner ear pressure remained stable at an approximately 23 Pa higher level than before injection.
The average EP prior to manipulation of endolymph volume was 78.4 mV. During and after injection of artificial endolymph, the EP remained relatively stable. Typically, the EP tended to increase by a few millivolts at the start of injection.
The 2f1-f2 DPOAE amplitude was 16.1 dB SPL prior to injection. The 2f1-f2 DPOAE amplitude in
the different guinea pigs prior to injection covered a wide range; 10-24 dB SPL. After the onset of
injection the 2f1-f2 DPOAE amplitude typically started to decrease after a delay of a few minutes.
The amplitude reached a minimum of almost 3.4 dB below the pre-injection value. Subsequently,
a recovery was observed which often occurred within the injection period. Unfortunately, the f2-f1
DPOAE could not be measured due to an unfavourable signal-to-noise ratio.
The simultaneous recorded 2f1-f2 and f2-f1 CMDP relative to the f1 CM amplitude are depicted together in the lower panel of figure 2. There was only a minor decrease in f1 CM amplitude during and
after injection. The 2f1-f2 CMDP appeared to be stable during injection with only minor positive or
negative changes. Typically, the f2-f1 CMDP increased at the onset of injection. At the end of injection, the f2-f1 CMDP amplitude was mostly at a higher level (6 out of 8) than before injection.

Discussion
The purpose of the present study was to quantify changes in CMDP and DPOAE as a measure of
cochlear function during an acute endolymphatic hydrops. A volume increase of 1.1 µl amounts to
an endolymphatic hydrops of 23% of the initial total endolymph volume in the inner ear of the
guinea pig, which is 4.7 µl (Shinomori et al., 2001). As in a previous study (Valk et al., 2004a) this
degree of an acute hydrops caused only a small decrease in 2f1-f2 DPOAE amplitude. Similar, the
2f1-f2 CMDP amplitude change was minimal during and after injection. The only substantial
change was measured in the f2-f1 CMDP amplitude (figure 2).
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Figure 2: Averaged changes (n=8) in pressure (upper panel), endocochlear potential (second panel), 2ƒ1-ƒ2
DPOAE amplitude (third panel) and 2ƒ1-ƒ2 and ƒ2-ƒ1 CMDP amplitude relative to the amplitude of ƒ1 CM
(lower panel). The grey area depicts the injection period.
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An acute induced endolymphatic hydrops presumably alters cochlear mechanics by changing
basilar membrane (BM) position and impeding its motion (Braun, 1996). The BM displacement
towards scala tympani at the 2f1-f2 generation site was estimated to be only 19 nm when the endolymph volume was increased by 1.1 µl (Valk et al., 2004a). A small permanent deflection of the
outer hair cell stereocilia and as a consequence a change in cell conductance might be responsible
for the observed changes in the distortion products.
Distortion is a consequence of the non-linear shape of the cochlear transducer input-output curve
(Bian et al., 2002). We assumed this curve to be approximated by f(x) = 1 / (1 + exp (x+x0)), in
which x(t) is the input signal (t=time) and x0 defines the transducer operating point (figure 3a).
Distortion components for a two-tone input signal, with frequency and amplitude ratio’s as used
in the experiment, were calculated. Distortion depends on the amplitude of the input signal and on
x0. The amplitude was chosen as a relative magnitude (amplitude of distortion product divided by
amplitude of f1) to yield the f2-f1 and 2f1-f2 CMDP as measured (see figure 2). The dependance of
distortion product amplitudes on x0 for this choice of input signal amplitude is given in figure 3b.
During and after artificial endolymph injection, the relative f2-f1 amplitude changed from 0.012 to
0.032, while 2f1-f2 remained more or less constant between 0.012 and 0.013 (figure 2). These
changes approximately correspond with the changes shown in figure 3b for a change in x0 between
0.20 and 0.55. The consequence of this x0 change for the position of the transducer curve is shown
in figure 3a. Also shown in this figure is the range of x (t) -values corresponding with the choice
for the stimulus signal amplitude. It can be concluded from this figure that the measured range of
distortion amplitudes during and after injection of 1.1 µl of artificial endolymph can be covered by
a relatively small change of the transducer operating point x0.
An estimated basilar membrane displacement of 19 nm corresponds with a hair cell cilia displacement of a few tenths of a degree (Dallos, 2003). As the change in transducer conductance
covers a range of a few degrees of hair cell cilia displacement (Kros et al., 1995) the transducer
curve shift as shown in figure 3a is realistic.
Our results are in accordance with those of Sirjani et al. (2004), who injected volumes up to 1.2 µl
with injection rates of 80, 200 and 400 nl/min. Most specifically, CM distortion and transducer operating point showed substantial changes, of which the direction and magnitude varied. To model
their results these authors needed an operating point shift of about 0.1, which in their units is 5%
of the stimulus peak-to-peak amplitude. The shift with respect to stimulus amplitude shown in figure 3a is of the same order of magnitude (15%).
By using electrocochleography Jin et al. (1990) showed a rise of summating potential (SP) amplitude, a decrease of action potential (AP) amplitude and an increase of the SP/AP ratio. Clinically,
in patients with Menière’s disease an elevated SP/AP ratio is often measured (Conlon and Gibson,
2000; Ferraro and Tibbils, 1999) and explained by asymmetric vibration of the basilar membrane
as a result of endolymphatic hydrops (Gibson, 2000). SP depends critically on the position of the
operating point of the cochlear transducer (van Emst et al., 1997).
