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CHAPTER I 

General Introduction 
Literature Review 

In the field of otological research a lot of effort has been put and still 
is put in questions relating to Meniere's disease1. Although there have 
been some major breakthroughs in the past, both in patient-related and 
experimental research, the majority of these questions remains unanswered. 
Therefore, around 1980, a research program was started in the Department 
of Otorhinolaryngology of the University Hospital in Utrecht. The thesis in 
front of you is one of the results from this research program. 

History 

The first thorough description of the disease was made by Prosper 
Meniere (1799-1862) in 1861. As chief-physician of the Emperor's Institute 
for the Deaf and Dumb in Paris, he had observed numerous cases in which 
periodic dizziness and hearing disorders were present without any apparent 
cause. In his publication in the Gazette Medicale de Paris of september 
1861 (Meniere, 1861, quoted in Meyer zum Gottesberge, 1966) he described 
the disease in four concise paragraphs, which I will translate here: 
1) An apparently normal hearing organ may develop sudden functional 
disorders, consisting of variable noises, either intermittently or continuou
sly. The noise is accompanied by a variable hearing loss. 
2) These functional disorders, which may have their origin in the internal 
ear, may evoke symptoms which are generally ascribed to the brain, like 
vertigo, unsteadiness, dizziness and tumble and which are accompanied by 
nausea, vomiting and syncopes. 
3) The disease has an attack-like character, though hearing deteriorates 
more and more, until no functional hearing remains. 
4) Everything points to the semicircular canals as the site of a patholog
ical lesion. 

Although this description is still accurate to a high degree, for clinical 
use one had to adopt a more practicable definition. Nowadays, in our 
Department the diagnosis is made when the following criteria are met (Van 
Deelen, 1986): 
1) Unilateral or bilateral sensorineural hearing loss with tinnitus and 
(history of) vertiginous attacks of unknown origin. 

l J!iere has been some controversy concerninr the exact spelling Qf 
Meniere s name. It is my opinion, that as a tnbu e to the mart ancr his 
work,,_ one. should use the ~pelling M~niere himsel preferred in his later 
hte; tnat 1s Meniere, with both '~ccent aigu' and "accent grave". 
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2) Positive recruitment and normal perstimulatory adaptation as measured 
by ABLB-test, Bekesy audiometry, stapedius reflex measurements and tone 
decay test. 
3) Normal X-ray anatomy of the temporal bone. 
4) No other otological, neurological or internal disorder that could be 
responsible for one of the symptoms. 

For the next 77 years after Meniere's publications nothing much 
happened on the Meniere front, although some speculations about the 
aetiology of the disease were published (Knapp, 1871; Hensen, 1880, both 
cited in Meyer zum Gottesberge, 1966; Portmann, 1921). In the 1930's, 
severe cases of Meniere's disease were sometimes treated by performing 
an, in those days rather risky, operation: section of the VIIIth nerve. The 
patients often died because of this treatment and it was in this way, that 
Hallpike and Cairns got hold of three temporal bones from two Meniere 
patients. In their report on the histology of these temporal bones (Hallpike 
and Cairns, 1938) they described an histological alteration which had 
previously been termed labyrinthine hydrops by Wittmaack (1930). Hallpike 
and Cairns observed gross distension of the endolymphatic system, together 
with degenerative changes in the sensory elements. This observation has 
been made repeatedly thereafter (e.g. Yamakawa, 1938; Schuknecht, 1974; 
Arnold et al. 1981). In 1984 48 published cases were summarized by 
Paparella. All of these cases showed hydrops of the endolymphatic space. 
However, there also have been reports about the absence of hydrops in the 
temporal bones of patients with a clinical history, definitely pointing to 
Meniere's disease (Paparella, 1984). Moreover, endolymphatic hydrops is 
sometimes found in other diseases (e.g. syphilis, infection, meningitis, 
trauma and otosclerosis). Still, endolymphatic hydrops remains the most 
important pathological correlate of Meniere's disease (Schuknecht et al., 
1962; Altmann and Kornfeld, 1965; Altmann and Zechner, 1968). 

Audiology 

In the days of Meniere, determination of hearing loss was a highly 
subjective matter. Nowadays, due to developments in both apparatus and 
methodology, one can obtain a better insight into the nature of the 
hearing disorders associated with Meniere's disease. Although there have 
been important developments in vestibular investigation of Meniere 
patients, these will not be discussed. 

Most authors report a flat or predominantly low-frequency hearing loss 
for Meniere ears (e.g. Pfaltz and Matefi, 1981), although audiometric 
patterns with high-frequency hearing loss, characteristic of acoustic trauma 
or presbyacusis are also found. Typical for Meniere's disease is the 
fluctuating hearing loss, especially in early stages of the disease (Schu
knecht, 1974; Morgenstern, 1985). In later stages, more permanent, flat 
losses may occur, but some hearing usually remains. The hearing loss in 
Meniere's disease is commonly accompanied by recruitment. At low levels, 
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patients indicate to perceive sounds at a lower loudness than normals, 
whereas at intermediate and high levels they experience the same loudness. 
At very high levels, many patients complain about intolerable loudness, 
where normals wouldn't complain (Paparella, 1985; Morgenstern, 1985). 
Speech audiometry usually shows a higher loss in speech reception, than 
would be expected, based on the threshold shifts in pure tone reception 
alone (Meyer zum Gottesberge, 1966). This points to a sensorineural cause 
of the loss. 

There is considerable controversy about bilaterality in Meniere's disease. 
The lowest value I have encountered in the literature is 5% bilateral 
Meniere's disease (Pfaltz and Matefi, 1981), the highest is around 50% 
(Paparella, 1984). Cody (1971) reports a percentage of 16%, while Kitahara 
et al. (1979) report a bilateral incidence of 29%. It seems that regional 
differences and differences in the kind of medical center (academic versus 
non-academic) where the diagnosis is made play an important role. Also 
the stage of the disease in which the investigation takes place is import
ant. Bilaterality might evolve years after the first ear has been affected. 

Glycerol test 

A frequently used test in the diagnosis of Meniere's disease is the 
glycerol test, which was introduced in otology in 1966 by Klockhoff and 
Lindblom. In this test a patient is given an oral dose of glycerol (usually 
about 1.5 g/kg body weight), which sometimes leads to an amelioration · of 
the tone audiogram with maximum improvement occurring after about two 
hours. The test is considered positive if an improvement of at least 10 dB 
in three adjacent octave bands is observed (Klockhoff, 1981). The test is 
highly specific for Meniere's disease, false positive results have never been 
reported. However, the sensitivity of the test is such, that at most 70% of 
the Meniere patients respond (Morgenstern, 1985). The time the patient is 
subjected to the test with respect to the occurrence of an attack seems to 
be the predominant factor here. Also the duration of the disease plays a 
part. "Young" Meniere patients respond best (Black et al., 1981). 

The mechanism by which glycerol exerts its effect is most probably the 
development of an osmotic gradient between blood and labyrinthine fluids. 
The osmotic gradient will result in withdrawal of water from the inner 
ear, which will reduce inner ear pressure. Less inner ear pressure will 
have a purely mechanical effect on the system, increasing its performance. 
However, a substance like mannitol, which definitely induces an osmotic 
gradient does not produce the expected hearing improvement (Angelborg, 
1981). The possibility remains open, that glycerol exerts its effect through 
other mechanisms than withdrawal of inner ear fluids. 
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Electrocochleography 

Another technique used widely to objectively establish the diagnosis of 
Meniere's disease is electrocochleography. With electrocochleography the 
electrophysiological responses of the inner ear are tested. The technique 
was first used constructively on humans by Ruben (1963). Its widespread 
use followed after signal averaging techniques became available. 

The basic technique was mainly developed in Bordeaux (Partmann and 
Aran, 1971). Further important contributors to the development of electro
cochleography as a diagnostic tool are Yoshie and co-workers (1969) and 
Eggermont and co-workers (1974). 

Whereas in the beginning most investigators used transtympanic electro
des, placed on the promontory, nowadays some use extratympanic electro
des, placed in the external meatus (Coats and Dickey, 1970; Ferraro et al., 
1983). The latter method has the advantage of being noninvasive, but 
requires more time and is more critical with respect to signal to noise 
ratio. Moreover, results are more variable with respect to amplitude and 
threshold (Eggermont and Odenthal, 1974). Because puncturing of the 
tympanic membrane very rarely leads to complications [2 minor complica
tions in 160 patients in Leiden (Schmidt and Spoor, 1974), 2 subjective, 
questionable complications in 3000 patients in London (Gibson and Prasher, 
1983)), the transtympanic method seems preferable. 

Another methodological difference, which complicates comparison of 
results across authors, is the stimulation technique used. In the earlier 
days of electrocochleography, a click was the most popular stimulus, 
mainly because it was capable of evoking a highly synchronized, easy-to
measure, compound action potential. However, the frequency content of a 
click stimulus is highly dependent on the electro-acoustic transducer and 
its connection to the ear. Therefore, differences in results between 
different laboratories may be expected. Frequency specific tone bursts are 
better suited for analysis of inner ear diseases, especially when apart from 
the compound action potential, analysis of the behaviour of the hair cell 
evoked potentials (cochlear microphonics and summating potentials) is 
important. The summating potentials seem to be particularly important in 
electrocochleographic studies of Meniere's disease. 

The magnitude of cochlear potentials is highly dependent on electrode 
location. Particularly the cochlear microphonics and the summating 
potentials, but to some extent also the compound action potentials, show a 
considerable place dependency (Kanzaki et al., 1982). Different laboratories 
might have adopted different procedures for positioning the electrode, 
leading to different results. The magnitude of this effect can be reduced 
by using the ratio of summating potential to action potential, instead of 
the absolute magnitude of the summating potential. This ratio is inde-
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Table I 
Several results of electrocohleographical studies of 
Meniere's disease. n.a.: not available. 

Authors Place of Stimulus No.of with with 
measurement ears SM SP/AM 

Gibson et al. promontory click 74 48 n.a. 
1977 

Moffat et al. promontory click 13 11 n.a. 
1977 

Moffat promontory click 1 1 1 
1979 

Eggermont promontory burst 112 few n.a. 
1979 2kHz 

Morrison et al. promontory click 275 162 n.a. 
1980 

Coats meatus click 22 10 14 
1981 

Kitahara et al. meatus click 111 n.a. 67 
1981 

Gibbin et al. meatus click 11 11 n.a. 
1981 

Kanzaki et al. promontory burst 42 27 29 
1982 4,8kHz 

Kumagami et al. promontory click 34 n.a. 21 
1982 

Goin et al. meatus click 29 11 18 
1982 

Gibbin et al. meatus click 24 n.a. 16 
1983 

Ferraro et al. meatus click 3 3 n.a. 
1983 

Gibson and promontory click 44 0 33 
Prasher 
1983 

Dauman et al. promontory burst 23 8 n.a. 
1986 2kHz 

Mori et al. meatus click 56 13 45 5 
1987 



pendent of place when the summating potential and action potential covary 
with place, which seems to be partly true. 

Despite all these complicating factors a fairly clear picture of electro
cochleographical findings in Meniere's disease develops when scanning 
through the literature. In Table I a crosscut of electrocochleographical 
results obtained in Meniere patients by different laboratories is shown. 
Because of the variety of ways in which data were presented, in some 
cases a reevaluation of the data was necessary. Only those ears were 
considered to be abnormal, where summating potential or surnmating 
potential to action potential ratio differed from the mean value found for 
the normal or control group by at least two standard deviations of the 
mean. About half the number of ears presented in Table I shows a de\jant 
surnmating potential, which most authors believe to be typical of Meniere's 
disease. A notable exception is Eggermont (1979), who observed some high 
surnmating potentials in his population of Meniere patients, but questions 
the significance of this finding for clinical use. What already has been said 
about the glycerol test probably also holds for electrocochleography: the 
time the patient is subjected to the test is very important. There is some 
evidence, that the alteration in the summating potential becomes more 
pronounced just before or during an attack (Gibson et al., 1977). 

A further application of electrocochleography lies in the combination 
with the glycerol test. Alterations in the summating potential after taking 
glycerol are considered here. Coats and Alford (1981) found a significant 
decrease of the summating potential after glycerol ingestion in 6 of 11 
ears, whereas the audiometric threshold improved in only 3 of the 11 
cases. Moffat et al. (1978) found a decrease of the summating potential in 
9 ears out of 13. Dauman et al. (1986) found a statistically significant 
decrease in the summating potential evoked by 2 kHz tone bursts in 20 out 
of 23 Meniere ears, whereas only 8 of the 23 ears were considered positive 
in the psychophysical part of the test. Gibbin et al. (1981) found com
parable results. It seems that the decrease of the summating potential 
after glycerol ingestion is the most sensitive test for Meniere's disease. It 
should be kept in mind however, that the case history remains the best 
diagnostic criterium. After all, all of the authors quoted above use the 
case history to define their Meniere group. 

Radiology 

Especially during the last decade a new technique has been introduced in 
the diagnosis of Meniere's disease: computed tomography. The technique is 
used primarily to exclude acoustic neurinomas and other cerebellopontine 
angle tumors as causes of the Meniere-like symptoms observed. Yet, some 
authors believe that abnormalities in the vestibular aqueduct are present in 

6 



Meniere's disease (e.g. Clemis and Valvassori, 1968; Sando and Ikeda, 1984). 
The vestibular aqueduct, which contains the endolymphatic duct appears 
smaller in length, more narrow or is entirely invisible. Stahle and Wilbrand 
(1974) regard this phenomenon as a statistical manifestation and state, that 
it can not be used as a diagnostic criterion. Moreover, Yuen and Schu
knecht (1972) found no differences in endolymphatic duct anatomy in a 
histological study of temporal bones of Meniere patients. In a study of De 
Groot and Huizing (1987) a statistically significant difference in vestibular 
aqueduct anatomy was found between the affected ears of Meniere patients 
and controls, but also between the non-affected ears of Meniere patients 
and controls. The Meniere patients showed less easily visible and smaller 
aqueducts than the control patients. There appeared to be a correlation 
with the duration of the disease, but no correlation between anatomical 
features and hearing loss was found. It seems that, as was found with the 
glycerol test and with electrocochleography, not all Meniere patients come 
out positive. 

Experimental Research 

In order to investigate the pathophysiology of a disease, it is highly 
important to have an (animal) experimental model at one's disposal. This 
general rule also holds for Meniere's disease. From outset on, the atten
tion of the investigators was drawn towards the phenomenon of endolymp
hatic hydrops, associated with the disease. Numerous investigators focussed 
their attention on the endolymphatic duct and sac as a system, important 
for the regulation of the volume of the endolymphatic system. One 
suspected a dysfunction of this system in Meniere's disease. Eventually, 
after several unsuccessful attempts from themselves and others, Kimura and 
Schuknecht (1965) established the technique of evoking an endolymphatic 
hydrops in mammals by obliteration of the endolymphatic duct. The results 
of their studies and those of others will be discussed in the subsequent 
"Experimental Hydrops" section. Approaching the issue from yet another 
perspective, Tonndorf (1957) suggested that it was not the hydrops per se, 
but the displacement of the basilar membrane, due to endolymphatic 
overpressure, which evoked the audiological symptoms. The results of this 
work on cochlear models and of animal experimental work, aimed at 
displacing the sensory system of the inner ear, will be discussed in the 
subsequent "Basilar Membrane Displacement" section. 

Experimental Hydrops 

One of the first attempts to evoke a dysfunction of the endolymphatic 
duct was made by Portmann (1921) on Elasmobranchs (a class of very 
primitive vertebrates, including sharks and rays). With these experiments, 
he was probably the first to evoke an endolymphatic hydrops in an 
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experimental animal, but did not describe it as such, because the term was 
not coined yet (Arenberg et al., 1972). Till 1965, several attempts were 
made to evoke endolymphatic hydrops by disturbing the endolymphatic duct 
and sac in mammals, but the results were not very promising (Naito, 1950; 
Lindsay, 1947; Schuknecht and Kimura, 1953). In 1965, Kimura and Schu
knecht reported on a series of fourteen guinea pigs in which an endo
lymphatic hydrops was evoked by obliteration of the endolymphatic duct. 
In a later report (Kimura, 1967) emphasis was put on the importance of a 
definite, tight obstruction of the duct to obtain a satisfying result. With 
bone wax in the duct a 100 % positive result can be obtained in the 
guinea pig (Kimura, 1968) and the rabbit (Beal, 1968). The intervention is 
partially successful in cats, chinchillas (Kimura, 1968) and rats (Manni et 
al., 1986) and not successful at all in monkeys (Lindsay, 1947; Kimura, 
1968). The reason for this species difference is not known. 

The mechanism through which the endolymphatic hydrops develops is 
most probably the obstruction of the longitudinal flow of endolymph. This 
flow was postulated by Guild (1927) to exist between stria vascularis and 
endolymphatic sac. Further circumstantial evidence was provided by 
Lundquist (1965). In a very elegant experiment, Kimura et al. (1980) found 
additional support for the longitudinal flow theory. They obliterated the 
ductus reuniens, which connects the endolymphatic spaces of cochlea and 
saccule and found endolymphatic hydrops in the cochlea and endolymphatic 
collapse in the saccule. After some time, they also obliterated the endo
lymphatic duct in these animals and found that subsequently an endo
lymphatic hydrops in the saccule had developed. They concluded that a 
longitudinal flow is present with the stria vascularis, utricle and semi
circular canals as sources and the endolymphatic sac and duct as drain. 
The longitudinal flow was actually measured in experiments by Proeschel et 
al. (1984), Giebel (1982) and Salt et al. (1986). 

The most conspicuous cochlear effect of the endolymphatic obliteration 
is of course the distension of Reissner's membrane, but other, more subtle 
changes are also present. The stria vascularis becomes first edematous and 
later atrophic, with the intermediate cells missing (Albers et al. 1987B). 
Degenerative changes in the sensory cells and the spiral ganglion cells at 
the apex of the cochlea are observable one month post-op (Kimura, 1967; 
Albers et al., 1987 A and B; Ruding, 1988)). The outer hair cells are earlier 
and more extensively affected than the inner hair cells (Albers et al., 
1987 A), but the inner hair cells eventually become affected as well. 
Sometimes, nerve cell degeneration precedes hair cell degeneration (Kimura, 
1967). In late stages, the endothelial cells of Reissner's membrane are 
missing and microfistulas occur (Kimura, 1982; Ruding et al., 1986). Some 
authors report rupture and repair structures in Reissner's membrane 
(Ruding, 1988). However, in a morphological study from Jahnke et al. 
(1985) no differences in the attachments between cells lining the endo
lymphatic space could be detected. It is important to note, that most of 
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the degenerative changes described in experimental endolyrnphatic hydrops 
do not occur in most investigated human ears with Meniere's disease, 
though in very "old" Meniere ears similar changes have been described. In 
this respect, the experimental hydrops model is certainly not a perfect 
model for Meniere's disease. 