On the other hand, both DPOAE’s and CM were not found to be useful for differentiating patients
with hydrops from those without (Fetterman, 2001).
In conclusion, the physiological response of the cochlea to an acute endolymphatic hydrops can
be related to small changes in the cochlear transducer operating point.
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Figure 3:
a. Assumed cochlear transducer input-output curve, f(x) = 1/(1 + exp (x+x0)) for xo = 0.20 (solid line) and x0
= 0.55 (dashed line). Vertical dashed lines mark the maximum amplitude of the ƒ1+ƒ2 stimulus signal x(t).
b. Magnitude of distortion products (relative to the amplitude of ƒ1) as a function of transducer operating
point position x0, for an input signal with maximum amplitude as shown in figure 3a
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CATASTROPHIC ACUTE ENDOLYMPHATIC HYDROPS

Introduction
In 1861, Prosper Menière described the classical triadic symptomatology of disabling attacks of
vertigo, fluctuating hearing loss and tinnitus which he attributed to a labyrinthine disorder. In
1938, Hallpike and Cairns presented histological findings of temporal bones from patients with
Menière’s disease, in which the common pathological feature was a distended Reissner’s membrane. Ever since, an excess of endolymph volume, or a so-called endolymphatic hydrops, is believed to represent the histopathological substrate of Menière’s disease. However, there is also
evidence that Menière’s disease may exist without an endolymphatic hydrops (Fraysse et al.,
1980). Furthermore, an endolymphatic hydrops may be present without symptoms of Menière’s
disease (Vasama and Linthicum, 1999).
The endolymphatic and the perilymphatic compartments are separated by the basilar membrane
and Reissner’s membrane, of which the latter has a relatively high compliance. A rupture of Reissner’s membrane has been described as the cause for episodic attacks of Menière’s disease. Subsequent diffusion of endolymphatic potassium into the perilymph surrounding the nerve branches to
the vestibular and cochlear areas might cause the typical symptoms as seen in Menière’s disease
(Dohlman, 1980).
Studies on experimentally induced hydrops have proven to be a useful model for Menière’s disease. The most extensively studied model was presented first by Kimura and Schuknecht (1965).
They produced a chronic endolymphatic hydrops after surgically obliterating the endolymphatic
sac and duct. In this model an endolymphatic hydrops can be demonstrated by post-mortem observation of a distended Reissner’s membrane after several weeks to months. Another experimental model is the acute endolymphatic hydrops, which involves the injection of artificial endolymph
into scala media of the guinea pig’s cochlea (Valk et al., 2004, 2005). Again, in this acute model
an endolymphatic hydrops can be confirmed by a distended Reissner’s membrane (Valk et al.,
2005). When a relatively small endolymphatic hydrops was induced by microinjection of 1.1 µl of
artificial endolymph into scala media of the guinea pig’s cochlea, this resulted in a small reversible
change in cochlear function as measured by the 2f1-f2 distortion product otoacoustic emission
(DPOAE) (Valk et al., 2004) and distortion products in cochlear microphonics (CMDP) (unpublished observations). When a larger hydrops of 3.0-3.5 µl was induced a catastrophe occurred (Wit
et al., 2000). Most probably, a permanent leak was created somewhere in the walls of the membraneous endolymphatic system.
In the present study repetitive microinjections of 0.5 µl of artificial endolymph with a rate of 50
nl/s were performed to document the limits of the endolymphatic system when coping with an
acute endolymphatic hydrops. During the experiments cochlear function was assessed by measuring both DPOAE and CMDP. The measurement of CMDP, in particular of the f2-f1 and 2f1-f2 distortion product amplitudes, may provide information about the cochlear transducer function (Bian
et al., 2002) and changes in its operating point. The results provide knowledge regarding the
pathophysiological mechanisms operational in a catastrophic acute endolymphatic hydrops.
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Materials and methods
Experiments were performed in 9 guinea pigs (Harlan Laboratories, The Netherlands; body
weight 350-450g) with a positive Preyer reflex. Animal care and use were in accordance with the
principles of the declaration of Helsinki and approved by the animal experiment committee (protocol number 3047/3103).
General anesthesia was induced by intramuscular administration of ketamine/xylazine (60/3.5
mg/kg). Maintenance doses of the anesthetic were administered every hour. Muscle relaxation was
obtained with succinylcholine (2.5 mg/kg). The animals were artificially ventilated through a tracheostoma (Columbus Instruments, model 7950). Body temperature was maintained at 38 degrees
Celsius with a heating blanket. Heart rate was monitored by two skin electrodes, which were
placed on both sides of the thorax. The animal’s head was kept in a stationary position by means
of a steel bolt fixed to the skull with dental cement. Following a retroauricular incision, the bulla
and external auditory canal were exposed. Subsequently, the bulla was opened equalizing middle
ear pressure to normal air pressure (Zhang and Abbas, 1997). By opening of the bulla, the round
window was exposed. Through the round window membrane, the tip of a double-barreled micropipette was inserted into scala tympani. After subsequent perforation of the basilar membrane
the micropipette was advanced into scala media (figure 1). DC potential at the pipette tip was
measured to verify its position.