Following the morphological studies cited above, some investigations 
directed at functional changes in the cochlea during endolyrnphatic hydrops 
have been published. The endolymphatic potential in guinea pigs with 
endolyrnphatic hydrops was found to be decreased in investigations by 
Konishi and Kelsey (1976), Cohen and Morizono (1984) and Kusakari et al. 
(1986). Remarkably, Miyamoto and Morgenstern (1981) found no significant 
decrease of the endocochlear potential in their guinea pigs with an 
endolymphatic hydrops of three months. The cochlear rnicrophonics evoked 
by low-frequency ( 1 kHz) sound decreases within a month post-op 
(Konishi et al., 1981). Van Deelen et al. (1986) found an increased summ
ating potential for 2 and 4 kHz probes, measured at the apex of the 
cochlea 1 and 2 months post-operatively. They also found a tendency of 
decrease of the summating potential at longer periods post-operatively. An 
increased summating potential in endolyrnphatic hydrops has also been 
described by Kumagami and Miyashi (1983) and by Aran et al. (1984) for 
high frequencies at various times post-operatively. At the onset of hydrops 
a variable loss of compound action potential threshold, primarily for 
frequencies below 6 kHz, has been described (Horner and Cazals, 1986; 
Harrison et al., 1984; Aran et al., 1984), developing into more permanent 
losses, also at the higher frequencies, at later times post-op (Morizono et 
al., 1985; Van Deelen et al., 1986). For low-frequency probe tones, latency 
at threshold decreases, indicating a spread of cochlear excitation from 
apex to base in the guinea pig (Horner and Cazals, 1986). Tuning also 
deteriorates (Harrison and Prijs, 1984), especially for the frequencies at 
which a threshold loss occurs. Functional effects of the hydrops are also 
measured at more central levels of the nervous system and are in line with 
the effects found in the periphery, progressive hearing loss, starting at 
the low-frequency side of the audiometric spectrum (Suh and Cody, 1974). 
In an electrophysiological study of experimental endolyrnphatic hydrops in 
the rabbit, a high-frequency hearing loss was found, co-existent with a 
low-frequency loss. The mid-frequencies remained relatively unaffected 
(Martin et al., 1983). This is notably different from the situation in the 
guinea pig. The losses correlated with specific apical and basal degene
ration of the organ of Corti. 

The mechanism through which the functional effects of obliteration of 
the endolyrnphatic duct are produced are still poorly understood. The 
decrease of the endolymphatic potential most probably plays a role in the 
sensitivity loss, but it is difficult to reconcile with an increasing summa
ting potential. There does not seem to be an alteration in the ionic 
composition of the endolymph (Cohen and Morizono, 1984; Konishi and 

9 



Kelsey, 1976; Miyamoto and Morgenstern, 1981) although changed Ca++_ 
activity, which is difficult to measure, might play an important part 
(Meyer zum Gottesberge-Orsulakova and Kaufmann, 1986). A permanent 
displacement of the basilar membrane, brought about by alleged endo
lymphatic overpressure, is probably also important (Tonndorf, 1957). It is 
interesting in this regard, that administration of glycerol to guinea pigs 
with an endolymphatic hydrops lowered their compound action potential 
thresholds and ameliorated their tuning ability (Harrison et al., 1984). The 
effects of displacement of the basilar membrane will be discussed in the 
next section. 

Basilar Membrane Displacement 

The first experiments, aimed at displacing the resting position of the 
basilar membrane, sometimes also called "biasing", were performed by the 
group of Davis (Davis et al., 1958). They observed an increasing negative 
summating potential in scala media, evoked by a 7 kHz tone burst, when 
pressure was increased in either scala vestibuli or scala media. Increasing 
the pressure in scala tympani resulted in a decreasing summating potential 
which occasionally even showed a reversal of polarity. Similar results were 
reported by Butler and Honrubia (1963). The endocochlear potential 
changed in the same direction as the summating potential, in fact changing 
the endocochlear potential with polarizing electrodes evoked comparable 
changes (Davis et al., 1958; Honrubia and Ward, 1969; Durrant and Dallos, 
1972). Experiments in which the cerebrospinal fluid pressure was increased 
showed effects which were comparable to the effects found when scala 
tympani pressure was increased (Allen and Habibi, 1962). 

The above mentioned experiments were aimed at acqumng a static 
displacement of the basilar membrane. A dynamic displacement can be 
achieved by using a high-level, low-frequency tone to slowly move the 
basilar membrane up and down. In this way the system can be tested in 
specific phases of the low-frequency tone ( = specific positions of the 
basilar membrane). By using this technique, Pierson and Moller (1980) 
found modulation of the cochlear microphonics evoked by high-frequency 
tones. The cochlear rnicrophonics increased during scala tympani dis
placement and decreased during scala vestibuli displacement in normal 
guinea pig cochleas. Nieder and Nieder (1968A, 1968B) reported on a series 
of experiments on modulation of cochlear microphonics in guinea pigs and 
cats. They found a decrease of high-frequency cochlear rnicrophonics 
during both half periods of the low-frequency tone. However, it is difficult 
to correlate their findings with basilar membrane displacements, because 
they used rather high frequencies for their low-frequency masker ( 250 
Hz). 

The influence of basilar membrane displacement on the summating 
potential recorded intracochlearly was investigated by Durrant and Dallos 
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(1974). The DIF--component, evoked by 10 kHz probes and measured 
between scala vestibuli and scala tympani, increased (became more neg
ative) during scala tympani displacement and decreased during scala 
vestibuli displacement. At higher levels it occasionally even changed 
polarity. At very high levels, the DIF--component became suppressed. The 
DIF+ -component, evoked by a 1 kHz probe tone showed the same direction 
of change, becoming more positive during scala vestibuli displacement and 
more negative during scala tympani displacement of the cochlear partition. 
The same kind of results could be acquired with electrical bias (Durrant 
and Dallos, 1972; Durrant and Gans, 1975). Making scala media more 
positive leads to the same results as scala tympani displacement and 
making scala media negative leads to the same results as scala vestibuli 
displacements. 

At the eighth-nerve level several interesting experiments have been 
performed. Sachs and Hubbard (1981) observed, in the cat, suppression by 
low-frequency suppressors of the activity evoked by characteristic fre
quency tones. The suppression depended on the phase of the low-frequency 
tone. At phases, where suppression of the evoked activity occurred, 
enhancement of the spontaneous activity was found and vice versa. Sellick 
et al. (1982) found the same results in guinea pigs. They measured 
maximum suppression of the evoked activity during scala tympani dis
placement. Schmiedt (1982) used triangular low-frequency sound to bias 
single-fiber responses in the gerbil. For low-frequency sound, the basilar 
membrane displacement in gerbils follows the first derivative of sound 
pressure (Dallos, 1970). This would mean, that the triangular waveform is 
transformed in a trapezoidal basilar membrane displacement, leading to two 
periods of semistatic displacement of the basilar membrane per period of 
the low-frequency bias. Remarkably, Schmiedt found enhancement of the 
activity, evoked by characteristic frequency tones during scala tympani 
displacement. In a series of experiments, Patuzzi et al. (1984 A,B and C) 
were able to track down the suppression of evoked activity at the single 
unit level, via the inner hair cell receptor potential to basilar membrane 
motion. Maximal reduction in mechanical sensitivity was observed for peak 
displacement towards scala tympani. At high bias levels, a less pronounced 
reduction was found for scala vestibuli displacement of the basilar 
membrane as well. As in all other investigations quoted above, the effect 
was most pronounced when one stimulated at the characteristic frequency 
of the single unit or the position along the basilar membrane. 

At the psychophysical level, Deatherage and Henderson (1967) observed 
modulation of the threshold to high-frequency tone pips, synchronous with 
a low-frequency bias. Zwicker and co-workers (1967, 1977, 1981 and 1987) 
concluded that the largest suppression peak in their so called masker
period-patterns corresponds with scala tympani displacement and the lower 
peak with scala vestibuli displacement of the cochlear partition. They also 
observed suppression of evoked oto-acoustic emissions during scala-tympani · 
displacement. 
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Table II 

Comparison of changes induced by scala tympani 
displacement with changes found in Meniere's 
disease. 

ST DISPLACEMENT 

Endocochlear potential increases 

Cochlear microphonics increase 

Sum.mating potential increases 

Firing rate, evoked by CF tones, 
decreases 

Spontaneous activity increases 

Psychophysical threshold becomes 
higher 

Suppression of evoked oto-acoustic 
emissions 

MENIERE'S DISEASE 

Unknown 

Unknown, probable decrease 

Sum.mating potential increase 

Threshold shift compound AP 

Tinnitus 

Psychophysical threshold 
becomes higher 

Unknown 

The relation between these experiments and Meniere's disease lies in the 
possible displacement of the basilar membrane towards scala tympani in 
this disease. In Table II, a summary of the experimental findings quoted 
above is compared with findings in Meniere's disease. Although some of 
the comparisons are rather questionable, because we do not always have 
comparable data at our disposal, the data agree reasonably well. 

This Study 

In this study, the effects of displacing the basilar membrane by applying 
very-low-frequency sound on several aspects of cochlear physiology are 
discussed. In addition, some new data on functional changes after endo
lymphatic duct obliteration are reported. Measurements were performed 
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with extracochlear electrodes to allow a comparison with measurements in 
Meniere patients. 

Chapter II deals with modulation of summating potentials and compound 
action potentials by low-frequency sound. It presents data on bias-evoked 
changes in round-window potentials in the normal guinea pig. In Chapter 
III, results of a study on hydropic guinea-pig ears are presented. The 
electrophysiological experiment was performed a short time after endo
lymphatic duct obliteration to minimize severe degeneration effects. 
Summating potentials, compound action potentials and cochlear micro
phonics were measured and compared with their counterparts from the 
non-operated side of the same animals. Also, the modulation of these 
potentials by low-frequency sound was measured. The results suggest that 
endolymphatic overpressure, associated with the hydrops, reduces the 
mobility of the basilar membrane, thereby reducing the modulation of 
cochlear potentials by low-frequency sound. In Chapter IV, the electro
physiological data from Chapter III are compared with quantitative data on 
the degree of hydrops in the operated ears. Chapter V presents the same 
kind of data as Chapter III, except that the measurements were performed 
at the apex of the cochlea. Previous research has shown that summating 
potentials, measured at the apex, are more severely affected by the 
endolymphatic hydrops, than those measured at the round window. We 
wanted to investigate whether this place dependency also exists for the 
effects of the hydrops on low-frequency modulation. In Chapter VI, the 
effects of displacing the basilar membrane on the cochlear tuning mec
hanism are discussed. Meniere patients often show decreased frequency
discrimination and pitch shifts in the affected ear. We have investigated 
the effect of displacing the basilar membrane on cochlear tuning in the 
guinea pig with different methods, including the measurement of single
unit tuning curves. 
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CHAPTER II 

Modulation at the guinea pig round window 
of summating potentials and 

compound action potentials by 
low-frequency sound. 

J.F.L. Klis and G.F. Smoorenburg. 

Summary 

Low-frequency sound was used to modulate responses to short single-fre
quency tone bursts at the guinea pig round window. Summating potentials 
(SP) increase (reach higher positive values) during the negative halfcycle 
of the low-frequency cochlear microphonic (LFCM) and decrease during the 
positive halfcycle of the LFCM. The compound action potential (AP) ampli
tude decreases during the negative halfcycle of the LFCM. The negative 
halfcycle of the LFCM can be identified with scala tympani displacement. 
SP modulation depth is defined as the difference between the highest and 
the lowest SP-value found for tone burst stimulation at different phases of 
the low-frequency sound while the sound levels of the tone burst and the 
low-frequency bias are kept constant. When normalized with respect to the 
SP-amplitude found without bias, the SP modulation depth is independent 
of the sound level of the tone burst in the range from 48 to 68 dB. The 
normalized AP suppression tends to increase with decreasing tone burst 
sound level. A dynamic nonlinear mechanism which might explain these 
results is discussed. This mechanism is based on voltage-sensitive conduc
tance changes. 

Introduction 

Low-frequency biasing as a means of investigating cochlear transduction 
has had a small but increasing popularity in auditory physiology and 
psychophysics. The technique is used to examine the modulation by 
low-frequency sound of phenomena being brought about by higher-fre
quency stimulation. 

On the psychophysical level, Deatherage and Henderson (1976) and 
Zwicker (1977) have found distinct threshold elevation, synchronous with 
their sinusoidal low-frequency bias. Dallos (1970) has stated that in humans 
basilar membrane displacement probably corresponds with the second 
derivative of sound pressure. The maximum threshold elevation found by 
Deatherage and Henderson and by Zwicker would then occur at the 
moment of maximum basilar membrane displacement towards scala tympani. 
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On the eighth-nerve level several authors (Sachs and Hubbard, 1981; 
Schmiedt, 1982; Sellick et al., 1982; Patuzzi et al., 1984) have found 
low-frequency modulation of the neural firing rate, which might account 
for this threshold elevation. 

On the transduction level modulation of the high-frequency cochlear 
microphonic has been found by Nieder and Nieder (1968a, b) and Pierson 
and Moller (1980). Durrant and Dallas (1974) found enlargement of the 
DIF·-summating potential with basilar membrane displacement towards scala 
tympani and reduction with displacement in the opposite direction. 
Recently, Patuzzi and Sellick (1984) found reduction of inner hair cell AC 
and DC receptor potentials with basilar membrane displacement towards 
scala tympani. 

We are interested in the technique of low frequency biasing in connec
tion with the physiology of hydropic inner ears as occurring for instance 
in Meniere's disease (Hallpike and Cairns, 1938). In a hydropic inner ear 
the membranic boundaries of the endolymphatic space are distended. This 
is probably caused by endolymphatic overpressure. In the cochlea this 
distension is most manifest in Reissner's membrane. According to von 
Bekesy (1960) the basilar membrane is about 100 times as stiff as Reiss
ner's membrane at the base of the cochlea and about as stiff at the apex. 
Therefore, one might assume a deviant resting position of the basilar 
membrane as well. The distension would be towards scala tympani. 

When performing electrocochleography on human ears suspected of being 
hydropic some laboratories report an enlarged summating potential together 
with elevated eighth-nerve action-potential thresholds (Coats, 1981; Gibson 
et al., 1983; Kitahara et al., 1981). Eggermont (1979) questions the 
significance of these findings for clinical use. In order to be able to make 
a comparison with human electrocochleographic results we investigated the 
effect of low-frequency biasing on extracochlear potentials in the guinea 
pig. 

In this report we will describe the effects of this type of stimulus on 
summating potentials and compound action potentials. As an alternative to 
mechanical nonlinearities we will discuss properties of hair cells, involving 
voltage-sensitive conductance changes, to explain our results. 

Materials and Methods 

Fifteen healthy albino guinea pigs weighing between 150 and 500 grams 
were used. The animals received between 0.5 and 1.0 ml of Thalamonal 
intramuscularly before the experiment. They were anaesthetized with a gas 
mixture containing one part oxygen, two parts nitrous oxide and about 1 % 
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of Halothane. Tracheostomy was performed and the animals were connected 
to an artificial respiration machine designed for small children. If neces
sary, muscular contractions were controlled with tubocurarine. Temperature 
of the animals was kept at approximately 37° C by means of a feedback 
system consisting of a rectal probe and heating blanket. The pinna was 
removed and the bulla was opened retro-auricularly. Recording was 
performed with a silverball electrode on the edge of the round window. 
The animal was grounded through a stainless steel electrode in the neck. 
The experiments were performed in an electrically and acoustically shielded 
box. 

Stimulus generation and data acquisition were fully controlled by a 
PDP-11/23 mini computer system. Tone bursts were calculated point by 
point and stored in a revolving memory consisting of 1024 points with 12 
bit resolution. Most often an 8 kHz tone burst was used but other 
frequencies were tried as well. Rise- and fall- envelopes were cosine 
shaped (4 periods each) and were seperated by a plateau of 2 periods. The 
low-frequency bias stimulus was generated by a Rockland programmable 
generator and was set at 29 Hz. A timer, locked to the bias served to 
release tone bursts at a specified phase of the low-frequency bias stimulus. 
Tone bursts were released every third period of the low-frequency bias in 
order to obtain an inter-stimulus-interval of approximately 100 ms. The 
low-frequency bias stimulus and the high-frequency probe stimulus were 
separately applied to two Beyer DT-48 dynamic telephones. These were 
connected to a hollow ear bar which was inserted into the external 
auditory meatus of the animal. Care was taken to avoid air leakage. 
Calibration of this system was performed using the substitution method 
with a half-inch condenser microphone (Briiel and Kjaer 4134 with 2619 
follower) at the approximate site of the tympanic membrane. 

The responses were amplified (10000 times, bandpass filtered between 10 
and 10000 Hz) and led to a 12 bit AD-converter (Data Translation DT2784). 
Averaging was usually based on between 100 and 500 samples. The ave
raged responses were stored on hard disc for off-line analysis. Action 
potentials were monitored continuously during the experiments. Sometimes, 
accumulated liquid had to be sucked out of the bulla to restore action 
potential amplirudes. 

Results 

Figure 1 depicts a representative result illustrating the phase dependent 
effects of the bias on the response to our standard 8 kHz probe. A series 
of measurements consisted of a control measurement (without bias), eight 
measurements in which the probe was presented at eight different phases 
in the bias with 45 degrees intervals and another control measurement. 
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Fig. 1: Illustrative example of the phase-dependent effects of the low- frequency 
bias on the response to the probe tone. Experiment CA V037; bias:29 Hz, 96 dB 
SPL; probe:8 kHz, 58 dB SPL. Positive potential at round window plotted in 
upward direction. 
A: Upper trace: control response, measured without bias, summating potential (SP), 
NI and N2 deflections are indicated. Lower trace: stimulus envelope. 
B: Eight responses at 45 degree interval. Displacement towards scala tympani (ST) 
during the negative halfcycle and towards sea/a vestibuli (Sv'.) during the subse
quent positive halfcycle. Notice enlargement of SP during ST displacement and 
reduction or even reversal of polarity of SP during SV displacement. The gap in 
each trace is a small segment of the bias cochlear microphonic, which was not 
recorded. 
C: SP as a function of bias phase. 90 degrees corresponds to maximum ST 
displacement. Horizontal line indicates SP control value, measured without bias. 
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The position of the basilar membrane in time can be inferred from the 
low-frequency cochlear rnicrophonic (LFCM). The negative halfcycle of the 
LFCM (Fig. 1 B) recorded at the round window in reference to the neck 
musculature corresponds with basilar membrane displacement towards scala 
tympani, the other halfcycle corresponds with displacement towards scala 
vestibuli (Sellick et al., 1982). Numerical values for the phase of the tone 
burst onset in reference to the LFCM (Fig lC) were obtained in the 
following way: 

First, an estimate was made of this phase for each of the eight indi
vidual measurements, then a recalculation was performed to obtain 
intervals of exactly 45 degrees between the eight values. Following Sellick 
et al. (1982), phase was referred to the negative going zero crossing of 
LFCM. In this way, a phase of 90 degrees stands for maximal displacement 
of the basilar membrane towards scala tympani. 

We also measured the phase shift between LFCM and sound pressure. 
Like Dallas (1970), we found that the LFCM leads the sound pressure. In 
our experiments this phase shift appeared to depend on the level of the 
low-frequency bias tone (Fig. 2). 

18 



9 0 

0 

o~ 

o+ 

I I I I I 

--

1 
40 50 60 70 80 90 100 110 

BIAS LEVEL (dB SPLI 

-

-

Fig. 2: Phase shift 
between the cochlear 
microphonic in 
response to the 29 Hz 
low-frequency bias and 
the bias sound pressure 
as a function of bias 
level. Positive phase 
means that the 
cochlear microphonic 
leads the sound 
pressure. Mean value 
and brackets at plus 
and minus one standard 
deviation of the 
individual measurements 
are indicated. 

The response to the 8 kHz probe can be divided into two parts (Fig. 
lA). At first a positive deflection occurs. Because this deflection has got a 
very small latency and an envelope-following character with regard to the 
probe stimulus we consider this deflection to represent the (early) 
summating potential (SP). Numerical values for the SP were obtained by 
measuring the maximal amplitude of this deflection with respect to the 
baseline in control measurements and with respect to the LFCM in bias 
experiments. It is followed immediately by two consecutive negative 
deflections, the compound action potential consisting of Nl and N2. 
Numerical values for Nl and N2 were obtained by measuring the maximal 
amplitude of these negative deflections with respect to the baseline in 
control measurements and with respect to the LFCM in bias experiments. 
Figure 1B and lC show that the amplitude and polarity of the SP are 
strongly influenced by the low-frequency bias stimulus. The SP is enlarged 
during LFCM-inferred scala tympani displacement and reduced during 
LFCM-inferred scala vestibuli displacement of the basilar membrane. The 
reduction can even go so far as to change the polarity of the summating 
potential. An amplitude reduction for Nl and N2 is found, especially during 
inferred scala tympani displacement. This effect becomes more pronounced 
with lower probe levels (Fig. 3). 

These results can also be seen, though less conspicuously, when a lower 
probe frequency is used. Figure 4 shows the results for a 2 kHz tone burst 
(5 ms total duration, 2 ms rise-,2 ms fall-time). It is very difficult to 
distinguish SP, Nl and N2 components in these responses, mainly because 
of the frequency following behaviour of the action potential at this probe 
frequency. Therefore, it is practically impossible to normalize the SP, Nl 
and N2 components with respect to control values. On these grounds we 
decided not to quantify the results at this probe frequency. Qualitatively, 
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Fig. 3: Illustrative example of the phase-dependent effects of the low- frequency 
bias on the response to a low-level probe tone. Experiment CAV041; bias: 29 Hz, 
86 dB SPL; probe: 8 kHz, 38 dB SPL. Positive potential at round window plotted 
in upward direction. 
A: Upper trace: control response, measured without bias. SP, Nl and N2 def
lections are indicated. Lower trace: stimulus envelope. 
B: Eight responses at 45 degree intervals. Displacement towards ST during the 
negative halfcycle and towards SV during the subsequent positive halfcycle. 
Notice suppression of Nl and N2, especially during ST displacement. The gap in 
each trace is a small segment of the bias cochlear microphonic, which was not 
recorded. 
C: Nl (circles) and N2 (triangles) as a function of bias phase. 90 degrees 
corresponds to maximal ST displacement of the cochlear partition. Horizontal 
lines indicate Nl and N2 control values, measured without bias. 
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the whole complex is clearly at a higher positive voltage during LFCM-in
ferred scala tympani displacement and at a lower, even negative voltage 
during LFCM-inferred scala vestibuli displacement of the basilar membrane. 
Also, there seems to be a reduction of the action potential component in 
the complex, together with an enhancement of the frequency following 
behaviour, especially at LFCM-inferred scala tympani deflection of the 
cochlear partition. 

Figure 5 depicts, for 8 kHz probes, the relation between instantaneous 
bias sound pressure and normalized SP-level (SP as a percentage of the 
control SP, being the mean value calculated from the control measurements 
before and after a bias series, SPcontrol) for one representative animal. 
Data points were taken from three series, each series run at a different 
bias level. All points fit essentially one curve. On this curve, points from 
different series at the same instantaneous basilar membrane displacement 
can have quite different basilar membrane velocities. Therefore one might 
argue that it is the deflection of the basilar membrane which determines 
SP, the velocity of the basilar membrane doesn't seem to be important. 
The slope of the linear part of the function turr. ed out to be markedly 
different for different animals. Averaged across 5 representative animals 
this slope was calculated to be 131 ± 70 % per Pa (highest value:262, lo
west:28). 

SP modulation depth is defined as the difference between the highest 
positive value of SP(SPmax), occurring in the interval from 45 to 135 
degrees and the lowest, sometimes negative value for SP(SPmin) occurring 
in the interval from 225 to 315 degrees. In Fig. 6 the relation between 

21 



150 
[ 

-0-----
2 1 sMs 

ST -- sv 

-

1 s MS 

A 

B 

Fig. 4: Illustrative example of the phase-dependent effects of the low- frequency 
bias on the response to a low-frequency probe tone. Experiment CA V037; bias: 29 
Hz, 96 dB SPL; probe: 8 kHz, 86 dB SPL. Positive potential at the round window 
plotted in upward direction. 
A: Upper trace: control response, measured without bias. 

Lower trace: stimulus envelope. 
B: Eight responses at 45 degree intervals. Displacement towards ST during the 
positive halfcycle and towards SV during the subsequent positive halfcycle. 
Notice that the whole complex reaches higher positive values during ST dis
placement and reaches negative values during SV displacement of the cochlear 
partition. 
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Fig. 5: Relationship between the instantaneous bias sound pressure and the 8 kHz 
SP. The SP was normalized with respect to the control value measured without 
bias (100 % level). Points were taken from three series in which the bias level 
was changed as indicated in the figure. Experiment CA V046; bias: 29 Hz; probe 8 
kHz, 58 dB SPL. 

bias level and this modulation depth in absolute sense (SPmax-SPmin, in 
,11) is depicted for three levels of the 8 kHz probe, averaged over all 
animals in the study. The number of measurements per point varied 
between 6 and 12, because not all conditions could be measured in each 
experiment. 

When normalized with respect to the control value ((SPmax-SPmin) 
divided by SPcontrol) these curves appear to be very similar (Fig. 7). 
Analysis of variance confirmed this (P = .7). Thus, the SP-modulation depth 
can be expressed as a percentage of the SP without bias, irrespective of 
probe level for moderate level probes. 

Figures 8 and 9 show the normalized maximum Nl and N2 suppression, 
respectively, as a function of bias level for three 8 kHz probe levels. The 
maximum suppression was always measured in the interval from O to 180 
degrees. The data presented are average values for 15 animals. Analysis of 
variance showed a significant effect of probe level on the normalized 
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Fig. 6: SP modulation depth as a 
function of bias level for three probe 
tone levels. The SP modulation depth is 
defined as the difference between the 
highest and the lowest value of SP 
occurring at different phases of the 
bias in a phase sequence. The probe 
tone level in dB SP L is indicated at 
each curve. Points are average values 
from all the animals in the study. Bias: 

<i 29 Hz; probe: 8 kHz. 

Fig. 7: Normalized SP modulation depth 
as a function of bias level for three 
probe tone levels. The normalized SP 
modulation depth is defined as the dif
ference between the highest and the 
lowest value of SP occurring at 
different phases in a phase sequence, 
divided by the average SP levels from 
the controls before and after the 
series. The probe tone level in dB SPL 
is indicated at each curve. Points are 
average values from all animals in the 

. study. Bias: 29 Hz; probe: 8 kHz. 
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Fig. 8: Normalized NI suppression as a 
function of bias level for three probe 
tone levels. The normalized NI suppres
sion is defined as the highest reduction 
of NI in a phase sequence, divided by 
the average control values of NI 
measured before and after the series. 
The probe tone level in dB SPL is 
indicated at each curve. Bias: 29 Hz; 
probe8 kHz. 

Fig. 9: Normalized N2 suppression as a 
function of bias level for three probe 

08 tone levels. The normalized N2 suppres
sion is defined as the highest reduction 
of N2 in a phase sequence, divided by 
the average control values of N2 
measured before and after the series. 
The probe tone level in dB SP L is 
indicated at each curve. Bias: 29 Hz; 
probe8 kHz. 
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suppression (p < .05 for Nl, p < .005 for N2). Normalized suppression tends to 
increase with decreasing probe tone level. 

Discussion 

The results presented in this paper clearly show modulation of round 
window responses with basilar membrane displacement caused by low-fre
quency sonic stimulation. Early summating potentials evoked by a high-fre
quency probe tone increase (reach higher positive values) during LFCM-in
ferred scala tympani displacement and decrease (or even become negative) 
during LFCM-inferred scala vestibuli displacement of the cochlear parti
tion. These results corroborate the findings of Durrant and Dallos (1974), 
assuming that their first turn high-frequency DIF-response represents the 
same phenomenon as our early positive 8 kHz summating potential mea
sured at the round window. Because our round window electrode picks up 
potentials mainly from scala tympani of the first turn and because the 
DIF-response is defined as scala vestibuli response minus scala tympani 
response this assumption seems plausible (taking into account a reversal of 
polarity). Our SP-results are also in accord with those observed in 
experiments using intracochlear pressure changes to obtain a deviant 
basilar membrane resting position (Butler and Honrubia, 1963). 

Our whole-nerve action potential results agree well with single-fiber 
studies of several authors (Sachs and Hubbard, 1981; Sellick et al., 1982; 
Patuzzi et al., 1984) in which suppression of activity was found during 
scala tympani displacement of the basilar membrane. In contrast, Schrniedt 
(1982) reports enhancement of the response to a characteristic frequency 
tone during supposed scala tympani displacement. His results however, are 
difficult to interpret because he used a rather complex, nonsinusoidal bias 
stimulus. We sometimes found an apparent increase of the Nl and N2 
responses during scala vestibuli displacement (e.g. in Fig.1) but this effect 
was not very consistent over the animals and might have been caused by 
contamination of the compound action potential with the late part of the 
summating potential. This possible contamination could not be avoided, 
because we wanted the probe to be as short as possible relative to the 
period of the bias stimulus. In this way the exact value of the SP at the 
time of the action potential is not known and one has to make a choice in 
measuring action potential amplitude. In our experiments Nl and N2 
magnitudes were measured with respect to the baserine in control mea
surements and with respect to the low-frequency cochlear microphonic in 
bias experiments. 

Several authors (e.g. Coats, 1981; Kitahara et al., 1981; Gibson et al., 
1983) have described enlarged negative summating potential amplitudes and 
reduced action potential amplitudes in Meniere's disease. Further, it is a 
well established fact, that hydrops of the endolymphatic space plays a part 
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in the pathophysiology of this disease (Hallpike and Cairns, 1938). In view 
of these facts and of our results it now is tempting to conclude, that 
hydrops of the endolymphatic space causes a deviant resting position of 
the basilar membrane: it will be displaced towards scala tympani. Disregar
ding the possible difference between a dynamic displacement, introduced by 
the bias, and a long-term static displacement, assumed for Meniere's 
disease, this deviant resting position in turn could explain that effects 
found for bias are also found in Meniere patients: relative increase in 
summating potential amplitude and reduced action potential amplitudes. The 
opposite SP polarities for humans and guinea pigs are explicable on 
electroanatomical grounds. Electrodes placed on the human promontory 
bone probably pick up scala vestibuli potentials while electrodes placed on 
the guinea pig round window mainly pick up scala tympani potentials (Van 
Deelen and Smoorenburg, 1987). 

We did not find clear nonlinearities in the LFCM-waveform, except for 
the level dependent phase shift (Fig.2), nor did we find clear nonlinearities 
in the probe induced cochlear microphonic waveform. Therefore, we feel 
that the effects on summating potentials described in this paper can not 
be explained by a time-independent nonlinear process operating in hair cell 
transduction. In the past summating-potential generation has often been 
described as such (Johnstone and Johnstone, 1966; Engebretson and 
Eldredge, 1968). 

Since the achievement of intracellular recordings from cochlear inner 
and outer hair cells (Dallas et al., 1982; Russell and Sellick, 1978), 
components of the summating potential have been ascribed to nonlinear 
receptor-potential generation in these cells. A possible mechanism for 
these nonlinearities might be found in dynamic voltage sensitive conduc
tance changes in the membranes of these cells. Such voltage sensitive 
conductance changes have been described in bullfrog saccular hair cells 
(Corey and Hudspeth, 1979; Lewis and Hudspeth, 1983) and turtle cochlear 
hair cells (Crawford and Fettiplace, 1983). 

Realising that this can merely be a suggestion, we would like to propose 
a model based on dynamic voltage sensitive conductance changes to explain 
our results. In order to get a positive potential in scala tympani an 
outward current has to be present in the basal part of the cochlear hair 
cells. In bullfrog saccular hair cells two outward K + -currents have been 
identified by Lewis and Hudspeth (1983). Especially the so called A-type 
K+-conductance seems important with regard to our results because it 
shows voltage-dependent inactivation. The amount of inactivation decreases 
with hyperpolarization of the hair cell membrane. The inactivation 
parameter determines the current strength which can be reached during 
depolarization (Hodgkin and Huxley, 1952 a, b ). In our experiments during 
slow scala tympani displacement of the cochlear partition inner as well as 
outer hair cells become hyperpolarized (Sellick and Russell, 1980; Dallas et 
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al., 1982). Subsequent depolarization is achieved by stimulation with the 
high-frequency probe (Russell and Sellick, 1978) and, in agreement with 
the properties of the A-type K+-conductance described above, we do find 
enlarged positive round window summating potentials in this situation. 
Additional evidence for this model derives from electric biasing expe
riments. When a positive (scala vestibuli versus scala tympani) current is 
driven through the cochlear partition the base of the hair cells will 
become hyperpolarized. In this situation an enlarged summating potential is 
found as well (Durrant and Gans, 1975). Finally, the K+-conductance may 
play a part in the reduction of the neural response. An enlarged outward 
K + -current at the base of the hair cells would at least partially counterba
lance the probe-evoked inward current from the endolymph into the hair 
cells through the transduction channels. A smaller depolarization would_ be 
the result. This could very well be the mechanism for the compound action 
potential reduction in our experiments and the single-unit response 
suppression in the work of others (Sachs and Hubbard, 1981; Sellick et al., 
1982; Patuzzi et al., 1984) during scala tympani displacement. 

It is speculative to correlate certain symptoms of Meniere's disease with 
the mechanism described above. However, increased K+-outflow at the base 
of the hair cells would lead to an increased K + -concentration in the 
narrow extracellular space. This increased K + -concentration would depo
larize afferent nerve fibers which might account for the tinnitus and 
progressive hearing loss which usually accompany Meniere's disease. 
Unfortunately, proof of the existence of the A-type K+-conductance in 
mammalian cochlear hair cell membranes is not (yet) available. 

With our model we can not explain the polarity reversal of the sum
mating potential during LFCM-inferred scala vestibuli displacement of the 
cochlear partition. Possibly, in scala tympani a negative summating 
potential component becomes visible when the positive component is 
reduced. 
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CHAPTER III 

Cochlear potentials and their modulation by 
low-frequency sound in 

early endolymphatic hydrops 

J.F.L. Klis and G.F. Smoorenburg 

Summary 

Seventeen guinea pigs were unilaterally operated to produce endo-
lymphatic hydrops. After 2 weeks (9 animals) or 4 weeks (8 animals), 
extracochlear electrophysiological responses to tone bursts of several 
frequencies were recorded in both the operated and non-operated ears. In 
addition, modulation by low-frequency (29 Hz sinusoidal bias) sound of the 
responses to 8 kHz tonebursts was measured. After the electrophysiologi
cal measurements, the animals were killed and examined histologically. 
Four weeks after the operation, cochlear microphonics in response to a 
500 Hz tone burst and to the 29 Hz bias were significantly smaller in the 
operated ears. The summating potential showed a tendency to be larger in 
the operated ears. The compound action potential input-output curves for 
2 kHz probes showed a small threshold shift accompanied by steep slopes, 
reminiscent of recruitment. Modulation of summating potentials by the 
low-frequency bias was smaller on the operated side. In most cochleae an 
endolymphatic hydrops was observed. Three cochleae showed a collapse of 
Reissner's membrane. 

Introduction 

The discovery of endolymphatic hydrops in temporal bones of Meniere
patients (Hallpike and Cairns, 1938; Yamakawa, 1938) and the development 
of an experimental model for endolymphatic hydrops by obliteration of the 
endolymphatic duct (Kimura and Schuknecht, 1965; Konishi and Shea, 1975) 
have initiated a large number of studies on this subject (Aran et al., 1984; 
Albers et al., 1987; Martin et al., 1983; Morizono et al., 1985; Van Deelen 
et al., 1987). Yet, the basic mechanisms underlying the development of 
endolymphatic hydrops in Meniere ears remain poorly understood. Hypothe
ses about the pathophysiological processes associated with endolymphatic 
hydrops can roughly be classified into a chemical and a mechanical class. 
In the chemical class of hypotheses, ionic inbalances and immunologic 

29 



defects are thought to play a part in the hydrops phenomenon (Yoo et al., 
1982; Brookes, 1986; Meyer zum Gottesberge-Orsulakova and Kaufmann, 
1986). In the mechanical class, an important concept is the idea of 
endolymphatic overpressure, leading to an abnormal operating point of the 
cochlear mechano-electric transduction system (Tonndorf, 1957; Johnstone 
et al., 1986). The receptor organ will be displaced towards scala tympani. 
The research presented in this paper started from the mechanical working 
hypothesis. 