The double-barreled micropipettes were drawn from borosilicate glass (1.5/0.84 mm diameter per
barrel) and the tips were bevelled (Narishige EG-40). The total tip diameter was around 60 µm.
One barrel of the pipette was used to measure inner ear pressure (WPI 900A micropressure system). Through the other barrel, artificial endolymph (25 mM KHCO3 and 140 mM KCl (Salt and
DeMott, 1997)) was injected with a constant flow rate by applying a controlable pneumatic pressure to the barrel end. The injected volume was measured as the displacement of the fluid meniscus in the pipette, for which the inner diameter is precisely known.
During microinjection the 2f1-f2 DPOAE was continuously measured using an Etymotic ER-10C

Figure 1: Location of the double-barreled micropipette during artificial
endolymph injection (SM: scala media, SV: scala vestibuli, ST: scala
tympani, RW: round window, P: pipette)
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DPOAE probe system. The two primary frequencies were set at 6 kHz (f1) and 7.4 kHz (f2), meaning a f2 / f1 -ratio of 1.23. The low-level intensities were set at respectively 65 dB SPL (L1) and 55
dB SPL (L2). Full details on the measuring equipment are described elsewhere (Valk et al., 2004).
Cochlear microphonic potentials were recorded with two differential Ni-Cr electrodes with a diameter of 50 µm. One electrode was placed in scala tympani through the bony wall of the basal
turn of the cochlea. The other was placed in scala vestibuli next to the oval window. The signals
were routed via an amplifier to a spectrum analyzer and two lock-in amplifiers (SRS, model
SR830 DSP). The lock-in amplifiers displayed the amplitude of the 2f1-f2 and f2-f1 CMDP which
were referenced to an electronic 2f1-f2 and f2-f1 distortion product derived from the original primaries.
In the experimental series (n=7), measurements contained a sequence of at least 10 microinjections
of artificial endolymph during 10 s each with pauses of 40 s. The rate of microinjection was 50 nl/s.
The repetitive microinjection was controlled with a precision electronic timer (Stanford DG535).
Additionally, in two guinea pigs an outlet was made in the round window. This was done to reduce
potentially disturbing physiological pressure fluctuations as caused by breathing and heartbeat.
During an experiment, National Instruments LabVIEW® was used for recording of the following
output signals: amplitude and phase of the 2f1-f2 DPOAE, 2f1-f2 CMDP, f2-f1 CMDP, endocochlear
potential (EP) and inner ear pressure. Calculations and fits to relevant portions of the obtained
recordings were made off-line with an appropriate software package.
After injection, the animals were sacrificed by an intracardial injection of pentobarbital. From the
series in which repetitive injections were performed without an outlet, 6 guinea pig inner ears
were processed for histology. The specimens were processed for light microscopy (n=3) or for orthogonal-plane fluorescence optical sectioning (OPFOS) microscopy (Voie, 2002)(n=3). The contralateral non-injected ear served as a control.

Results
An illustrative result of a measurement in which 10 repetitive microinjections of artificial endolymph were performed is given in figure 2. During the repetitive 10 s pulses, the injection rate
was 50 nl/s. Hence, the total injected volume of artificial endolymph was 5.0 µl.
The pressure profile shows an increase with each following injection until a typical maximum is
reached at the fifth injection. After the maximum pressure peak the profile becomes relatively regular, increasing by 500 Pa from baseline. This behaviour was consistently observed in all experiments and was interpreted as follows: each time fluid is injected into scala media, endolymphatic
pressure increases. With each injection the endolymph volume is further enlarged with a concomitant further increase in pressure. The membranes surrounding the endolymphatic compartment stretch until a maximum is reached and a permanent leak is created. This “catastrophe” in the
inner ear occurred when 2.5 – 3.5 µl of artificial endolymph (5-7 injections) was injected. After the
catastrophe the endolymphatic and perilymphatic compartment are connected and have the same
pressure, yielding the regular pressure profile during injections and subsequent fluid escape
through the cochlear aqueduct.
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Figure 2: Typical results from an experiment in which 10 microinjections of artificial endolymph of 10 s each
with pauses of 40 s were performed. The rate of injection was 50 nl/s. Panel 1 (upper panel): pressure profile
measured in scala media. Panel 2: endocochlear potential (EP). Panel 3: 2f1-f2 DPOAE amplitude. Panel 4
(lower panel): 2f1-f2 and f2-f1 CMDP amplitude. The dashed vertical line corresponds with the catastrophe
(see main text).
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Figure 3: The endocochlear potential (EP) of all individual experiments (n=7). Dots mark the catastrophe.
The thick line represents the mean EP. The time scale corresponds with figure 2.

In figure 2 (second panel) a typical EP profile is shown. In figure 3 the EP of all experiments (n=7)
are individually depicted. The average EP prior to the injections was 75.8 mV. The endolymph injections had only minor effects on the EP both before and after the catastrophe, although an injection related regular profile can be recognised in its course (mean EP, thick line figure 3).
In the third panel of figure 2 the 2f1-f2 DPOAE appears to increase during each injection after an
initial decrease at the first injection. The catastrophe is also clearly depicted by a dramatic decrease in 2f1-f2 DPOAE amplitude. After the catastrophe the 2f1-f2 DPOAE partly recovers and follows the pressure profile in a regular way. Unfortunately, due to a low signal-to-noise ratio, the
f2-f1 DPOAE could not be measured properly.
The CMDP (lower panel of figure 2) showed a remarkable consistent course. The baseline 2f1-f2
CMDP amplitude steadily decreased, but during each injection the amplitude increased. The latter was also seen for the f2-f1 CMDP amplitude. After the catastrophe the 2f1-f2 CMDP amplitude
still increased during each injection, whereas the f2-f1 CMDP amplitude decreased during injection.
In two additional experiments, an outlet was made in the round window. The only observed effect
of this was a smaller pressure increase during injections. The other recordings showed no remarkable changes.
In all the “after catastrophe” specimens that were processed for light microscopy and OPFOS, a
rupture of Reissner’s membrane was found, most often in the apical turn of the cochlea (figure 4).
Sometimes a rupture of Reissner’s membrane was found in more than one turn. In figure 5 the rupture of Reissner’s membrane is reconstructed in 3D with OPFOS (Voie, 2002). No ruptures were
found in the membraneous vestibular part of the inner ear.
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Figure 4: Light microscopic photograph of the guinea pig’s cochlea, showing a rupture of Reissner’s membrane in the apical turn (arrow).

Discussion
Cochlear sensitivity was assessed by measuring CMDP and DPOAE during a rapidly growing and
large acute endolymphatic hydrops. In a previous study (chapter 6) 1.1 µl of artificial endolymph
was microinjected into scala media of the guinea pig’s cochlea. The 2f1-f2 CMDP and 2f1-f2
DPOAE changed minimally whereas the f2-f1 CMDP increased substantially. The measured range
of distortion amplitudes could be related to small changes in the cochlear transducer operating
point. An added volume of 1.1 µl corresponds with an acute endolymphatic hydrops of 23%, as the
total endolymph volume in the inner ear of the guinea pig is 4.7 µl (Shinomori et al., 2001). The
inner ear thus seemed able to cope with this degree of an acute endolymphatic hydrops, without
substantial cochlear function loss. In the present study cochlear sensitivity was observed during
induction of a more rapid and larger endolymph volume increase. In previous research it was
shown that when injection volume exceeded 3.0-3.5 µl, a catastrophe occurred (Valk et al., 2004;
Wit et al., 2000). This event was interpreted as the creation of a permanent leak somewhere in the
walls of the membraneous endolymphatic system.
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Figure 5: 3D reconstructed image of Reissner’s membrane acquired by OPFOS (Voie, 2002). A rupture of the
membrane is seen as a lifted flap (arrows).

In the present study, the catastrophe occurred when 2.5 – 3.5 µl of artificial endolymph (5-7 injections) was injected. This degree of hydrops, corresponding to 53-74% of the original volume,
resulted in a substantial drop in 2f1-f2 DPOAE amplitude, whereas the EP was not markedly influenced.
The simultaneously measured CMDP provide information about the cochlear transducer function.
By injection of artificial endolymph into scala media, the basilar membrane is temporarily displaced towards scala tympani. This results in a typical CMDP behaviour during the injections.
Both 2f1-f2 and f2-f1 CMDP increased after the start of injection and decreased at the end of injection. Remarkably, the f2-f1 CMDP showed an opposite pattern after the catastrophe; during each
injection the f2-f1 CMDP decreased temporarily. The f2-f1 behaviour can be described by the model of Bian et al. (2002, 2004) and Choi et al.(2004) for the generation of distortion products if it is
assumed that the operating point of the cochlear transducer moves further away from zero during
injection before the catastrophe and towards zero after it. But this model then predicts much smaller changes in 2f1-f2 than in f2-f1, which is not observed. So the exact explanation for the changes in
the CMDP can not be given. The most important is that the observed CMDP amplitudes and amplitude changes after a catastrophe were as small as before it.
The catastrophe is associated with the creation of a permanent leak somewhere in the membrane91
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ous endolymphatic compartment (Wit et al., 2000). The endolymphatic and the perilymphatic
compartments are separated by the basilar membrane and Reissner’s membrane, of which the latter has a higher compliance. In earlier work we showed that after induction of an acute endolymphatic hydrops Reissner’s membrane is distended (Valk et al., 2005).
In the presently investigated specimens a rupture of Reissner’s membrane was found, most often
near the helicotrema of the cochlea (figure 4). In a few specimens a rupture of Reissner’s membrane was found in more than one of the higher turns. Remarkably, no ruptures were found in the
vestibular part of the inner ear.
The episodic attacks of Menière’s disease with its typical symptoms have been ascribed to a rupture of Reissner’s membrane (Dohlman, 1980). Flock et al. (2003) suggested that micro-lesions in
Reissner’s membrane could alter the electro-chemical environment of the organ of Corti, which
would cause hearing loss and tinnitus during endolymphatic hydrops. Pyykko et al. (2004) hypothesized that a viral infection breaks the labyrinthine barrier and triggers an autoimmune-like
reaction. The endolymphatic hydrops would then be caused by leakage of the labyrinth and during attacks by rupture of membranes. These theories predict dramatic effects of membrane rupture. But the observed changes in cochlear function parameters, as shown in figure 2 and 3, were
small. Even when the endolymphatic system is blown up by injection of artificial endolymph (catastrophe), the cochlear functional loss turns out to be less than expected. To what extent these
findings of a (first) catastrophic endolymphatic hydrops relate to Menière’s disease remains tentative. However, these results might be more consistent with the hypothesis that an endolymphatic hydrops is rather a marker of disordered inner ear homeostasis, than the cause of the clinical
symptoms of Menière’s disease. This assumption is supported by results of a recent extensive human temporal bone study (Merchant et al., 2005).