A possible way to investigate how the system functions in an abnormal 
operating point, is to use very-low-frequency sound to slowly shift this 
point. Using this technique, several interesting parallels with the hydropic 
situation were reported. In psychophysical experiments, higher thresh9lds 
were found during inferred scala tympani displacement of the basilar 
membrane (Deatherage and Henderson, 1967; Zwicker, 1977). On the eighth 
nerve level, several authors found a decrease in unit firing rate during 
scala tympani displacement (Sellick et al., 1982; Patuzzi et al., 1984A). 
Also, the compound action potential (AP), evoked by a discrete population 
of eighth nerve fibers, decreases during scala tympani displacement (Klis 
and Smoorenburg, 1985). The displacement of the basilar membrane was 
inferred from the low-frequency cochlear microphonic, according to data 
from Dallos (1970) and Sellick et al. (1982). The summating potential (SP) 
evoked by high-frequency probes increases during scala tympani displace
ment (Durrant and Dallos, 1974; Klis and Smoorenburg, 1985). Enlarged SP's 
are also found electrocochleographically in Meniere patients (Coats, 1981; 
Kitahara et al., 1981; Gibson et al., 1983) and for some frequencies, rn 
hydropic guinea pig ears (Aran et al., 1984; Van Deelen et al., 1987). 

Assuming an abnormal resting position of the basilar membrane and 
increased mechanical tension associated with endolymphatic hydrops, one 
may also assume less mobility of the basilar membrane in the hydropic 
situation and consequently decreased modulation of cochlear potentials by 
low-frequency sound. Decreased modulation of cochlear potentials was 
found by Morizono and Sikora (1984) in hydropic guinea pig ears. 

Most work on hydropic inner ears has been done relatively long after 
obliteration of the ductus endolymphaticus (i.e. more than one month 
after). After such a period of time, outer hair cell loss might affect 
results in addition to the hydrops itself (Albers et al., 1986). In order to 
exclude the effects of hair cell loss, the present experiments were 
performed within one month after the operation. 

In this paper we basically want to address three questions: 
1) Is there an effect of endolymphatic duct obliteration on cochlear 
potentials in less than one month after the operation? 
2) Is there a difference in the manner in which SP and AP are modulated 
by low-frequency sound in hydropic and control ears within this period of 
time? 
3) Is it possible to relate electrophysiological effects to changes in 
morphology? 
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Materials and Methods 

Seventeen albino guinea pigs weighing between 250 and 450 g were used. 
The animals received 0.18 ml Thalamonal per 100 g body weight intra
muscularly before the obliteration. They were further anaesthetized with a 
gas mixture containing one part oxygen, two parts nitrous oxide and about 
1 % of Halothane. Inhalation was spontaneous. Surgical obliteration of the 
endolymphatic duct and sac was performed unilaterally through an extra
dural posterior fossa approach (Konishi and Shea, 1975) under sterile 
conditions. 

The electrophysiological measurements were carried out two weeks (9 
animals) or four weeks (8 animals) after obliteration. The animals again 
received Thalamonal and the gas mixture. Tracheostomy was performed and 
the animals were connected to an artificial respiration machine designed 
for small children. Temperature of the animals was kept at approximately 
37 °C using a thermostatically controlled system. On both sides, the pinnae 
were removed and the bullae were opened retro-aurically. 

Recording was performed with a silverball electrode on the nm of the 
round window. The reference electrode was a stainless steel electrode in 
the neck. The experiments were performed in an electrically and acousti
cally shielded room. 

Stimulus generation and data acquisition were controlled by a PDP 11/23 
Illlrncomputer system. Tone bursts were calculated point by point and 
stored in a revolving memory, containing 1024 samples with 12 bit 
resolution. Input-output curves for cochlear microphonics (CM), SP and AP 
were collected with the five tone bursts displayed · in Table I. Rise- and 
fall-envelopes were cosine shaped. The stimuli were applied in alternating 
phase to a Beyer DT48 dynamic telephone connected to a hollow ear bar 
which was inserted into the external auditory meatus. For the low
frequency bias experiment we used an 8 kHz tone burst of only 5 ms in 
duration, because the duration of the tone burst should be small in 
comparison with the period of the low-frequency bias. Rise- and fall
envelopes of this tone burst were cosine shaped (8 periods each). The low
frequency bias was generated by a Rockland programmable generator at 29 
Hz. A timer, phase-locked to the bias, served to release tone bursts at a 
specified phase of the low-frequency bias. The tone bursts were released 
every third period of the bias in order to obtain an interstirnulus interval 
of approximately 100 ms. The bias stimulus was applied to a second Beyer 
DT48 and mixed acoustically with the tone burst to avoid any nonlinear 
distortion. Three bias levels and three probe levels were used in the bias 
experiment. 

Calibration of the system was performed using the substitution method 
with a half-inch condenser microphone (Briiel and Kjaer 4134 with 2619 
follower) at the approximate site of the tympanic membrane. 

31 



TABLE I 

Time structure of the tonebursts. 

FREQUENCY 
(kHz) 

8 

4 

2 

1 

.5 

RISE/FALL TIME PLATEAU 
( expressed in periods) 
8 48 

4 24 

3 10 

2 4 

2 2 

DURATION 
(ms) 

8 

8 

8 

8 

12 

The responses were amplified (bandpass filtered between 1 Hz and 10 
kHz) and fed to a 12 bit AD-converter (Data Translation DT 2784). 
Averaged responses were stored on hard disc for off-line analysis. In the 
experiments without low-frequency bias, the SP was measured as the 
average level in the last millisecond of the steady phase of the stimulus 
with reference to the baseline (Fig. 1). The AP was measured in reference 
to the SP (Ni-SP in Fig. 1). In the bias experiment essentially the same 
procedure was applied. To this end the low-frequency cochlear micro
phonic, evoked by the bias alone, was first subtracted. 

After the electrophysiological experiments, fixation was performed 
transcardially. The blood of the animal was replaced by a physiological 
saline solution. This was subsequently replaced by a tri-aldehyde fixative 
(3% glutaraldehyde, 2% formaldehyde, 1 % acrolein and 2.5% dimethyl
sulfoxide in 0.08 M sodium cacodylate buffer; pH 7.4). After this both 
temporal bones were removed and decalcified in 10% EDTA-2Na (pH 7.4) 
for about two weeks, postfixed in 1 % Os04, dehydrated in a graded 
ethanol series and embedded in Spurr's low-viscosity resin. After dividing 
the cochleae along a midmodiolar plane, they were ready for semi-thin (1 
µm) sectioning and light-microscopic evaluation. 

N2- -----

N1- --- - ~-
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Fig. 1: Method of measurement of SP 
and N 1• SP is measured as the DC
level of the response in the last 
millisecond of the stimulus. N is 
measured with respect to this DC-level. 
Probe:8 kHz, 72 dB SPL, 8 ms duration. 



Results 1; 

1) Effect Of The Operation On Input-Output Curves. 

To suppress effects of possible, non-specific damage from the operation 
itself, we compared the results from the operated ears with those fwm the 
contra-lateral, non-operated ears, instead of comparing the results from 
operated ears to the responses in normal animals. Fig. 2 shows the CM 
input-output curves at the stimulus frequencies 0.5, 2 and 8 kHz for the 
operated and non-operated ears 2 weeks after the operation and for those 
4 weeks after the operation. Data in Fig. 2 ';are mean values from all 
animals (9 in the 2 weeks group, 8 in the 4 weeks group). The peak-to
peak values of the CM, measured at the highest three levels, were 
subjected to t-tests. Comparing the data from the operated group with 
those from tl}e non-operated group, the only statistically significant 
difference was found in the 4 weeks group at 0.5 kHz, the CM being 
smaller at the operated side (arrows). The same re,siilt was found for pair
wise comparisons in which each operated ear was compared with its non
operated contra-lateral mate. 

cochlear microphonics 
500-()JV) 

A 
0.5 kHz 

B 
2kHz 

C 
8kHz 

- -

I w••ks I 
• opuatcd 4 

-0 control 4 -

I 
• op<ral<d 2 I 
6 control 2 

- -

1-1-1-1 t--1-1~ 1-1-1-1 

10 30 50 70 20 40 60 80 30 50 70 90 
probe level (dB HL) 

J:ig. 2: Cochlear microphonics 
mput-output curves for three 
frequencies. Data are mean peak 
to peak values from all animals 
grouped according to received 
treatment and postoperative 
period. Significant differences 
were found for high level 0.5 kHz 
microphonics (arrows). Levels are 
expressed in Hearing Level, which 
is defined here in reference to 
AP-threshold in normal guinea pig 
ears and which is 40 dB SPL for 
0.5 kHz, 27 dB SPL for 2 kHz and 
-2 dB SPLfor,8 kHz. 
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Fig. 3: Summating potential input-output curves for three frequencies for the 4 
groups in the study. Data are mean values from all animals grouped according to 
received treatment and postoperative period. Levels are expressed in Hearing 
Level, which is defined here in reference to AP-threshold and which is 27 dB SPL 
for 2 kHz, 23 dB SPL for 4 kHz and -2 dB SPL for 8 kHz. 

Fig. 3 shows the averaged SP input-output curves for the operated and 
control ears, 2 and 4 weeks after surgery. The results for 2, 4 and 8 kHz 
only are presented. The measurements at 1 and 0.5 kHz were not reliable, 
because of the frequency following effect found with these frequencies. At 
low stimulus levels the SP is virtually absent in both the operated and 
control ears, 2 and 4 weeks after obliteration. At intermediate levels SP's 
are small and negative and the values tend to scatter a lot. At the highest 
levels they are positive for all stimulus frequencies used. The level at 
which polarity reversal occurs decreases with increasing frequency. For the 
highest three levels at each frequency, the data were subjected to t-tests. 
In all conditions except two (i.e. 2 kHz, 70 and 80 dB HL in the 2 weeks 
group), the operated ears show a larger (i.e. more positive) SP than the 
controls. However, the data were not sufficiently different to acquire 
significance at the 5% level in t-tests; not for group-wise comparisons, nor 
for pair-wise comparisons. 

Fig. 4 shows averaged input-output curves for the N1 part of the 
compound action potential for 2 and 4 kHz probes. Significant differences 
between operated and non-operated ears were found only in the 2 weeks 
group for low-level 2 kHz probes (arrows), the Nl on the operated side 
being smaller. At 4 kHz, similar, but smaller, effects were found. At 0.5, 1 
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Fig. 4: Action potential amplitude 
(NJ input-output curves for the 
4 groups of ears in the study. 
Data are mean values from all 
animals in each group. Significant 
differences between operated and 
non-operated ears were found for 
low-level 2 kHz probes (arrows). 
Levels are expressed in Hearing 
Level, which is defined here in 
reference to AP-threshold and 
which is 27 dB SPL for 2 kHz and 
23 dB SPL for 4 kHz. 

and 8 kHz the effects were comparable to those at 4 kHz. Therefore only 
the curves for 2 and 4 kHz are shown. In contrast with the situation at 
low levels, there were no effects of the operation at high levels. This is 
reminiscent of the recruitment phenomenon found psychophysically in some 
cochlear pathologies. 

2) Effects Of The Operation On The Modulation By Low-Frequency Sound. 

In Fig. 5 the relation between bias level and low-frequency cochlear 
microphonic (LFCM) is shown for the 4 groups of ears in the study. Data 
are mean values from all ears in each group. Analysis of variance was 
performed on the data. This was done separately for the 4 weeks group 
and the 2 weeks group by comparing for each group the operated versus 
non-operated ears. In the 4 weeks group, the smaller LFCM in the 
operated ears, as noticeable in the figure, was found to be just significant 
(p=4.9%). The standard deviation of the mean values in Fig.5 is about 30 % 
of the mean value. The data suggest a progressive decrease of the LFCM 
in time after the operation. 
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Fig. 5: Low-frequency cochlear micro
phonic as a function of bias level for 
the 4 groups of ears in the study, 
grouped according to received treatment 
and postoperative period. Data are mean 
peak to peak values from all ears in 
each group. 

Fig. 6 shows the phase dependence of SP and AP, evoked by 8 kHz 
probes, in both the non-operated (Fig. 6A) and operated (Fig. 6B) ear of a 
representative animal at one probe level and one bias level. The SP 
becomes larger with scala tympani displacement of the cochlear partition 
and becomes smaller, even negative, with scala vestibuli displacement. The 
displacement was inferred from the LFCM (Klis and Smoorenburg, 1985). 
The SP control value, measured without bias, is larger in the operated ear, 
in agreement with the results reported in Fig. 3. The SP-modulation depth 
is somewhat smaller in the operated ear. The AP decreases in a phase 
dependent manner, with usually the highest decrease occurring near 
maximum scala tympani displacement, and a second minimum near maximum 
scala vestibuli displacement. 

For all animals, the modulation data were collected at three probe levels 
and three bias levels in both the operated and non-operated ears. SP
modulation data were obtained as follows. At eight phases of the bias, the 
SP evoked by the probe was . measured. The eight SP's so gathered were 
subjected to Fourier analysis. The amplitude of the first harmonic resulting 
from the Fourier analysis was taken as SP-modulation depth. Averaged SP
modulation depth for the 4 groups as a function of bias level and probe 
level is depicted in Fig. 7. For all conditions, the operated ears show a 
slightly smaller modulation depth. The modulation depth decreases with the 
post-operative time interval increasing from two to four weeks. This is in 
line with the decrease of LFCM. Analysis of variance of the 2 weeks and 
4 weeks groups separately, showed no significant effect of the operation 
on SP-modulation depth in neither the 2 weeks group, nor the 4 weeks 
group. 

Measurements of AP amplitude show suppression by low-frequency 
biasing. This suppression depends on the phase of the low-frequency bias. 
It reaches a maximum during scala tympani displacement of the basilar 
membrane, a secondary maximum is usually reached during scala vestibuli 
displacement (Fig. 6). Fig. 8 shows the normalized AP suppression data. 
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Fig. 6: Phase dependence of AP and SP in the non-operated ear (A) and the 
operated ear (B) of one representative animal in a bias experiment. Bias frequen
cy: 29 Hz, level:94 dB SPL. Probe frequency: 8 kHz, level:58 dB SPL. Note sine
like modulation of SP around control value and phase dependent AP suppression, 
which reaches a maximum during sea/a tympani displacement of the cochlear 
partition. The SP-control value (straight line) is larger in the operated ear (B), 
while the SP modulation depth is somewhat smaller in the operated ear. 

The data were normalized by measuring N1 amplitude at maximum scala 
tympani displacement and dividing this datum by the mean N1 amplitude, 
measured without bias just before and after collecting the modulation-data. 
No clear effect of the operation can be observed in these data. Analysis of 
variance showed no significant differences between operated and non
operated ears. The effect of probe level was significant (p<0.01). The 
normalized suppression decreases with increasing probe level. 

3) Histological Results. 

Light-microscopic examination of the operated temporal bones revealed a 
clear endolymphatic hydrops in 12 of the 17 operated ears. In 3 animals (2 
in the 2- weeks group and 1 in the 4-weeks group), we found only a 
collapse of Reissner's membrane. In these cases we also found Reissner's 
membrane to be elongated. In 2 animals (1 in the 2-weeks group and 1 in 
the 4-weeks group) no clear hydrops was found. Representative examples 
of the three histological findings are shown in Fig. 9. The non-operated 
ears of 15 of the animals did not differ from normal. Two of the non
operated cochleae were lost in histological processing. 

Discussion 

The results presented in this paper indicate that already within a month 
after the operation effects of the obliteration of the ductus endolympha
ticus are present. Morphological examination revealed an extension of 
Reissner's membrane in the majority of cases (Fig. 9). The CM evoked by 
high-level 0.5 kHz tones were significantly smaller in the operated ears 
(Fig. 2). The SP for high-level probes showed a tendency to be larger in 
the operated ears (Fig. 3). The AP (N1) input-output curves showed a small 
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Fig. 8: Normalized N1 suppression as a function of bias level for three probe 
levels indicated in the three panels in dB SPL. Probe frequency is 8 kHz. Data 
are mean values from all ears, grouped according to received treatment and 
postoperative survival time. 
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threshold elevation accompanied by recruitment-like steeper slopes for 2 
kHz probes (Fig. 4). Although the electrophysiological effects are rather 
small and confined to the lower frequencies, they can be considered as 
forerunners of the pathological changes found in other studies with longer 
postoperative periods (Aran et al., 1984;Martin et al., 1983; Morizono et 
al., 1985; Harrison et al., 1984; Van Deelen et al., 1987). 

The most salient effect found in the bias experiment was the progressive 
decrease in LFCM after the obliteration (Fig. 5). These data are similar to 
those from Morizono and Sikora (1984). The SP-modulation data show the 
same general direction: the effect of the bias is smaller on the operated 
side in all conditions (Fig. 7). A consistent difference in AP suppression 
between operated and non-operated ears was not found (Fig. 8). Morizono 
and Sikora (1984) did find an effect of the obliteration on AP-suppression 
by low-frequency biasing. Their longer postoperative intervals might 
explain the discrepancy between their results and ours. Most effects of 
endolymphatic hydrops show a progressive development with time. 

An analysis of the data, excluding the animals with a collapse of 
Reissner's membrane (3) and excluding the animals which did not show 
definite bulging of Reissner's membrane (2), did not result in substantial 
differences in significance. 

A collapse of Reissner's membrane after obliteration of the ductus 
endolymphaticus has been described before in guinea pigs (Shinkawa and 
Kimura, 1986). It also has been observed in temporal bones of Meniere 
patients (Nadol, 1986). It is not clear whether the collapse is a situation 
which also existed during the electrophysiological recordings, or whether it 
is an artifact of the histological preparation. In some of the animals in the 
hydrops population, a hydrops was found in most turns of the cochlea, 
coexistent with a collapse in one or two turns. No disturbances were 
observed in non-operated ears. 

Presuming that the SP-enlargement found in experimental hydrops and 
the enlargement found with scala tympani displacement during low-fre
quency biasing, have the same underlying mechanism, i.e. an abnormal 
resting position of the basilar membrane, it is possible to make a rough 
estimate of basilar membrane displacement in an hydropic cochlea. Patuzzi 
et al. (1984B) have measured basilar membrane displacements in the first 
turn of guinea pig cochleas for a 33 Hz tone in low-frequency biasing 
experiments. They used high levels for their low-frequency bias tone 
(about 110 dB SPL) and measured basilar membrane displacements falling in 
the range from 5 to 87 nm. We found on average an increase of SP by 
roughly a factor of two in the hydropic · cochleae of the 4 weeks group. 
This is equivalent to an SP-modulation depth of 200% which is found at a 
bias level of about 90 dB SPL (Klis and Smoorenburg, 1985). This would 
mean that in our hydropic cochleae the displacement of the basilar 
membrane towards scala tympani falls in the range of 1 to 10 nm. It is 
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evident, that it is impossible to observe such small displacements in an 
histological preparation. 
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Fig. 9: Histological results. 9A: Normal, though operated, cochlea. 9B: Endo
lymphatic hydrops. 9C: Collapse of Reissner's membrane. Note elongation of 
Reissner's membrane compared to normal. 
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CHAPTER IV 

Quantification of the relation between 
functional and morphological changes in 

experimental endolymphatic hydrops. 