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Summary and conclusions
In 1861, Prosper Menière documented a chronic illness characterised by disabling attacks of vertigo, hearing loss and tinnitus. The pathophysiology of this disease, which now bears his name, is
largely unknown.
In 1938, Hallpike and Cairns and also Yamakawa found an endolymphatic hydrops in the temporal bones of patients with Menière’s disease. Since then an endolymphatic hydrops, which is an
excess of endolymph volume, has been generally accepted as the basic histopathological substrate.
Studies on experimentally induced endolymphatic hydrops in the guinea pig constitute a useful
model for Menière’s disease. Over the years, the most extensively studied model has been the surgical ablation of the endolymphatic sac in the guinea pig. This model results in a slowly developing chronic endolymphatic hydrops within days to weeks. A model which eliminates the
secondary effects of a surgically induced chronic hydrops is the acute endolymphatic hydrops,
which involves micro-injection of artificial endolymph into scala media of the guinea pig’s
cochlea. This acute endolymphatic hydrops model provides a useful research tool for investigating the immediate effects of a hydrops on the inner ear.
In this thesis, changes in cochlear functioning and morphology during and after induction of an
acute endolymphatic hydrops are presented. Besides increasing our knowledge regarding pathophysiological mechanisms in Menière’s disease, this thesis also contributes to our knowledge of
fundamental processes in the inner ear.
The precise mechanism of endolymph volume regulation and pathophysiology of an endolymphatic hydrops remain enigmatic. Still, the endolymphatic sac is generally believed to represent
one of the primary loci for endolymph volume regulation. In chapter 2 morphological changes of
the endolymphatic sac’s epithelia and luminal filling after induction of an acute endolymphatic
hydrops were investigated. After microinjection of 1.1 µl of artificial endolymph into scala media
of the cochlea in 10-12 minutes, the guinea pigs were terminated immediately or after different
time intervals up to 2 h. The added endolymph volume of 1.1 µl corresponds with an acute endolymphatic hydrops of 23%. Post-injection examination of the specimens by light and transmission electron microscopy demonstrated no differences in endolymphatic sac morphology between
injected and non-injected ears. Further, no distinct changes were observed in guinea pigs terminated after different time intervals. The endolymphatic sac’s luminal homogeneous substance
(HS) was always present and most often to a large extent. Ribosome rich cells and intraluminal
macrophages appeared to be actively involved in degradation of HS by secreting lytic enzymes
and digestion respectively. In conclusion, endolymph volume homeostasis is a complex mechanism, in which the role of HS in the endolymphatic sac remains obscure.
In chapter 3 experiments are described in which the same acute endolymphatic hydrops was induced
as in chapter 2. In this study cochlear function was assessed by measuring low-level distortion product otoacoustic emissions (DPOAE). DPOAEs are widely accepted to reflect the integrity of
cochlear micromechanical processes in general, and outer hair cell function (OHC) in particular.
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During the experiments the most prominent 2ƒ1-ƒ2 DPOAE at 4.5 kHz was recorded from the external ear of the guinea pig. With injection, the 2ƒ1-ƒ2 amplitude was not influenced at first. Then
after a modest decrease, the recovery frequently started within the period of microinjection. This
typical behaviour might be explained by a displacement of the basilar membrane towards scala
tympani. The displacement at the 2ƒ1-ƒ2 generation site was estimated to be 19 nm. A small deflection of the OHC stereocilia and as a consequence a change in cell conductance may explain the 2ƒ1ƒ2 DPOAE amplitude changes. As the 2ƒ1-ƒ2 DPOAE amplitude did not follow change in inner ear
pressure, the increase of endolymph volume is likely to be responsible for the observed effects.
In chapter 4 the relation between acute inner ear pressure changes and cochlear function was investigated by measuring the 2ƒ1-ƒ2 DPOAE amplitude. By repetitive injections of artificial perilymph into scala tympani and aspirations of native perilymph from scala tympani, inner ear
pressure was manipulated without disturbing endolymph volume. The dynamics of large changes
in overall inner ear pressure were followed with a delay of 1-2 s by small changes in 2ƒ1-ƒ2
DPOAE amplitude. During injection the inner ear pressure and 2ƒ1-ƒ2 DPOAE amplitude increased whereas during aspiration the inner ear pressure and 2ƒ1-ƒ2 DPOAE amplitude decreased.
Magnitude and sign of the 2ƒ1-ƒ2 amplitude changes can partly be explained by a change of oval
window stiffness. No explanation was found for the measured delay.
In chapter 5, in addition to the previous chapter, the 2ƒ1-ƒ2 and ƒ2-ƒ1 distortion products in
cochlear microphonics (CMDP) were also recorded during repetitive injections of artificial perilymph into scala tympani. Both these microphonic and acoustic distortion products are considered
to reflect outer hair cell electromotility in the nonlinear cochlear transducer.With injection the inner pressure increased by approximately 600 Pa with concomitant small changes in CMDP and
DPOAE. A small decrease in amplitude of the 2ƒ1-ƒ2 and a small increase in the ƒ2-ƒ1 were measured in CM. This matches a shift from a symmetrical position of the operating point for hair cell
transduction, leading to an increase in even-order distortion and a decrease in odd-order distortion.
In chapter 6 again an acute endolymphatic hydrops was induced by injection of 1.1 µl of artificial
endolymph into scala media of the guinea pig’s cochlea. During and after injection, cochlear function was assessed by measuring CMDP and DPOAE. A reversible small pressure increase and a
relatively stable endocochlear potential were accompanied by a mean decrease in 2ƒ1-ƒ2 DPOAE
of only a few dB. Similar, the 2ƒ1-ƒ2 CMDP amplitude change was minimal during and after injection. The only substantial change was measured in the ƒ2-ƒ1 CMDP amplitude. The measured
range of distortion amplitudes during an acute endolymphatic hydrops could be related to small
changes in the cochlear transducer operating point. The estimated basilar membrane displacement
of 19 nm (see chapter 3) corresponds with a hair cell cilia displacement of a few tenths of a degree. This fits a small change in transducer conductance, for which the total range is a few degrees
of hair bundle displacement.
In chapter 7 cochlear function during induction of a “catastrophic” acute endolymphatic hydrops
was assessed. During cumulative microinjections of artificial endolymph the 2ƒ1-ƒ2 and ƒ2-ƒ1
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CMDP and 2ƒ1-ƒ2 DPOAE were recorded in the guinea pig. A catastrophe occurred in the inner
ear when 2.5 – 3.5 µl of artificial endolymph was injected. Morphologically a rupture of Reissner’s membrane was found, most often in the apical turn of the cochlea. The catastrophe had only
minor effects on the endocochlear potential, whereas it caused a marked decrease in 2ƒ1-ƒ2
DPOAE amplitude. The 2ƒ1-ƒ2 and ƒ2-ƒ1 CMDP amplitude increased during each injection prior
to the catastrophe. After the catastrophe the ƒ2-ƒ1 CMDP amplitude decreased during each injection, possibly due to a shift of the cochlear transducer operating point position. Surprisingly, the
changes in cochlear function during a catastrophic acute endolymphatic hydrops were relatively
small.
In conclusion, the investigations described above all suggest a dynamically stable inner ear. The
inner ear system is able to cope with substantial endolymph volume increases and inner ear pressure changes with only minimal and often temporary cochlear function loss. Even when the endolymphatic system is catastrophically blown up, cochlear function loss is only moderate.
Menière’s disease is a chronic illness of which the etiology is most likely to be multifactorial.
Whether an endolymphatic hydrops causes inner ear damage and clinical symptoms or that an endolymphatic hydrops is rather a marker of disordered inner ear homeostasis, remains tentative.
The findings described in this thesis demonstrate that a single acute endolymphatic hydrops has
only minimal effects on cochlear function. This might be more consistent with the hypothesis that
an endolymphatic hydrops is rather an epiphenomenon of Menière’s disease. On the other hand, a
repeated catastrophic hydrops might lead to a biochemical imbalance of inner ear fluids. Over
time, this could cause inner ear damage with functional loss approximating Menière’s disease.
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Samenvatting en conclusies
De ziekte van Menière wordt gekenmerkt door aanvallen van draaiduizeligheid, wisselend
gehoorverlies en oorsuizen. In 1861 werd deze combinatie van symptomen voor het eerst beschreven door de Franse arts Prosper Menière. De ziekte kan een zeer invaliderend karakter hebben,
waarbij de aanvallen van draaiduizeligheid vaak gepaard gaan met misselijkheid en braken. Na
enkele jaren lijkt de ziekte uit te doven en nemen de frequentie en hevigheid van de duizeligheidsaanvallen af. Het gehoorverlies neemt in de loop der jaren toe en is blijvend van aard. De
ziekte treft zowel mannen als vrouwen en komt het meest voor op middelbare leeftijd. Vaak lijkt
er een relatie te bestaan tussen de klachten en stress.
Ondanks het feit dat er al veel onderzoek is gedaan naar de mogelijke oorzaak van deze ziekte, is
nog veel onbekend. In de binnenoorpreparaten van overleden patiënten met de ziekte van Menière
wordt vaak een endolymfatische hydrops aangetroffen. Dit betekent dat er een teveel aan vloeistof aanwezig is in het binnenoor. Deze endolymfatische hydrops zou de functie van het binnenoor zodanig beïnvloeden dat bovengenoemde karakteristieke symptomen het gevolg zijn. Echter
niet alle patiënten met de ziekte van Menière vertonen een endolymfatische hydrops. Ook wordt
bij overledenen die nooit klachten hadden soms een endolymfatische hydrops gevonden.
Het is onmogelijk om invasief onderzoek te doen aan het binnenoor van mensen. Daarom is men
genoodzaakt proefdieren te gebruiken. Het meest geschikte proefdier voor binnenooronderzoek
in het kader van de ziekte van Menière is de cavia. Het oor van de cavia lijkt namelijk verbazingwekkend veel op dat van de mens.