Klis, J.F.L., Buys, J. and Smoorenburg, G.F. 

Summary 

A method is described to quantify the degree of hydrops in guinea pig 
ears which have undergone unilateral endolymphatic sac and duct obli
teration. For 15 guinea pigs out of the study of Klis and Smoorenburg 
(1987), the correlation between the degree of hydrops and several electro
physiological measures of the functional state of the cochlea was determi
ned. A strong correlation between the degree of hydrops and a reduction 
in the low-frequency cochlear microphonic, evoked by a 29 Hz tone, was 
found. No correlation was found between the degree of hydrops and the 
summating potential evoked by 8 kHz probes. A weak correlation was 
found between the degree of hydrops and a reduction in the compound 
action potential, evoked by 2 kHz probes. Possible differences in the way 
the endolymphatic duct obliteration exerts its effect on the different 
cochlear potentials are discussed. 

Introduction 

The most widely used experimental approach towards obtaining a better 
understanding of Meniere's disease is the inducement of endolymphatic 
hydrops in the inner ears of animals (Morgenstern, 1985). The technique of 
inducing an endolymphatic hydrops by obliteration of the endolymphatic 
duct and sac was developed by Kimura and Schuknecht (1965) and later 
modified by Konishi and Shea (1975). 

The most conspicuous morphological changes in the first three months 
after obliteration are distension of Reissner's membrane, degeneration and 
loss of outer hair cells and degeneration of the stria vascularis (Kimura, 
1981; Albers et al., 1987A,B). Longer postoperative periods show a degene
ration of the inner ear, which is much more severe than the degeneration, 
which is generally found in the inner ear of Meniere patients. 

Functional changes after small postoperative periods include an increase 
of the summating potential, when measured at the apex (Van Deelen, 
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1986),fluctuating thresholds of the compound action potential, evoked by 
low-frequency tonebursts (Horner and Cazals, 1986) and a decrease in the 
low-frequency cochlear microphonics (Morizono et al., 1985; Klis and 
Smoorenburg, 1987). 

Common to all functional and morphological changes is the large 
variability among animals. In this paper, we therefore want to conduct a 
quantitative analysis of the relation between morphological and functional 
changes in early endolymphatic hydrops. Measurements of the degree of 
hydrops in an animal will be compared with electrophysiologically acquired 
data. In this way, we hope to gain more insight into the development of 
the effects and their interrelations. The electrophysiological results, which 
are used in this paper have been published before as averages over groups 
of ears (Klis and Smoorenburg, 1987). 

Materials and Methods 

Seventeen healthy, albino guinea pigs were used in this experiment. 
Animal surgery and electrophysiological data-acquisition have been descri
bed before (Klis and Smoorenburg, 1987) and will not be discussed here. 
The right ear of each animal was operated. The left one was used as 
control. After 2 weeks (9 animals) or 4 weeks (8 animals) electrophysio
logical measurements were performed on both ears of each animal. The 
electrode was placed near the round window. Potentials, pertinent to this 
paper were the low-frequency cochlear microphonic, the summating 
potential, evoked by 8 kHz probes and the compound action potential, 
evoked by 2 kHz probes. These frequencies were chosen from the ones 
available, because at these frequencies the effects of the operation were 
relatively clear, when averages over ears were compared. 

After the electrophysiological experiment, fixation was performed 
transcardially with a tri-aldehyde fixative (3 % glutaraldehyde, 2 % 
formaldehyde, 1 % acrolein and 2.5 % dimethylsulfoxide in 0.08 M sodium 
cacodylate buffer; pH 7.4). The temporal bones were removed and decal
cified in 10 % EDTA-N~ (pH 7.4). After about two weeks, they were 
postfixed in 1 % Os04 and dehydrated in a graded ethanol series. They 
were embedded in Spurr's low-viscosity resin. Subsequently, the cochleae 
were divided into two parts along the mid-modiolar plane and re-embedded 
in Spurr's low-viscosity resin. Semi-thin sectioning (1 µm), as close as 
possible and parallel to the mid-modiolar plane was performed. The 
sections were stained with Methylene-blue and Azure B. 

The sections were now ready for quantitative analysis. They were 
projected on the videoscreen of a Quantimet 720 Image Analyzer. The area 
of scala media (SM) and scala vestibuli (SV) was measured in each turn of 
the cochlea at both the right side and the left side of the modiolus. This 
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Fig. 1. Measurement of the proportional area. Scala media area (A) is divided by 
the area of sea/a media and scala vestibuli (B) together. 

procedure was performed for both ears, the operated right ear and the 
non-operated left ear, of each animal. The procedure was performed for 
two sections of each ear. Thus, we had 4 measurements per turn and the 
average of these measurements was calculated. In order to compensate for 
deviations in the plane of sectioning, the ratio of SM-area to SM+ SV area 
was calculated for each turn in both ears of each animal (Fig. 1). This was 
called the proportional area. For each turn, we divided the proportional 
SM area from the right ear by the proportional SM area from the left ear. 
This ratio was called the SMA-ratio. It is close to 1 if there is no 
difference between the right and left ear, it is smaller than 1 if there is a 
collapse of Reissner's membrane and it is larger than 1, if there is an 
endolymphatic hydrops in the right ear. As a measure of the effect of the 
operation, we decided to use the maximum of the SMA-ratio, regardless of 
the turn in which it occurred. 

Two animals were discarded, because of poor histology of the left ear. 
Thus, we had a quantitative estimate of the effect of the operation on 
cochlear morphology for 15 animals in two postoperative groups. 
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Fig. 2 Scatter plots of the ratio of the low-frequency cochlear microphonic 
(LFCM right/LFCM left) versus the maximum SMA-ratio for three levels of the 29 
Hz tone. Correlation coefficients are indicated in each plot together with their 
significance (p-values). 

The product-moment correlation coefficient was calculated for the 
relation between this morphological measure and the electrophysiological 
measures. For this purpose, the electrophysiological data from the two ears 
of one animal had to be transformed into one measure. This was performed 
in several ways, described in the Results section. The correlation coeffi
cients were corrected for small sample size, according to the method of 
Kendall and Stuart, which is described in Sokal and Rohlf (1969). 

Results 

The degree of hydrops, reflected in the maximum SMA-ratio, found in 
the 2 weeks group did not differ significantly from the result in the 4 
weeks group. In the 2 weeks group, the average maximum hydrops ratio 
was 2.39 ± 0.96 (s.d.), in . the 4 weeks group it was 2.27 ± 0.76 (s.d.). On 
the basis of these findings, we decided to pool the data from the 2 and 4 
weeks group. 

The low-frequency cochlear microphonic (LFCM), in response to a 29 Hz 
tone, was measured in all ears. When the LFCM from right ears was 
compared with the LFCM from left ears, analysis uf variance revealed that 
the LFCM in the right ears was significantly smaller (Klis and Smooren
burg, 1987). Per animal, we calculated the ratio of the LFCM in the right 
ear to the LFCM in the left ear. Scatter plots of this ratio, for three 
levels of the 29 Hz tone, against the maximum SMA-ratio, are presented in 
Fig. 2. The LFCM-ratio decreases with increasing maximum SMA-ratio. The 
correlation coefficients are indicated in the figure. The correlation was 
significant for all three levels (p-values in Fig. 2). The highest degree of 
correlation was found at the lowest level of the 29 Hz tone (Fig. 2C) and 
the lowest at the highest level of the 29 Hz tone (Fig. 2A). 
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Fig. 3. Scatter plots of the difference in SP between right (operated) and left ear 
versus the maximum SMA-ratio for three levels of the 8 kHz probe. Correlation 
coefficients are indicated in each plot. None of the correlation coefficients was 
significant. 

Because the summating potential (SP) for 8 kHz at the round window 
was negative in some cases, we decided to use the difference between 
right and left ear as a measure for the effect of the hydrops. The 
difference of the SP between right and left ears in this group of animals 
was most marked for high level, 8 kHz probe tones (Klis and Smoorenburg, 
1987), the SP being higher in the operated ear. This difference was not 
significant when averages over ears were compared in t-tests. In Fig. 3, 
scatter plots for the difference in the SP, versus the maximum hydrops 
ratio, are presented for three levels of the 8 kHz probe tone. There was 
no significant correlation between the SMA-ratio and the difference in SP. 

Klis and Smoorenburg (1987) described smaller compound action poten
tials (AP) in the operated ear for 2 kHz, low-level probes. This difference 
was significant in t-tests, comparing the averages over right and left ear. 
We calculated the ratio of the AP from the left ear to the AP from the 
right for each animal. In Fig. 4, scatter plots of this ratio versus the 
maximum SMA-ratio are presented together with correlation coefficients. 
The correlation coefficients did not reach the 5% significance level for any 
of the probe levels, though it came very close for the 57 dB SPL probe 
level. 

Discussion 

In this paper, a method is described to quantify the degree of hydrops 
in ears, which have endured endolymphatic duct obliteration. Per turn of 
the cochlea, we have measured the ratio of SM area to SM+ SV area, 
instead of simply using SM-area. This ratio was called the proportional SM 
area. This procedure compensates for unavoidable inaccuracy in the angle 
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Fig. 4. Scatter plots of the ratio of the compound action potential (AP left/AP · 
right) versus the maximum SMA-ratio for three levels of the 2 kHz probe. 
Correlation coefficients are indicated in each plot. None of the coefficients was 
significant, though the corralation coefficient for the 57 dB SPL probe came very 
close. 

of sectioning. To compensate for possible differences in inner ear anatomy 
between animals, we have calculated the ratio of the proportional area's 
from right and left ears. This ratio was calculated for each turn of the 
cochlea. As a measure of the degree of hydrops, we decided to use the 
maximum of this SMA-ratio, regardless of the turn in which it occurred. It 
should be emphasized, that this is an arbitrary choice. Other procedures 
might be valid as well. We have tried some other procedures, including 
also ST area and the perimeter of all scalae. However, we have adopted 
the procedure above, because of its ease of use, while the results were 
still compatible with subjective ratings like mild, moderate and severe. One 
might also propose to use the average of the SMA-ratio over all turns. 
However, the hydrops was frequently confined to one or two turns. 
Therefore, this alternative procedure would not discriminate very well. 

A significant correlation was found, between the degree of hydrops and 
the reduction in LFCM. This correlation decreases with increasing level of 
the low-frequency tone. The latter can be explained by the saturation of 
the LFCM at high levels, where the LFCM from operated ears approaches 
that from the unoperated ears (Klis and Smoorenburg, 1987). Two animals 
in this series were found to have a maximum SMA-ratio of less than one. 
They showed a collapse of Reissner's membrane in the operated ears. A re
analysis of the LFCM-data, excluding these two animals, resulted in 
smaller correlation coefficients. However, the correlation coefficient was 
still significant at the 5% level when the bias level was 74 dB SPL. 

Although there is a significant correlation between the maximum SMA
ratio and the LFCM-ratio, there is no such correlation between the 
maximum SMA-ratio and the difference in summating potential between left 
and right ear. This suggests different mechanisms for both effects. 
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An endolymphatic hydrops probably exerts its effect on cochlear 
potentials through several physiological intermediates. An important one is 
the decrease of the endocochlear potential (Kusakari et al., 1986). Another 
one may be endolymphatic overpressure, leading to distension of Reissner's 
membrane and probably also the basilar membrane (Tonndorf, 1957). 

Overpressure in the endolymph may affect the movability of the basilar 
membrane. The correlation between distension of Reissner's membrane and 
reduction of the LFCM supports the hypothesis, that overpressure in the 
endolymph is an important factor, contributing to this reduction, provided 
that the distension of Reissner's membrane can be considered to be related 
to this overpressure. The reduction of the endocochlear potential is too 
small to fully account for the reduction of the LFCM. 

Klis and Smoorenburg (1985) suggested that the enlarged SP in hydropic 
guinea pig ears (Van Deelen, 1986) and in some Meniere patients might be 
caused by permanent displacement of the basilar membrane towards scala 
tympani. Because there is no correlation between permanent displacement 
of Reissner's membrane and the magnitude of the SP, the results from this 
study suggest a more complex mechanism. The reduction of the endo
cochlear potential might be more important here. The SP is generally 
thought to consist of several components. If the SP is the resultant of a 
negative component, which becomes smaller, when the endocochlear 
potential becomes smaller, and a positive component, which is not depen
dent on endocochlear potential, the resultant would become larger, when 
the endocochlear potential becomes smaller. If the correlation between 
reduction of the endocochlear potential and distension of Reissner's 
membrane is weak, the correlation between magnitude of the SP and 
distension of Reissner's membrane would also be weak. Further research on 
both the nature of the SP and the relation between the various changes 
after endolymphatic duct obliteration is necessary to clarify this point. 

The effect of endolymphatic hydrops on the AP could stem from both 
the two mechanisms described above: a reduction of the endocochlear 
potential and a reduced movability of the basilar membrane. Both would 
exert a deteriorating effect on the transduction process, of which the AP 
can be considered to be an end product. 
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CHAPTERV 

Modulation by low-frequency sound 
of cochlear potentials, 
measured at the apex, 

in early endolymphatic hydrops. 

Klis, J.F.L., Schmidt, J.Th. and Smoorenburg, G.F. 

Summary 

Eighteen guinea pigs were unilaterally operated to produce endolymphatic 
hydrops. After 1 week (7 animals) or 2 weeks (11 animals), modulation of 
extracochlear electrophysiological responses was recorded at the apex of 
the cochlea. The measurements were performed in the operated ear and in 
the contra-lateral ear. Modulation of responses to 8 kHz tone bursts was 
brought about by low-frequency sound (29 Hz sinusoidal bias). After the 
electrophysiological measurements, the animals were killed and examined 
histologically. One and 2 weeks post-operatively, cochlear rnicrophonics in 
response to the 29 Hz bias were significantly smaller on the operated side. 
Modulation by the low-frequency bias of the summating potential, evoked 
by the 8 kHz probe, was significantly smaller on the operated side · after 2 
weeks. Suppression of the compound action potential was also significantly 
smaller on the operated side after 2 weeks. These results , recorded from 
the apex show greater effects from low-frequency biasing than previously 
published results, measured at .the round window. 

Introduction 

There is a clear relation between Meniere's disease and endolymphatic 
hydrops (Hallpike and Cairns, 1938; Schuknecht, 1974). Some authors have 
hypothesized, that endolymphatic hydrops is associated with overpressure 
in the endolymphatic space, which leads to displacement of the resting 
position of the basilar membrane towards scala tympani (Tonndorf, 1957; 
Johnstone et al., 1986). A standard method, frequently used to study a 
transduction system in an abnormal resting position, is to use very-low
frequency sound to slowly shift this position. Klis and Smoorenburg (1985) 
described several interesting similarities between low-frequency biasing 
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and the hydropic situation. Summating potentials (SP) and compound action 
potentials (AP) can be modulated by the low-frequency bias. The SP 
increases and the AP decreases during scala tympani displacement, which 
corresponds to findings in guinea pig ears, in which hydrops was produced 
by obliteration of the ductus endolymphaticus (Van Deelen et al., 1987; 
Aran et al., 1984 ). 

Assuming an abnormal resting position of the basilar membrane and 
increased mechanical tension associated with endolymphatic hydrops, one 
may also assume less mobility of the basilar membrane in the hydropic 
situation and consequently decreased modulation of cochlear potentials by 
low-frequency sound. Decreased modulation of cochlear potentials was 
found by Morizono and Sikora (1984) in hydropic guinea pig ears. However, 
the electrophysiological measurements were performed relatively long after 
the operation (i.e. more than one month after). After such a period of 
time, damage to outer hair cells might affect the results, in addition to 
the hydrops itself (Albers et al., 1986). In order to exclude such non
specific effects as much as possible, the present experiments were perfor
med within 2 weeks after the operation. 

Klis and Smoorenburg (1987) described small effects of the endolymphatic 
duct obliteration on two variables, which were measured in a low-frequen
cy bias experiment. The low-frequency cochlear microphonic (LFCM), 
evoked by the biasing tone, was reduced in the affected ears. The SP
modulation depth was also reduced, though not significantly. The behaviour 
of the third variable, AP suppression was about the same in the operated 
and contra-lateral ears. The last finding contradicts the results of 
Morizono and Sikora (1984). All these measurements were performed with 
the electrode near the round window. Van Deelen et al. (1986) compared 
electrocochleographic data from different electrode positions in guinea 
pigs. They concluded that, on average the least variable results for both 
SP and AP are found when the electrode is placed near the apex of the 
cochlea. Furthermore, Van Deelen et al. (1987) described an effect of 
hydrops on the SP, which was only significant, when the measuring 
electrode was placed at the apex. In view of these results, we considered 
it worthwhile to repeat the experiment of Klis and Smoorenburg (1987) 
with the electrode at the apex of the cochlea. 

Materials and Methods 

Eighteen albino guinea pigs were used in this experiment. Animal 
treatment, stimulus generation and data-acquisition were the same as 
described in Klis and Smoorenburg (1987) and will not be discussed here. 
The only difference was the position of the active electrode which was 
placed at the apex of the cochlea. An 8 kHz probe (8 periods rise- and 
fall-time, 24 periods plateau, 5 ms total duration) was used. The bias 
frequency was 29 Hz. 

Seven animals were measured 1 week after the operation, 11 were 
measured 2 weeks after the operation. These 2 post-operative groups were 
analyzed separately by comparing the operated ears with the non-operated 
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ears from the same animals. In this way, possible non-specific effects of 
the operation, which affect both ears, are suppressed. The non-operated 
ears of operated animals were not checked against "true" normal ears. 

After the electrophysiological measurements were completed, both 
cochleae were removed and checked for histological alterations in the 
manner which has been described before (Klis and Smoorenburg, 1987). 