Er zijn diverse proefdiermodellen voor de ziekte van Menière, waarbij het model van de chronische endolymfatische hydrops het meest is onderzocht. In dit model wordt operatief een klein
orgaantje in het binnenoor kapot gemaakt: de saccus endolymfaticus. Na weken tot maanden ontstaat dan een endolymfatische hydrops.
In dit proefschrift is een ander model onderzocht dat bovendien de binnenoorstructuren intact
laat. Een acute endolymfatische hydrops werd gecreëerd door met een micropipet vloeistof in het
binnenoor van de cavia te spuiten. Een bijkomend voordeel van dit model is dat de directe effecten van een endolymfatische hydrops kunnen worden bestudeerd.
In dit proefschrift worden de morfologische veranderingen van de saccus endolymfaticus en de
cochlea (het slakkenhuis) beschreven. Tevens worden veranderingen in otoakoestische emissies
en cochleaire microfonie beschreven als maat voor het functioneren van het binnenoor. Op deze
manier wordt getracht de fysiologische processen in het binnenoor en in het bijzonder de veranderingen in het kader van de ziekte van Menière beter te begrijpen.
De regulatie van het endolymfevolume in het binnenoor en de pathofysiologie van een endolymfatische hydrops zijn nog niet opgehelderd. De saccus endolymfaticus zou mogelijk een belangrijke rol spelen in de volumehuishouding van het binnenoor. In hoofdstuk 2 wordt onderzoek
beschreven waarbij gekeken is naar eventuele morfologische veranderingen van de saccus endolymfaticus na inductie van een acute endolymfatische hydrops. Specifiek is gelet op het epitheel
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en de luminale vulling van de saccus endolymfaticus. In 10-12 minuten werd 1,1 µl kunstmatig
endolymfe in de scala media van de cochlea geïnjecteerd. De cavia’s werden met een maximum
van 2 uur op verschillende tijdstippen na injectie getermineerd. De hoeveelheid van 1,1 µl komt
overeen met een acute endolymfatische hydrops van 23%. Na opoffering werden de preparaten
van het binnenoor opgewerkt voor zowel lichtmicroscopie als transmissie-elektronenmicroscopie.
Er waren geen verschillen aantoonbaar tussen geïnjecteerde oren en controle-oren. Ook werden
geen verschillen gezien tussen de cavia’s die op verschillende tijdstippen waren opgeofferd. In
alle preparaten was de zogenaamde homogene substantie (HS) altijd in ruime mate aanwezig. De
ribosoomrijke cellen en intraluminale macrofagen leken beide actief de HS met lytische enzymen
af te breken. Concluderend kan worden gesteld dat de rol van HS in de saccus endolymfaticus met
betrekking tot de volumehuishouding van het binnenoor omstreden is.
In hoofdstuk 3 wordt de functie van de cochlea met behulp van vervormingsproducten in otoakoestische emissies (DPOAE) gemeten. Deze vervormingsproducten weerspiegelen de micromechanische processen in de cochlea en dan vooral die van de buitenste haarcellen. Dezelfde acute
endolymfatische hydrops werd geïnduceerd als in hoofdstuk 2.
Het belangrijkste vervormingsproduct is de 2ƒ1-ƒ2 DPOAE die werd gemeten bij 4.5 kHz. Dit vervormingsproduct wordt in de uitwendige gehoorgang van de cavia gemeten. Gedurende de eerste
minuten van de injectie veranderde de amplitude van de 2ƒ1-ƒ2 DPOAE niet. Daarna volgde een
lichte inzakking met een herstel dat vaak al binnen de injectieperiode begon. Dit typische gedrag
kan worden verklaard met een model waarbij het basilaire membraan richting scala tympani
wordt verplaatst. De verplaatsing specifiek ter plaatse van de generatie van de 2ƒ1-ƒ2 DPOAE zou
dan volgens berekeningen 19 nm bedragen. De daarbij behorende verbuiging van de stereocilia
op de buitenste haarcellen en verandering in celgeleiding zou de veranderingen in amplitude van
de 2ƒ1-ƒ2 DPOAE mogelijk kunnen verklaren.
Omdat de verandering in amplitude van de 2ƒ1-ƒ2 DPOAE niet direct de veranderingen in de
binnenoordruk volgde, lijkt de toename in endolymfevolume verantwoordelijk voor de gemeten
effecten.
In hoofdstuk 4 wordt de relatie tussen snelle veranderingen in binnenoordruk en functioneren van
de cochlea onderzocht. Dit werd wederom bepaald door de amplitude van de 2ƒ1-ƒ2 DPOAE te
meten. Bij herhaalde injecties en aspiraties van perilymfe in scala tympani werd de binnenoordruk gemanipuleerd zonder het volume van de endolymfe te wijzigen. Grote veranderingen in
binnenoordruk werden gevolgd door subtiele veranderingen van de amplitude van de 2ƒ1-ƒ2
DPOAE met een vertraging van 1-2 s.
Bij toename van de binnenoordruk nam ook de amplitude van de 2ƒ1-ƒ2 DPOAE toe. Andersom,
bij afname van de binnenoordruk, nam ook de amplitude van de 2ƒ1-ƒ2 DPOAE af. Deze veranderingen kunnen deels worden verklaard door een verandering van compliantie van het ovale venster van de cochlea. Een verklaring voor de waargenomen vertraging kan helaas niet worden
gegeven.
In hoofdstuk 5 worden dezelfde experimenten beschreven als in hoofdstuk 4. Echter, hier werden
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ook de 2ƒ1-ƒ2 en ƒ2-ƒ1 vervormingsproducten in cochleaire microfonie (CMDP) gemeten. Zowel
de CMDP en DPOAE weerspiegelen de elektromotiliteit van de buitenste haarcellen die een rol
spelen in het niet-lineaire cochleaire transductieproces. De binnenoordruk steeg met gemiddeld
600 Pa (6 cm H2O) tijdens de injecties. De bijbehorende veranderingen in CMDP en DPOAE
waren slechts gering. Tijdens de injecties werd er een afname van de 2ƒ1-ƒ2 en een toename in ƒ2ƒ1 CM gemeten. Dit gedrag van de vervormingsproducten kan worden verklaard met een model
dat de relatie tussen verbuiging van de haarbundels op de cel en de elektrische excitatie van de
cel beschrijft. Bij verplaatsing van het basilaire membraan door de kunstmatige hydrops verandert de evenwichtstoestand van de cel en hiermee de sterkte van de vervormingsproducten.
In hoofdstuk 6 wordt wederom een acute endolymfatische hydrops geïnduceerd door micro-injectie van 1,1 µl kunstmatig endolymfe in scala media van de cochlea. Het functioneren van de cochlea werd tijdens en na injectie bepaald door meting van de CMDP en DPOAE. Tijdens de injecties nam de druk slechts weinig toe. De endocochleaire potentiaal bleef nagenoeg stabiel. De
afname in amplitude van de 2ƒ1-ƒ2 DPOAE bedroeg slechts enkele decibellen. Ook de amplitude
van de 2ƒ1-ƒ2 CMDP veranderde nauwelijks. De amplitude van de ƒ2-ƒ1 CMDP veranderde echter aanzienlijk. Deze veranderingen kunnen worden verklaard door subtiele verschuivingen van
het werkpunt van de haarcellen. De geschatte verplaatsing van het basilaire membraan bij een
acute endolymfatische hydrops van 1,1 µl bedraagt 19 nm (zie hoofdstuk 3). Dit veroorzaakt een
verbuiging van de cilia op de haarcellen van enkele tienden van een graad. Deze verbuiging en
bijbehorende verandering in haarcelgeleiding vallen binnen het normale werkgebied van de haarcelbundel, dat slechts enkele graden bedraagt.
In hoofdstuk 7 wordt het endolymfesysteem opgeblazen, ofwel er wordt een catastrofale acute
endolymfatische hydrops geïnduceerd. Tijdens cumulatieve micro-injecties met kunstmatig endolymfe werden de 2ƒ1-ƒ2, ƒ2-ƒ1 CMDP en 2ƒ1-ƒ2 DPOAE geregistreerd in de cavia. De catastrofe
trad op na injectie van 2,5 – 3,5 µl kunstmatige endolymfe. Morfologisch kon een scheur in het
membraan van Reissner worden vastgesteld. Deze scheur bevond zich veelal in het apicale
gedeelte van de cochlea. De catastrofe had nauwelijks effect op de endocochleaire potentiaal.
Echter de amplitude van de 2ƒ1-ƒ2 DPOAE nam drastisch af.
Voorafgaand aan de catastrofe namen de amplitudes van de 2ƒ1-ƒ2 en de ƒ2-ƒ1 CMDP toe tijdens
injecties. Na de catastrofe nam de amplitude van de ƒ2-ƒ1 CMDP juist af. Ook deze effecten kunnen verklaard worden door een verschuiving van het werkpunt van de haarcellen. Opvallend in
dit onderzoek was dat veranderingen in het functioneren van de cochlea na een catastrofale acute
endolymfatische hydrops relatief gering waren.
Concluderend kan gesteld worden dat het binnenoor van de cavia dynamisch zeer stabiel is.
Wanneer een substantieel endolymfevolume wordt toegevoegd, waarbij ook de binnenoordruk
toeneemt, zijn er slechts tijdelijke en geringe veranderingen te meten in het functioneren van de
cochlea. Zelfs wanneer het endolymfatische systeem wordt opgeblazen, valt het cochleaire functieverlies relatief mee.
De ziekte van Menière is een chronische aandoening waarbij de oorzaak waarschijnlijk multifac102
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torieel is bepaald. Het is nog onduidelijk of een endolymfatische hydrops schade aan het binnenoor toebrengt en klinische symptomen tot gevolg heeft, of dat een endolymfatische hydrops
slechts een bijproduct is van een verstoorde vloeistofhuishouding in het binnenoor.
De bevindingen in dit proefschrift tonen aan dat een acute endolymfatische hydrops slechts een
gering effect heeft op het functioneren van de cochlea. Dit zou kunnen passen bij de hypothese
dat een endolymfatische hydrops een epifenomeen is van de ziekte van Menière. Echter, een herhaalde catastrofale hydrops zou kunnen leiden tot een biochemische onbalans van binnenoorvloeistoffen. Dit zou op termijn schade kunnen toebrengen aan het binnenoor, met functioneel
verlies en de klinische symptomen van de ziekte van Menière als gevolg.
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