Results 

The LFCM, evoked by the 29 Hz bias, is depicted in Fig. 1 for the 4 
groups of ears in the study ( operated and non-operated ears, 1 and 2 
weeks after the operation). Data in Fig. 1 are group averages of the peak
to-peak values in the LFCM wave, plotted against bias level. The LFCM 
waveform at the apex was not exactly sinusoidal for the highest bias levels 
used, but showed peak-clipping (Fig. 2). This saturation effect is reflected 
in the slopes of the curves in Fig. 1 which are less than one (a factor of 
10 increase in amplitude with 20 dB increase in level). The data were 
subjected to statistical analysis in two ways. In one-tailed t-tests on the 
means, we found the operated ears to yield a significantly smaller LFCM 
than the controls at all bias levels in both cases, 1 and 2 weeks post-op
eratively (p<0.01). We also subjected the data to analysis of variance, 
implying a pair-wise comparison between results from two ears of the same 
animal. This analysis, including all bias levels, also showed that the 
difference between the curves for operated and control ears in Fig. 1 is 
significant (p=0.7 % in the 1 week group and p=0.05 % in the 2 weeks 
group). 
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Fig. 1. Low-frequency cochlear micro
phonic (LFCM) as a function of bias 
level for the 4 groups of ears in the 
study, grouped according to received 
treatment and postoperative period. 
Data are mean peak-to-peak values 
from all ears in each group. Bias 
frequency: 29 Hz. 
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Fig. 2. Example of the peak-clipped 
waveform of the LFCM for high bias 
levels. Two registrations are shown 
with probes positioned at two different 
phases, separated by 180 degrees. Note 
modulation of the SP, which is negati
ve, when the LFCM is positive and 
vice-versa. Bias level: 94 dB SPL, probe 
level: 68 dB SP L. 

The SP for 8 kHz probes is negative at the apex. It is modulated by 
low-frequency sound in a manner, comparable with that at the round 
window. It becomes more f!egative when the LFCM is positive and it 
becomes more positive, even changes polarity, when the LFCM is negative. 
Fig. 3 shows the SP in µV as a function of the phase of the probe with 
respect to the bias stimulus. It is not possible to relate the modulation 
pattern, measured at the apex to basilar membrane displacement in that 
region. One can only specify the modulation patterns with respect to each 
other and the phase of the LFCM. Fig. 4 shows the SP modulation depth 
in microvolt, as a function of bias level, for three levels of the 8 kHz 
probe. Data are mean values from all ears in a group (operated and non
operated, 1 and 2 weeks after the operation). The modulation depth was 
obtained as follows. At eight phases of the bias, the SP, evoked by the 
probe, was measured. The eight SP's so gathered (Fig. 3) were subjected to 
Fourier analysis. The amplitude of the first harmonic, resulting from the 
Fourier analysis was taken as SP modulation depth. For all conditions, the 
operated ears show a smaller modulation depth than the controls. This is 
in line with the decrease in LFCM. However, after one-tailed t-tests the 
differences appeared to be statistically significant at the 74 dB SPL bias 
level only. This was found for the three probe levels in both the 1 week 
and the 2 weeks group. Analysis of variance of these data showed a 
significant effect of the operation after 2 weeks (p=3 %), while no 
significant effect was found after 1 week (p = 10 % ). 

An unexpected result is the reversal in the slopes of the curves at the 
lowest probe level and the highest bias level. The maxima and minima in 
the modulation pattern did not occur at the phases where one would 
expect them to occur on the basis of the modulation pattern at lower bias 
levels, but at adjacent phase values (Fig. 3). A third harmonic entered the 
spectrum while the amplitude of the first harmonic was reduced. 

Fig. 5 depicts maximum N1 suppression as a percentage of the average 
value of the N1 amplitudes, measured just before and just after the 
gathering of data at eight phases of the bias (Fig. 3). Maximum suppres
sion (minimum N1 amplitude) at some phase (90 degrees in Fig. 3) is 
plotted as a function of bias level for three levels of the 8 kHz probe. In 
most conditions, the operated ears show less suppression. In t-tests, the 

52 



difference was found to be significant in just a few cases (p < 0.05), which 
are indicated by the arrows in Fig. 5. Analysis of variance shows no 
significant effect after 1 week (p = 8 % ) and significantly less suppression at 
the 3 % level after 2 weeks. 
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Fig. 3. Phase deperuience of the SP arui 
the AP. Data are from the same experi
ment as those of Fig. 2. Bias frequency: 
29 Hz, bias level: 94 dB SPL. Probe 
frequency: 8 kHz, probe level: 68 dB 
SPL. Phase is referred to the bias 
stimulus, 90 degrees is the positive 
peak of the electrical signal. Note 
suppression of the SP at the maxima in 
the modulation wave. Control values 
ref er to the average of two measure
ments, performed without bias, just 
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the modulation data. 

Histological examination of the operated temporal bones revealed an 
endolymphatic hydrops in all cases. Frequently, the hydrops was restricted 
to one turn. A collapse of Reissner's membrane was often seen in one or 
more turns, coexistent with a hydrops in one or more other turns. 

Discussion 

The clearest effect of the operation found in this experiment was the 
decrease in LFCM (Fig. 1 ). These data are similar to the round-window 
data reported earlier (Morizono and Sikora, 1984; Klis and Smoorenburg, 
1987). A difference lies in the absolute magnitude of the LFCM, which is 
very much larger at the apex. This can be expected on the basis of 
excitation closer to the electrode position. Two effects can be expected to 
be important in explaining the smaller LFCM in the hydropic ears. The 
first is a decrease in the endocochlear potential (EP), associated with the 
hydrops. Such a decrease has been described by Kusakari et al. (1986). 
They found an average decrease in EP from 87 to 70 m V two weeks after 
the operation. The LFCM in the hydropic ears in this study is about half 
that of the unoperated ears (Fig. 1), hence the decrease in EP can not 
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fully account for the effect of hydrops on LFCM. Decreased mobility of 
the basilar membrane, due to endolymphatic overpressure is probably the 
second factor that may account for the decrease in LFCM. The SP 
modulation data showed a greater effect than was found at the round 
window. At the apex we found a significant decrease of the SP-modulation 
depth, which postoperatively grows with time. The effect of the operation 
on AP-suppression was also more clear at the apex than at the round 
window. A significant decrease of AP suppression was found at the higher 
bias and probe levels or, when a pair-wise comparison was made, in the 2-
weeks group over all conditions. 

It seems that measuring at the apex is preferable to measuring at the 
round window, when one wants to detect changes produced by a young 
endolymphatic hydrops. There are probably two reasons for this place 
dependency. The first is that the potentials, measured at the apex are less 
variable, than those measured at the round window (Van Deelen et al., 
1986). This may be related to a higher chance of occurrence of undesirable 
electric shunting at the round window. The second is, that at least the 
LFCM can be presumed to originate from the apex. An overpressure in the 
endolymph would exert a more pronounced effect on basilar membrane 
position at the apex because the basilar membrane is more compliant at 
the apex. It is not clear in what region the negative SP for 8 kHz probes 
is produced, but this potential might be coming from more apical regions 
than the positive SP for 8 kHz, which is found at the round window. In 
that case, the explanation given above would also apply to the SP-modula
tion data. On the other hand, it is difficult to understand how an SP can 
be produced in a region, where the basilar membrane seems to be reaching 
its limits of deflection. We did find an SP at phases of the low-frequency 
bias where severe peak-clipping occurred in the LFCM (Fig. 2). A reaso
nable explanation for this seems to be that the LFCM, measured at the 
apex, originates from apical regions of the basilar membrane, where the 
deflection of the basilar membrane reaches its limits, while the SP is 
corning from more basal regions, where the limits of basilar membrane 
deflection are not yet reached. The AP is most probably a far field 
potential, for which the explanation of more apical excitation can not 
apply. 

The suppression of the SP at high momentaneous bias pressure (Fig. 3 
and Fig. 4), which is reflected in a growing third harmonic in the Fourier 
analysis was also found by Durrant and Dallos (1974) for differentially 
recorded SP's in the first turn. 

On the basis of these findings, we would like to propose the use of the 
low-frequency bias stimulus paradigm in the diagnosis of Meniere's disease. 
Although some Meniere patients show an enhanced SP in electrocochleo
graphy, this certainly doesn't hold true for all these patients. Measurement 
of modulation and especially the LFCM might aid in diagnosis. 
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CHAPTER VI 

Modulation of cochlear tuning 
by low-frequency sound 

Klis, J.F.L., Prijs, V.F., Latour, J.B. and 
Smoorenburg, G.F. 

Summary 

An intense, low-frequency tone (about 30 Hz) modulates the sensitivity 
of the inner ear to high-frequency stimulation. This modulation is corre
lated with the displacement of the basilar membrane. The findings suggest 
that the modulation may also affect cochlear tuning. We have investigated 
modulation of cochlear tuning by low-frequency sound in the guinea pig. 
Applying indirect methods of measurement (narrow-band analysis of 
compound action potentials and compound-action-potential tuning curves), 
the results suggest a shift of the excitation pattern along the basilar 
membrane towards higher-frequency areas. The shift occurred for both 
scala tympani and scala vestibuli displacement of the cochlear partition. 
Tuning curves, obtained from single units in the cochlear nerve, show 
sensitivity loss and a tip shift towards lower frequencies. This was also 
found for both scala tympani displacement and scala vestibuli displacement. 
The shift of the tip of the tuning curve towards lower frequencies 
corresponds to the inferred high-frequency shift of the excitation pattern. 
The relationship of these phenomena with the pathophysiology of Meniere's 
disease and with possible active mechanisms in cochlear transduction is 
discussed. 

Introduction 

In a mechanical model of the inner ear, Tonndorf (1957) was able to 
show, that an increase of endolymphatic pressure leads to loss of sensiti
vity and a shift of the maximum in the travelling-wave envelope towards 
the base. A broadening of the envelope was also observed. Tonndorf 
suggested a link between the shift in the travelling-wave envelope and 
binaural diplacusis, which is often found in Meniere's disease. Crucial to 
this hypothesis is, that endolymphatic overpressure, leading to permanent 
displacement of the basilar membrane, is associated with endolymphatic 
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hydrops, found in Meniere's disease (Hallpike and Cairns, 1938; Schuknecht, 
1974). 

The experimental approach to the problem of Meniere's disease has 
mainly been directed at introducing an artificial endolymphatic hydrops in 
animals (Morgenstern, 1985; Aran et al., 1984; Van Deelen et al., 1987; 
Morizono et al., 1985; Klis and Smoorenburg, 1987). Some of the effects, 
observed by Tonndorf in his mechanical model after increasing the 
endolymphatic pressure were also observed in this experimental hydrops 
model. Electrophysiologically, Harrison et al. (1984) and Harrison and Prijs 
(1984) found loss of sensitivity and broadening of cochlear tuning in 
hydropic ears of guinea pigs. It is interesting to note, that the same 
effects are found in Meniere patients, both psychophysically (Formby, 
1986) and electrophysiologically (Harrison et al., 1985). It is, however, not 
clear that the effects found in hydropic guinea pigs are due to the 
hydrops itself (increase of the endolymphatic space with possible endo
lymphatic overpressure). Albers et al. (1987), for example, found considera
ble outer hair cell loss 4 and 8 months after introducing the hydrops. This 
may have affected the electrophysiological results collected by both 
Harrison et al. (1984) and Harrison and Prijs (1984) at about one year 
after hydrops was introduced. The hydrops model is also not well suited to 
investigate a possible shift of the travelling-wave envelope, as found by 
Tonndorf (1957), because an immediate comparison of results before and 
during hydrops is impossible. For example, a tuning curve can not be 
measured in the same nerve fiber before and during hydrops. Therefore, we 
thought of other methods to study the effect of basilar-membrane dis
placement, assumed to occur with endolymphatic overpressure, on cochlear 
tuning. 

A suitable candidate is the low-frequency biasing technique. With this 
method, the system is tested while probe sounds are presented during 
specific phases of a very-low-frequency tone (about 30 Hz), i.e during 
specific quasi-static displacements of the basilar membrane. Applying this 
technique, several interesting parallels with Meniere's disease were found, 
like enhancement of the summating potential with scala tympani displace
ment (Klis and Smoorenburg, 1985). 

Patuzzi et al. (1984 A,B,C) found a decrease in unit firing rate during 
both bias-evoked scala tympani displacement and scala vestibuli displa
cement. This reduction was most pronounced for scala tympani displace
ment, while stimulating at the characteristic frequency. They were able to 
track down this effect to a reduction in mechanical sensitivity of the 
basilar membrane. They suggested that the reduction in the sensitivity 
was due to disturbance of a nonlinear process in basilar membrane motion. 
Such a process might be described by a negative damping, as has been 
suggested by Kim et al. (1980) and Neely and Kim (1983). We may expect 
the same type of disturbances in Meniere's disease and hydrops if basilar 
membrane displacement is associated with these disorders. 
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The low-frequency biasing technique seems to provide us with a reaso
nably satisfying method to study the effects of basilar membrane displace
ment in relation to hearing disorders, found in Meniere's disease. At the 
same time it provides us with information on basic mechanisms, involved in 
basilar membrane motion. In this paper, we shall investigate possible shifts 
in cochlear tuning with basilar membrane displacements, using the biasing 
technique in guinea pigs. The results will be compared with the binaural 
diplacusis phenomenon in Meniere patients. 

We shall use three methods to evaluate cochlear tuning. The first one is 
narrow-band analysis of compound action potentials (AP). With this 
technique contributions to the AP from restricted frequency regions along 
the cochlear partition are determined, by selectively masking the contribu
tions from the other frequency regions (Teas et al., 1962; Prijs and 
Eggermont, 1981). In combination with the biasing technique, we might be 
able to detect shifts in the region contributing most to the AP. The 
second technique is the AP-tuning-curve technique. It is based on masking 
the response to a low-level probe tone stimulating a restricted set of 
adjacent nerve fibers (Dallos and Cheatham, 1976; Van Heusden and 
Smoorenburg, 1981). Both techniques, narrow-band analysis and AP-tuning 
curves, are based on masking. This implies, that possible effects of low
frequency biasing may not show up, because the bias may affect both the 
masker and the probe tone or, when the masker precedes the probe tone, 
the results will be difficult to interpret, because the masker is affected at 
another phase of the bias as the probe. We tried to minimize this problem 
by presenting the masker during at least a full period of the low-frequen
cy bias. After we found an effect of low-frequency biasing on tuning with 
these macro-electrode techniques, the final check was made with the third 
technique, the single-unit tuning curve technique (e.g. Evans, 1979). 

Materials and Methods 

1) Narrow Band Analysis. 

In two young, healthy, albino guinea pigs the narrow-band-analysis 
technique was applied to round-window responses to 8 kHz tone bursts, 
positioned at different phases of a low-frequency bias. Details of animal 
anaesthesia and preparation have been described before (Klis and Smooren
burg, 1985) and will not be discussed here. 

Stimulus generation and data acquisition were fully controlled by a PDP 
11-23 minicomputer system. The tone burst was calculated point by point 
and stored in a revolving memory containing 1024 points with 12 bit 
resolution. Its rise- and fall-envelopes were cosine shaped ( 4 periods each) 
and it had a plateau of 32 periods. The low-frequency bias stimulus was 
generated by a Rockland programmable sine generator and was held cons
tant at 29 Hz. Distortion, measured in 1/3 octave filters, phase locked 
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'4------52.6-------'3 ' 5 '+------42.8--m-s---, .. _ 

masker (HP_ noise) probe 
8KHz 

Fig. 1. Timing sequence of the stimulus, used in narrow-band analysis. A high-pass 
filtered noise masker precedes an 8 kHz probe tone, placed at a specific phase, zn 
this case 90~ of a continuous low-frequency bias (29 Hz). 

to the bias, was at least 70 dB down with respect to the fundamental. A 
timer, locked to the bias, served to release the probe tone at a specified 
phase of the low-frequency bias. The masking noise, required for the 
narrow-band-analysis, was produced by a Wandel und Goltermann noise 
generator and had a flat spectrum between 16 Hz and 20 kHz, which may 
be considered "white" for our purposes. For adjustable high-pass filtering 
of the noise, two programmable Rockland filters were used in series, 
together producing a high-pass slope of 96 dB/act. The noise was fed to a 
Beyer DT48 dynamic telephone, while the combination of probe and bias 
was fed into a second DT48 telephone. 

The two telephones were connected to a hollow ear bar, which was 
inserted into the external auditory meatus of the animal. Care was taken 
to avoid air leakage, which dramatically deteriorates the low-frequency 
output of the sound delivery system. The noise had to be shaped by a 
custom-built system to obtain a reasonably flat spectrum (variation within 
10 dB between 4 and 10 kHz) at the outlet of the ear bar. Calibration was 
performed, using the substitution method with a half-inch condenser 
microphone (Briiel and Kjaer 4134 with 2619 follower) at the approximate 
site of the tympanic membrane. 

The experiment was performed using a forward-masking paradigm, to 
avoid direct interaction of the masker and the probe (e.g. two-tone 
suppression). The temporal structure of the stimulus for one phase in the 
low-frequency bias is depicted in Fig. 1. 

The round-window responses were amplified 10,000 times, bandpass 
filtered between 1 Hz and 10 kHz and led to a 12 bit AD-converter (Data 
Translation DT2784). Averaging was usually based on between 100 and 500 
samples. The averaged responses were stored on hard disc for off-line 
analysis. 

The protocol was based on the work of Teas et al. (1962) and Prijs and 
Eggermont (1981). First, the threshold to the probe tone is determined. 
Next, the intensity level of the unfiltered noise is fixed at a level, which 
just masks the probe-tone evoked response, with tone-burst level, in our 
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tonal masker probe 

Fig. 2. Timing sequence of the stimulus, used in the AP-tuning experiment. A pure 
tone masker precedes an 8 or 4 kHz probe tone, placed at a specific phase, in 
this case 90~ of a continuous low-frequency bias (29 Hz). 

case, somewhere between 10 and 40 dB above threshold. In successive 
recordings the cut-off frequency of the high-pass filter is increased 
stepwise (cut-off frequencies at 4,5,6,8,ll,15,20 kHz). Subtraction of two 
successive registrations is assumed to produce the response from a specific 
region of the basilar membrane: a Narrow-Band AP (NAP). A plot of the 
amplitude of the NAP versus the center frequency of the "pass-band", 
bounded by two successive cut-off frequencies yields an excitation pattern 
(e.g Fig. 4). In our case, the NAP amplitude is expressed as a percentage 
of the mean of two control responses, one determined before and one after 
NAP gathering. These control responses were measured at the same phase 
of the bias, but without masking noise. This procedure was repeated for 
each phase. The phase of movement of the basilar membrane was inferred 
from the low-frequency cochlear microphonic at the round window, using 
data from Sellick et al. (1982). 

As already mentioned, an essential presumption is, that the bias exerts 
its effect mainly on the short tone burst and less on the masker. By 
choosing a relatively long masker duration, we hoped that the effect of 
the bias on the masker would, to some extent, average out. 

2) Compound Action Potential (AP) Tuning Curves. 

Ten young, healthy, albino guinea pigs were used in this part of the 
experiment. Animal preparation, probe generation, bias generation and data 
acquisition were essentially the same as described above. A 4 kHz probe ( 4 
periods rise- and fall-time, 24 periods plateau) was used mostly. Occasio
nally, an 8 kHz tone burst ( 4 periods rise- and fall-time, 32 periods 
plateau) was used. The masking tone was produced by a Hewlett-Packard 
3300A sine wave generator, its frequency controlled by computer through 
its VCO-input. In order to obtain an acceptable distortion level, the sine 
wave was fed into four Rockland programmable filters, configurated as a 
bandpass filter with skirts of 96 dB/oct. Upper harmonics were at least 70 
dB down. A forward-masking paradigm was used. AP-tuning curves, 
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6DETECTION WINDOWS , 8MS EACH 
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WITH TEST STIMULUS 
WITH BIAS 
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6 DETECTION WINDOWS , 8 MS EACH 
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WITHOUT TEST STIMULUS 
WITH BIAS 

H 

H 

H 

Fig. 3. Stimulus configuration for the 
threshold-tracking paradigm, used in the 
single-unit experiment. Six successive 
detection windows, each 8 ms in duration, 
are centered around a specific phase of a 
continuous low-frequency bias (31.25 Hz). 
The spike count in the 6 windows, when a 
test-tone stimulus is present, is compared 
with the count in the 6 windows, when only 
the bias stimulus is present. 

obtained with a forward-masking paradigm, are more narrow than those 
obtained with a simultaneous masking paradigm (van Heusden and Smooren
burg, 1981). The temporal structure of the stimulus at one phase of the 
low-frequency bias is depicted in Fig. 2. At high levels of the masker, a 
masker-evoked afterpotential appeared and hampered the measurements. 
Subtraction of the afterresponse, measured without a probe stimulus, from 
the compound response considerably facilitated the measurements. 

The protocol was as follows. First, the threshold for the probe was 
measured. Probe level was then set at a moderate level above threshold, in 
order to excite a small, restricted region along the basilar membrane. 
Next, the level of the masker, required to reduce the N1 action-potential 
amplitude to 50% of its unmasked value was determined by linear interpo
lation of Ni-amplitude versus masker level at each masker frequency. A 
plot of the 50 % level versus masker frequency yielded the AP-tuning 
curve (e.g. Fig. 5). This procedure was performed without bias and with 
bias, while probe onset was locked at inferred maximum displacement of 
the basilar membrane towards scala tympani and towards scala vestibuli . 
When the bias was present, 50% reduction was defined with respect to the 
amplitude of the probe response, measured without masking, but with bias. 

The same presumption, which had to be made for the narrow-band 
analysis, must be made here. The bias exerts its effect mainly at the probe 
response, while it affects the relatively long masker to a smaller degree. 

3) Tuning Determined From Single-Unit Responses. 

Fifteen young, healthy, albino guinea pigs were used for this part of the 
investigation. Animal preparation, test tone stimulation and data acquisition 
were basically the same as described in Harrison and Prijs (1984) and will 
not be discussed here. The bias stimulus was mixed electrically with the 
test tone stimulus. Bias distortion products were at least 50 dB down with 
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respect to the fundamental in the frequency range where the measured 
fibers have their best frequency. 

The method used to determine the frequency tuning curve was based on 
the threshold-tracking method (Evans, 1979). In order to save time, the 
method of applying the threshold-tracking paradigm was different in 
control situations and when the bias was present. In the control experi
ment the number of spikes fired in a time window of 50 ms during test
frequency stimulation is compared with the number of spikes during a time 
window of the same length, but without stimulation. The test level was 
decreased or increased in steps of 1 dB, while test frequency was de
creased in steps of 1/50th of an octave. The threshold criterion was set at 
50 % increase with respect to the response, measured when no test tone 
was present. When the bias stimulus (31.25 Hz, period: 32 ms) was present, 
the time window was divided into 6 windows of 8 ms duration each, the 
windows positioned in successive periods of the bias and centered at 
maximum displacement of the cochlear partition towards either scala 
tympani or scala vestibuli. Again, the phase of displacement of the basilar 
membrane was inferred from the low-frequency cochlear microphonic, 
measured at the round window. The number of spikes fired in the 6 sub
windows during test-frequency stimulation was compared with the number 
of spikes in the 6 sub-windows when test frequency was off (Fig. 3). 
Unavoidably, this method consumes at least 4 times as much time as the 
control measurements in an already time critical experiment. We chose 8 
ms for the duration of the sub-windows as a compromise between phase 
specificity and time efficiency. 

It is important to note, that different results are to be expected from 
the different methods. A frequency shift, measured with the indirect 
masking methods, will be in the opposite direction from a frequency shift 
measured with the direct method, the single-unit method. The · indirect 
methods give information about the population of fibers contributing to the 
compound response. An upward shift in this population implies, that an 
individual fiber will respond best when the stimulus frequency is shifted 
into a downward direction. 

Results 

1) Narrow Band Analysis. 

A clear example of the effect of the bias on the narrow-band AP's is 
depicted in Fig. 4. Biasing suppresses the AP in a phase-dependent manner. 
The relative magnitude of this effect increases as the probe level decrea
ses (Klis and Smoorenburg, 1985). Thus, on the one hand, a measurable 
probe response at all phases of the bias requires fairly high probe levels, 
on the other hand, low probe levels are required in order to excite 
restricted cochlear regions. A compromise between these two conflicting 
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requirements was found by choosing a probe level of 40 dB SPL which is 
about 40 dB above AP threshold for 8 kHz. Still, for this level, the AP, 
especially when measured during scala tympani displacement, was very 
small (and its constituting NAP's even smaller). A considerable amount of 
uncertainty in determining the relative amplitude had to be accepted. This 
explains the fact, that relative amplitudes of more than 100% were 
sometimes encountered. In Fig. 4, the excitation pattern at O degrees (no 
displacement) is compared with that at 90 degrees (maximum scala tympani 
displacement, Fig. 4A) and 270 degrees (maximum scala vestibuli displace
ment, Fig. 4B). In spite of the complications described above, a shift of 
the excitation pattern towards higher frequencies is evident. For the 
displacement towards scala tympani, this shift was always found. For 
displacement towards scala vestibuli, it was not always as clear, but if 
present, it was towards higher frequencies. Together with the pattern 
shift, a widening of the excitation pattern seems to be present. 

100 A B 

~ • BIAS 00 • BIAS 0° 

Cl. 
80 t::, BIAS 90° !::, BIAS 90° < 80 

C 
29 Hz 29 Hz 

w 82 dB SPL 82 dB SPL 
:.::: 
(/) 

< 60 60 
:::E 
z 
::::, 

0 
I- 40 40 
w 
> 
I-
< 
...I 20 20 w 
a: PROBE : 8 kHz ,40dB SPL 
Cl. 
< z 

3 5 7 10 20 3 5 7 10 20 

CENTER FREQUENCY ( kHz) CENTER FREQUENCY (kHz) 

Fig. 4. Typical example of a result from narrow-band analysis. The narrow-band 
AP (NAP) is expressed in percents, relative to the AP, measured without a noise 
masker, but with bias. The NAP is plotted versus the center frequency of the 
relevant pass band. This plot reflects the excitation pattern on the basilar 
membrane. The excitation pattern without basilar membrane displacement ( open 
circles) is compared with the excitation pattern during scala tympani displacement 
(A) and scala vestibuli displacement (B). Note the shift of the excitation pattern 
towards higher frequencies and broadening of the pattem 
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2) Compound Action Potential (AP) Tuning Curves. 

In the AP-tuning experiment the same kind of problem was encountered 
as in the narrow-band analysis. We wanted to perform the experiment with 
the same probe level in all conditions. Hence, a probe level well above 
threshold was required, because of the suppressing effect of the bias at 
some phases, whereas the AP-tuning curve technique gives the best defined 
results just above threshold (Dallas and Cheatham, 1976; Van Heusden and 
Smoorenburg, 1981). These two conflicting requirements limit the range of 
probe levels in which the experiment can be performed. A level of 33 dB 
SPL turned out to be an acceptable compromise. The AP-tuning curves 
showed essentially the same effect as the narrow-band analysis: a tip shift 
towards higher frequencies . One of the clearest examples is shown in Fig. 
S for one animal, but comparable results were found in 9 other animals for 
both 4 kHz and 8 kHz probes. The control curve was measured without 
bias and is the same in Fig SA and Fig. SB. In general, the effect was 
most pronounced for scala tympani displacement (Fig. SA). A widening of 
the AP-tuning curve during basilar membrane displacement was not 
observed. On the contrary, the Q10 values were sometimes even larger in 
the bias condition. 
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Fig. 5. AP-tuning curves, obtained 
with and without low-frequency 
biasing. Masker level, needed to 
reduce the AP to 50% of its non
masked value is plotted against 
masker frequency. The control 
curve measured without bias 
(squares) is compared with the 
curve measured during maximum 
sea/a tympani displacement of the 
cochlear partition (A) and the one 
during maximum sea/a vestibuli 
displacement (B ). Note shift of the 
curve towards higher frequencies. 
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Fig. 6. Summary of the single unit results. Threshold level at the tip frequency is 
plotted against tip frequency. For each fiber, points represent the situation 
without bias, connected squares refer to the tip level and tip frequency at scala 
tympani displacement, connected circles refer to sea/a vestibuli displacement. Note 
sensitivity loss and tip shift towards lower frequencies. Bias frequency was 31.25 
Hz. Bias level varied. 

3) Tuning Determined From Single Unit Responses. 

We obtained reliable data from 20 fibers. As already pointed out in the 
Methods section, it takes rather a long time to obtain a tuning curve 
during low-frequency biasing. We frequently lost the fiber after completing 
measurement of the control tuning curve, but before completing the bias
experiment. Nevertheless, for some fibers, we were able to acquire as much 
as 6 tuning curves at several bias levels, during both scala-tyrnpani and 
scala-vestibuli displacement. In Fig. 6 all our data are shown together. 
Points represent the tip frequency (the characteristic frequency, CF) and 
level at the tip of the control tuning curve, squares and circles point to 
tip frequency and level of the tuning curve obtained during low-frequency 
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biasing (squares towards scala tympani displacement, circles towards scala 
vestibuli displacement). Two major effects are apparent. Tip level increases 
and frequency at the tip decreases. Bias levels varied between 40 and 110 
dB SPL. In general, lower bias levels were needed for fibers with a lower 
characteristic-frequency to obtain the same effect. There was no major 
difference between scala vestibuli displacement and scala tympani dis
placement, although scala tympani displacement appeared a little more 
effective. 

UNIT 1!L22 . 6 ST DISPLACEMENT UNIT 15 . 22 . 6 SV DISPLACEMENT 
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Fig. 7. Actual tuning curves from one fiber, obtained with and without bias. The 
control curve is compared with curves obtained during increasing sea/a tympani 
displacement (A) and scala vestibuli displacement (B). Bias frequency was 31.25 Hz, 
bias level is indicated at each curve, c refers to the control curve. Note sensiti
vity loss, especially at the tip, and a shift of the tip towards lower frequencies. 
Also note nonmonotonic development of the frequency shift with increasing bias 
level. 

As an example, Fig. 7 · shows the actual tuning curves for one fiber 
indicated by the arrow in Fig.6. For clarity, Fig 7 A shows the tuning 
curves obtained during scala tympani displacement and the control tuning 
curve, while Fig. 7B shows the scala vestibuli curves and the same control 
curve. The frequency shift seems to grow fairly monotonically with bias 
level, except at the highest level used. A reversal effect at very-high bias 
levels was also seen in some other fibers. The level of the tip increases 
fairly monotonically with bias level, with the exception of the 82 dB SPL 
level in Fig. 7B. A monotonic growth of tip level with bias level was 
observed in nearly all other fibers, for which we were able to collect 
results at more than one bias level. The width of the tuning curve tended 
to increase in the bias condition, as can be seen in Fig. 8 for another 
nerve fiber. In this case, biasing towards scala tympani at an 87 dB SPL 
bias level leads to a redt1ction of Q10 by nearly 50 %. 
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Fig. 8. Example of broadening of 
the tuning curve with low
frequency biasing. The control 
curve (c) is compared with a 
curve obtained during scala 
tympani displacement of the 
cochlear partition. Bias frequency 
was 31.25 Hz, bias level was 87 dB 
SPL. Q10 is indicated at each 
curve. It decreases dramatically in 
the bias condition. 

Discussion 

In this study we have shown, that displacing the basilar membrane by 
applying a low-frequency bias sound affects the tuning mechanism of the 
cochlea. Data, collected according to three different methods, agree with 
one another on this matter. The indirect methods (narrow-band analysis 
and AP tuning) show us, that the excitation pattern of the basilar 
membrane shifts basalwards, to higher nominal frequency areas. Hence, for 
the individual fiber, the frequency to which it responds best becomes 
lower, which is exactly what we have found in the single-unit experiments. 
It seems, that the presumption we had to make with regard to a smaller 
effect of the bias on the masker (whether it was high-pass noise or a pure 
tone) than on the probe is a valid one. 

Sellick et al. (1982) observed suppression of evoked activity during both 
scala tympani and scala vestibuli displacement, when high bias levels were 
used. We found comparable effects. Sellick et al. (1982) found the largest 
effect at the fibers' characteristic frequency. This is compatible with our 
results, where the tip of the tuning curve is generally more affected than 
the tail ( c.f. Fig. 8). 

Suppression of evoked activity during low-frequency biasing does not 
necessarily mean, that the tip of the tuning curve should shift upwards. 
Single-unit tuning curves are plots of the probe tone level at which a 
certain rate criterion is met, versus probe frequency. Shifts in tuning may 
depend on the particular choice of criterion. In our case, the criterion is 
expressed as a fractional increase in the rate, found without probe-tone 
stimulation, but with biasing. Had we used an absolute increase in the 
number of spikes, regardless of the rate found without probe tone 
stimulation, the shift would probably have been greater. 

The basalward shift of the excitation pattern during scala tympani 
displacement agrees with the model data from Tonndorf (1957). Scala 
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vestibuli displacement, which was not investigated by Tonndorf (he did not 
use endolyrnhatic underpressure ), leads to similar results, though it seemed 
that here higher bias levels were needed to obtain the same effect. Patuzzi 
and Sellick (1984) presented tuning curves for DC-receptor potentials of 
one inner hair cell during low-frequency biasing. The curve for scala 
tympani displacement shows a definite tip shift toward a lower frequency. 
This is directly comparable with our results. 

Meniere-patients report a higher perceived pitch in the affected ear 
(Tonndorf, 1957). In a simple tonotopic model for pitch perception this 
means, that the stimulating tone evokes activity in fibers, which were 
normally tuned to higher frequencies or, in other words, a basalward shift 
of the excitation pattern. This is in line with our results. 

A loss of frequency selectivity, comparable with our results (Q10) was 
found electrophysiologically in guinea pigs with an endolymphatic hydrops 
(Harrison and Prijs, 1984; Harrison et al., 1984). It could also be demon
strated psychophysically (Formby, 1986) and electrophysiologically (Harrison 
et al., 1985) in Meniere-patients . As mentioned already in the Introduction 
section, it should be kept in mind however, that deterioration of frequency 
selectivity can stem from a multitude of cochlear insults, not only basilar 
membrane displacement. 

Some speculations can be made as to the mechanism through which 
(quasi-) static displacement of the basilar membrane exerts its effect on 
the transduction system. Kim et al. (1980) and Neely and Kim (1983) have 
published a mathematical model, which can serve to describe our results. 
In order to obtain sufficiently sharp and sensitive motion patterns of the 
basilar membrane, they had to postulate a negative damping process in the 
region of highest sensitivity for a certain stimulus frequency. This process 
contributes energy to the motion of the basilar membrane. Uncoupling of 
this process in the mathematical model leads to loss of sensitivity and a 
shift of the tip of the excitation pattern towards higher frequencies. These 
are essentially the same features as we have found in the present experi
ment. 

The hypothesis might be adopted, that displacement of the basilar 
membrane inactivates the undamping process. Circumstantial evidence 
supporting this hypothesis can be found in a study of Zwicker and Scherer 
(1987). They found, in humans, phase-dependent suppression of delayed 
otoacoustic emissions, evoked by 1300 Hz tone bursts which were riding on 
complex very-low-frequency sonic suppressors. The evoked otoacoustic 
emission is a product of an active process in the cochlea. The suppression 
was closely related to the second derivative of the sound-pressure time 
function. According to Dallos (1970), in humans basilar membrane displace
ment follows the second derivative of sound pressure. 

It is rather difficult to explain Tonndorfs results (1957) on the basis of 
this model, because no active processes were present in his mechanical 
model. We have to assume, that in his model the damping increased, when 
the endolymphatic pressure was increased. This has the same effect as a 
reduction of the undamping component in the model of Kim et al. (1980). 
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An increase of the stiffness component, which intuitively seems a 
plausible effect of biasing would lead to the opposite shift; the excitation 
pattern would move to lower-frequency regions, and individual fibers would 
respond best to higher stimulus frequencies. This might explain the results 
at high bias levels shown in Fig. 7, where the direction of the frequency 
shift reverses with respect to the direction found at lower bias levels. 
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Summary and Conclusions 

In this thesis, an investigation is presented into inner-ear functioning, 
when the basilar membrane is brought into a deviant position. The basilar 
membrane carries the structures, which are responsible for the transduc
tion of sound into nerve impulses. Therefore, it is to be expected that a 
deviant position of the basilar membrane will affect the transduction. The 
reason for starting this investigation was the problem of Meniere's disease, 
in which a deviant position of the basilar membrane could be present. In 
some inner ears of Meniere patients a condition was found, in which the 
endolymphatic space was widely distended. This condition was termed 
endolymphatic hydrops. It has been hypothesized that the distension of the 
endolymphatic space is connected with endolymphatic overpressure. An 
endolymphatic overpressure would drive the basilar membrane out of its 
normal resting position. Besides contributing to our knowledge of the 
pathophysiology of Meniere's disease, the present investigation will also 
contribute to our knowledge of fundamental processes in the inner ear of 
mammals. 

Chapter I is a review of the literature on both Meniere's disease and 
the functioning of the basilar membrane in a deviant position. 

Chapter II deals with experiments in which a high-intensity, very-low
frequency sound (a low-frequency bias) was used to modulate the pos1t1on 
of the basilar membrane in guinea pigs. At several phases of the bias ( = 
several positions of the basilar membrane), test-tone evoked cochlear 
potentials were measured at the round window. The summating potential 
increased during displacement of the basilar membrane towards scala 
tympani and decreased during displacement towards . scala vestibuli. At high 
bias levels, a polarity reversal was sometimes observed during scala 
vestibuli displacement. The compound action potential decreased in deviant 
positions of the basilar membrane. The largest reduction was found with 
displacement of the membrane towards scala tympani. The results, found 
with displacement of the basilar membrane towards scala tympani, corres
pond to electrocochleographical changes in Meniere patients. This supports 
the hypothesis that the basilar membrane is permanently displaced towards 
scala tympani in this disease. In this Chapter, a model is presented which 
can explain the changes, found in the summating potential on the basis of 
changes in the operating point of ionic channels, which have so far only 
been found in hair cells of lower vertebrates. 

Chapters III, IV and V deal with cochlear potentials and their modula
tion by low-frequency sound in guinea pigs, in which an endolymphatic 
hydrops was evoked by obliteration of the ductus endolymphaticus. Chapter 
III presents measurements which have been performed at the round 
window, while Chapter V presents similar measurements, performed at the 
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apex of the cochlea. The most important result in both these studies is a 
reduction of the cochlear rnicrophonics, evoked by low-frequency stimuli in 
the hydropic ears. Furthermore, the modulation by low-frequency sound of 
both the summating potential and the compound action potential was 
smaller in the hydropic ears. In general, these effects were more pronoun
ced, when the measurements were performed at the apex of the cochlea, 
than when they were performed at the round window. Chapter IV deals 
with the relation between a measure for the degree of hydrops and the 
electrophysiological measures. A significant correlation was found between 
the degree of hydrops and the reduction of the cochlear rnicrophonics, but 
not between the degree of hydrops and the amplitude of the summating 
potential. This suggests that different mechanisms are responsible for the 
reduction of the cochlear rnicrophonics and the enlargement of the 
summating potential. 

In Chapter VI experiments are described, which deal with the effects of 
modulating basilar membrane position on the tuning mechanism in the 
cochlea. Applying three different methods, we found that the excitation 
area moves basalwards and that, in general, the quality of tuning deterio
rates when the basilar membrane is driven out of its resting position. This 
was found for both scala tympani and scala vestibuli displacement. 
Comparable effects have been found in Meniere patients. A qualitative 
model is presented, in which these results are explained in terms of 
uncoupling of a hypothetical, active process in the basilar membrane, when 
the basilar membrane is brought in a deviant position. 

The investigations described above all suggest that a mechanical 
component is important in the pathophysiology of endolymphatic hydrops. 
Summating potentials, compound action potentials and tuning in the cochlea 
all show changes with basilar membrane displacement towards scala 
tympani, which are comparable to changes found in early endolymphatic 
hydrops. However, degeneration of cochlear structures in the guinea pig, 
which definitely occurs after long periods of hydrops, is probably also an 
important factor. Possibly due to this degeneration it is not possible to 
fully compensate the hydrops in a guinea pig with a small displacement of 
the basilar membrane towards scala vestibuli. 

The suppression of the low-frequency cochlear rnicrophonic in the guinea 
pigs with hydropic inner ears might be clinically relevant. Provided that 
this suppression is also present in human ears with endolymphatic hydrops, 
it might be useful in the diagnosis of endolymphatic hydrops. An investi
gation into the applicability of the low-frequency biasing technique in 
humans has been started. 

The effects of displacement of the basilar membrane on the summating 
potential can not fully be explained on the basis of the ion-channel 
hypothesis of Chapter II. It was necessary to assume that the summating 
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potential consists of more than one component to explain the reversal of 
polarity with scala vestibuli displacement. These components presumably are 
differently affected by a shift of the operating point of the transduction 
system and by an endolymphatic hydrops. Further research on the origin of 
the summating potential is necessary to clarify this point. 
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Samenvatting en Conclusies 

In dit proefschrift wordt een onderzoek beschreven naar de wijze waarop 
het binnenoor functioneert, wanneer het basilaire membraan in een stand 
wordt gebracht, die afwijkt van de normale stand. Het basilaire membraan 
draagt de structuren, die verantwoordelijk zijn voor de transductie van 
geluid naar zenuwimpulsen. Het is dan ook te verwachten, dat een afwij
kende stand van het basilaire membraan de transductie zal beinvloeden. De 
vraagstelling is ge"inspireerd door een ziektebeeld, de ziekte van Melliere, 
waarin een afwijkende stand van het basilaire membraan zou kunnen 
optreden. In onderzochte binnenoren van Meniere patienten is een toestand 
gevonden, waarbij de endolymfatische ruimte sterk uitgedijd was. Deze 
toestand wordt endolymfatische hydrops genoemd. Er wordt gedacht, dat 
deze toestand gepaard zou kunnen gaan met een overdruk in de endolymfe, 
die het basilaire membraan uit haar evenwichtspositie brengt. Naast een 
bijdrage aan onze kennis over de pathofysiologie van de ziekte van 
Melliere levert het onderzoek een bijdrage aan onze fundamentele kennis 
omtrent het transductieproces in het binnenoor van zoogdieren. 

Hoofdstuk I geeft een overzicht van de stand van zaken in de literatuur, 
voor wat betreft het onderzoek naar de ziekte van Meniere en het 
onderzoek naar het functioneren van het basilaire membraan in een 
afwijkende stand. 

In Hoofdstuk II worden experimenten beschreven, waarin, door toepassing 
van een sterke, zeer laagfrequente toon (ook wel bias genoemd), de positie 
van het basilaire membraan van cavia's werd gemoduleerd. In bepaalde 
fasen van de bias ( = bepaalde standen van het basilaire membraan) werden 
door testtoontjes opgewekte cochleaire potentialen gemeten. De sommatie
potentiaal werd groter bij verplaatsing van het basilaire membraan in de 
richting van scala tympani en werd kleiner, bij hoge bias-intensiteiten 
keerde de polariteit zelfs om, bij verplaatsing van het basilaire membraan 
in de tegenovergestelde richting. De samengestelde actiepotentiaal werd 
kleiner bij afwijkende posities van het basilaire membraan, waarbij de 
grootste reductie optrad bij verplaatsing in de richting van scala tympani. 
De resultaten bij verplaatsingen naar scala tympani komen overeen met 
elektrocochleografisch gemeten veranderingen bij Meniere-patienten. Dit 
vormt een ondersteuning voor de hypothese, dat bij Meniere patienten het 
basilaire membraan in de richting van scala tympani uitwijkt. In dit 
Hoofdstuk worden de veranderingen in de sommatiepotentiaal in verband 
gebracht met veranderingen in het instelpunt van een bepaald type 
ionenkanalen, die in haarcellen van lagere vertebraten gevonden zijn. 

Hoofdstuk III, IV en V beschrijven cochleaire potentialen en hun 
modulatie door laagfrequent geluid in cochlea's van cavia's, waarin 
kunstmatig een endolymfatische hydrops was opgewekt. In Hoofdstuk III 
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warden metingen gepresenteerd, die verricht zijn aan het ronde venster, in 
Hoofdstuk V zijn dezelfde metingen verricht aan de apex. Het belangrijkste 
resultaat in beide studies is de afname van de cochleaire microfonie bij 
lage stimulus-frequenties in de oren met hydrops. Verder was ook het 
effect van de laag-frequente toon op zowel de sommatiepotentiaal als de 
samengestelde actiepotentiaal geringer in de oren met een endolymfatische 
hydrops. Deze effecten waren grater wanneer de metingen aan de apex van 
de cochlea werden verricht dan wanneer zij aan het ronde venster werden 
gedaan. Hoofdstuk IV beschrijft de relatie tussen een morfometrische maat 
voor de endolymfatische hydrops en de elektrofysiologische effecten. Er 
bleek een significante correlatie te zijn tussen de mate van hydrops en de 
reductie van de cochleaire microfonie, maar niet tussen de mate van 
hydrops en de grootte van de sommatiepotentiaal. Deze bevinding sugge
reert dat verschillende mechanismen ten grondslag zouden kunnen liggen 
aan beide effecten. 

In Hoofdstuk VI warden experimenten beschreven, die de invloed van de 
positie van het basilaire membraan op het frequentie-afstemmechanisme in 
de cochlea behandelen. Met behulp van drie verschillende meetmethoden 
werd vastgesteld, dat het excitatiegebied op het basilaire membraan 
verschuift naar basaal en dat in het algemeen de kwaliteit van de afstem
ming vermindert, wanneer het basilaire membraan uit haar evenwichtspo
sitie is gebracht. Dit werd zowel gevonden voor verplaatsingen naar scala 
tympani als voor verplaatsingen naar scala vestibuli. Ook dit resultaat is 
vergelijkbaar met bevindingen bij Meniere-patienten (diplacusis). De 
resultaten warden in verband gebracht met resultaten uit de literatuur over 
cochleaire mechanica, waarin een dergelijk effect beschreven wordt bij 
aantasting van een hypothetisch, actief proces gekoppeld aan het basilaire 
membraan. 

Uit de verschillende onderzoeken blijkt, dat er sterke aanw1Jz111gen zijn 
voor een mechanische component in de pathofysiologie van de endolymfati
sche hydrops. Sommatiepotentiaal, samengestelde actiepotentiaal en 
afstemming in de cochlea vertonen veranderingen bij verplaatsing van het 
basilaire membraan in de richting van scala tympani, die vrijwel gelijk zijn 
aan veranderingen die gevonden warden bij een jonge endolymfatische 
hydrops. Toch moet er ook gewezen worden op degeneratieverschijnselen in 
de cochlea, die optreden na een langere periode van hydrops en die zeker 
ook een rol zullen spelen. Deze degeneratieverschijnselen zijn er waar
schijnlijk de oorzaak van, dat het bij een cavia niet mogelijk is gebleken 
een cochlea met hydrops weer terug te brengen in de normale toestand 
door een kleine verplaatsing van het basilaire membraan in de richting van 
scala vestibuli. Dit is we! mogelijk voor de sommatiepotentiaal, maar is 
nooit waargenomen voor de samengestelde actiepotentiaal. 
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De gereduceerde laagfrequente cochleaire microfonie (LFCM) in cavia 
cochlea's met hydrops heeft mogelijk klinische betekenis. Deze onderdruk
king zou, wanneer zij ook bij de mens voorkomt, gebruikt kunnen warden 
als een diagnostisch criterium voor de mate van hydrops. Een onderzoek 
naar de toepasbaarheid is inrniddels gestart. 

Het gedrag van de sommatiepotentiaal, met name de omkeer van de 
polariteit, kan niet afdoende verklaard warden met de ionkanalen hypo
these uit Hoofdstuk II. Het bleek nodig te veronderstellen, dat de somma
tiepotentiaal uit meerdere componenten bestaat, die verschillend bei:nvloed 
warden door een dynarnische verschuiving van het werkpunt van het 
basilaire membraan en door een endolymfatische hydrops. Verder onderzoek 
naar de aard van de sommatiepotentiaal is noodzakelijk om hierover meer 
duidelijkheid te verkrijgen. 
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Toelichting op bet proefschrift 
(voor de ge1nteresseerde leek) 

Sinds de eerste beschrijving door Prosper Meniere in 1861 van een 
ziektebeeld, dat sindsdien de ziekte van Meniere is gaan heten, is er in 
relatie tot deze ziekte veel onderzoek verricht. Aanvankelijk spitste dit 
onderzoek zich toe op een nauwkeurige beschrijving van de symptomen en 
de veranderingen in de aangetaste organen, na 1950 werd ook veel 
aandacht besteed aan diagnostische methoden en eventuele therapieen. In 
het algemeen wordt de ziekte beschreven als een complex van drie 
symptomen, te weten: 
- Eenzijdig of tweezijdig gehoorverlies dat, in het beginstadium van· de 
ziekte vaak sterk fluctueert 
- Oorsuizen 
- Aanvalsgewijs optredende evenwichtsstoornissen. 

Wanneer deze drie symptomen optreden, zonder dat er een andere 
oorzaak voor aan te wijzen is, bijvoorbeeld een storing in bet zenuwstel
sel, wordt de diagnose Meniere gesteld. 

Over de oorzaak van de ziekte is nog weinig bekend. Wanneer de 
binnenoren van overleden Meniere patienten onderzocht worden, wordt 
meestal een toestand gevonden die endolymfatiscbe hydrops wordt genoemd 
en die gekenmerkt wordt door een sterke vergroting van de endolymfati
sche ruimte in bet slakkebuis (de cochlea). De endolymfatische ruimte is 
een gedeeltelijk door bot, gedeeltelijk door twee membranen begrensde 
ruimte in het slakkehuis, die gevuld is met een kaliumrijke vloeistof, die 
aan intracellulaire vloeistof doet denken: de endolymfe. De vergroting van 
de endolymfatische ruimte is te zien aan uitbuiging van een van de twee 
membranen: het membraan van Reissner. Het andere membraan is het 
basilaire membraan. Daarop bevinden zich de haarcellen, die voor de 
eigenlijke omzetting van geluidstrillingen in zenuwimpulsen zorgen. Het ligt 
voor de hand, dat het morfologische beeld van de endolymfatische bydrops 
iets te maken heeft met bovengenoemde storingen in het functioneren van 
het binnenoor. Het binnenoor is een zorgvuldig afgesteld, delicaat meetsys
teem, waarin iedere verstoring al snel tot een verslechtering van het 
functioneren leidt. De ideeen over de manier waarop de endolymfatische 
hydrops de geboorstoornissen zou kunnen veroorzaken vallen uiteen in 
twee groepen. In de ene groep van ideeen wordt gedacht, dat veranderin
gen in de chemische samenstelling van de endolymfe verantwoordelijk zijn, 
in de ander groep voelt men meer voor het idee, dat er een overdruk in 
de endolymfe aanwezig is, die behalve het membraan van Reissner ook het 
basilaire membraan uit de evenwichtspositie brengt. 

Het onderzoek naar de endolymfatische hydrops kreeg een belangrijke 
impuls, toen rond 1965 l(jmura en Schuknecht erin slaagden een endolymfa
tische hydrops bij cavia's op te wekken. Oat deden zij door een kanaaltje 
in bet binnenoor, de ductus endolymfaticus, af te sluiten. Dit kanaaltje 
zorgt waarschijnlijk voor de afvoer van endolymfe uit bet binnenoor. Het 
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was nu mogelijk om het effect van de endolymfatische hydrops op de 
structuur en het functioneren van het slakkehuis experimenteel te onder
zoeken. Met het opwekken van een hydrops is het echter niet mogelijk 
bovengenoemde hypothesen tegen elkaar te toetsen aangezien chemische en 
mechanische effecten bij de opwekking van de hydrops gelijktijdig zullen 
optreden. Bovendien bleek, dat de experimentele hydrops na verloop van 
een paar weken een uitgebreide degeneratie van binnenoorstructuren 
veroorzaakt. Deze degeneratie was veel sterker dan wat gevonden wordt 
bij de met de ziekte van Meniere samenhangende hydrops bij patienten. 

In dit proefschrift warden resultaten beschreven van een methode 
waarmee kan warden onderzocht hoe het binnenoor functioneert wanneer 
het basilaire membraan in een afwijkende stand staat, zonder dat daarbij 
een verandering van de chemische samenstelling van de endolymfe optreedt. 
De methode bestaat uit het aanbieden van een luide, zeer laagfrequente 
toon (rond 30 Hz). In bepaalde fasen van de laagfrequente toon ( = bepaalde 
standen van het basilaire membraan) kan dan met behulp van korte 
toonstootjes de functie bepaald warden. Het bepalen van de functie werd 
in dit onderzoek in het algemeen gedaan met behulp van elektrocochleo
grafische methoden bij de cavia. In de elektrocochleografie warden, met 
behulp van elektroden in de buurt van het slakkehuis de spanningsverande
ringen gemeten die met het functioneren van het binnenoor samenhangen, 
net zoals in de elektrocardiografie de spanningsveranderingen, samenhan
gend met het functioneren van het hart, warden gemeten. 

In Hoofdstuk I wordt een literatuuroverzicht gegeven, wat de huidige 
stand van zaken beschrijft op het gebied van het klinische en experimen
tele onderzoek naar de ziekte van Meniere en het functioneren van het 
binnenoor in een afwijkend werkpunt. Hoofdstuk II beschrijft verande
ringen, onder invloed van de stand van het basilaire mebraan, in potentia
len zoals die aan het ronde venster van de cavia te meten zijn. Die 
potentialen zijn de sommatiepotentiaal en de samengestelde actiepotentiaal. 
De eerste heeft te maken met het functioneren van de haarcellen, de 
tweede ontstaat wat verder op in het proces en heeft te maken met de 
zenuwactiviteit. Beide warden we! gebruikt bij het elektrocochleografisch 
onderzoek aan Meniere patienten. In Hoofdstuk III warden de metingen, 
zoals beschreven in Hoofdstuk II, herhaald, maar nu bij oren, waarin een 
endolymfatische hydrops is opgewekt. Het idee hierachter is, dat wanneer 
er een overdruk in de endolymfe aanwezig is, de invloed van de laag
frequente toon minder zal zijn, door een verminderde beweeglijkheid van 
het basilaire membraan. Ook is het interessant om te onderzoeken of de 
eventuele afwijkende stand van het basilaire membraan als gevolg van een 
met de hydrops samenhangende overdruk gecompenseeerd kan warden in 
een bepaalde fase van de laagfrequente toon. Tevens wordt de invloed van 
de opgewekte hydrops op de sommatiepotentiaal, de samengestelde actie
potentiaal en de cochleaire microfonie beschreven. Deze laatste potentiaal 
hangt ook samen met de activiteit van de haarcellen. In Hoofdstuk IV 
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worden de elektrocochleografische gegevens van Hoofdstuk III vergeleken 
met quantitatieve gegevens over structuurveranderingen in de geopereerde 
binnenoren. Hoofdstuk V beschrijft de modulatie door de laagfrequente 
toon van potentialen, zoals die aan de apex van het slakkehuis te meten 
zijn. Ook bier wordt een vergelijking gemaakt tussen oren met en zonder 
een kunstmatig opgewekte endolymfatische hydrops. In Hoofdstuk VI 
worden experimenten beschreven, waarin de invloed van de positie van het 
basilaire membraan op het frequentieselectieve afstemmechanisme in het 
slakkehuis werd onderzocht. Dit mechanisme, dat de belangrijkste stap is 
in ons toononderscheidend vermogen, is ook verstoord bij Meniere patienten. 
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