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General Introduction

1. INTRODUCTION

Our knowledge of the pathways of an immune response inside and in the immediate 

vicinity of the inner ear is gradually developing. Immune reactivity plays a more important 

role in the etiopathogenesis, or natural course, of various inner-ear disorders than was 

thought originally. They comprise certain forms of fluctuating, or rapidly progressive, 

sensorineural hearing loss. Some of these patients may present themselves clinically with 

symptoms resembling Menière’s disease or with sudden deafness. Whereas Lehnhardt 

already suggested in 1958 that an immune injury might lead to sensorineural hearing loss, it 

was not before 1979 that McCabe first reported a series of patients with progressive 

bilateral hearing impairment, whose hearing loss responded to immunosuppressive therapy. 

He therefore attributed this disorder to an autoimmune process.

Since then various attempts have been made to develop methods or tests that may help 

us to confirm the diagnosis of immune-mediated sensorineural hearing loss (SNHL) and to 

identify those patients who may respond to immunosuppressive therapy.

Amongst others, Harris and Sharp (1990), Yamanobe and Harris (1993), Veldman et 

al. (1993) and Mosciscki et al. (1994) used the Western-blot assay to demonstrate 

circulating antibodies in patients with rapidly progressive sensorineural hearing loss which 

cross-react with different inner-ear antigens of xenogeneic origin. Antigens of interest, that 

showed up by a positive band in this assay, have molecular weights ranging between 15-27, 

40, 45, 50, 65-68 and 80 kD. Harris (1987) showed that by using the same antigen as the 

challenging antigen in an animal model, inner-ear injury can be elicited. The functional 

and morphological changes that may occur in this experimental autoimmune model are still 

controversial.

Hallpike and Cairns (1938) and Yamakawa (1938) independently published a paper 

describing endolymphatic hydrops in temporal bones of patients, who had suffered from 

Menière’s disease. It is still generally accepted that endolymphatic hydrops with distension
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of Reissner’s membrane is the basic histopathological substrate of Menière’s disease. 

However, endolymphatic hydrops may also be present without the classical Menière’s-triad 

of (fluctuating) sensorineural hearing loss, spells of vertigo and tinnitus (Schuknecht, 

1982).

In animal models, endolymphatic hydrops can be produced by surgical obliteration of 

the endolymphatic sac and duct in the guinea pig (Kimura and Schuknecht, 1965). Within 

two to four months progressive, but irreversible degenerative changes occur throughout the 

cochlea (Ruding et ah, 1987; Albers, 1988).

A transient endolymphatic hydrops has also been observed during a secondary immune 

response, which was elicited through re-challenging primed animals with keyhole limpet 

haemocyanine (KLH) inside and in the immediate vicinity of the endolymphatic sac 

(Tomiyama and Harris, 1989). In this latter animal model, the responsible mechanism is 

not clear. It might be a mechanical, specific or aspecific immune reactivity or a com

bination of both. Endolymphatic hydrops has, moreover, been reported after systemic 

immunization with isogeneic or exenogeneic inner-ear antigen (Harada et ah, 1984; 

Soliman, 1989; Orozco et ah, 1990).
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General Introduction

2. Objectives of this study

The objectives of this study were:

1 • to create an animal model of endolymphatic hydrops which might include fluctuating 

hearing loss, based on an immune reaction in the immediate vicinity of the endo

lymphatic sac, without occlusion of the endolymphatic duct and sac. This would mean 

immune-mediated sensorineural hearing loss, mimicking Menière’s disease while using 

an animal model in which the membranous labyrinth of the inner ear has been kept 

intact

2. to create an animal model in which xenogeneic inner-ear antigen is used as the 

challenging antigen for experimentally induced autoimmune inner-ear disease

3- to standardize procurement and preparation techniques of swine membranous 

labyrinthine proteins, which are currently used for Western-blot assays in clinical 

otology, to assist in establishing the diagnosis of immune-mediated sensorineural 

hearing loss. These proteins are also used as the challenging antigen (single dose) in one 

of our animal models

4. to objectively assess the degree of endolymphatic hydrops, which may occur in both 

animal models in order to correlate these structural changes with the electrophysio- 

logical data

5- to document the functional changes in both animal models as they may relate to 

structural changes of the inner ear at a submicroscopical level.
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Immune-mediated Sensorineural Hearing Loss

1. INTRODUCTION

Immunological processes could perhaps play an important role in the pathogenesis and 

natural course of various ear, nose and throat diseases, including sensorineural hearing 

disorders. A relatively new field is gradually developing. Diagnoses such as fluctuating 

hearing loss, rapidly progressive sensorineural hearing loss (SNHL) of unknown etiology, 

sudden deafness and even Menière’s disease may become subdivided into groups with 

specific immunological features. Clinical and experimental data that have been accumulated 

over the past decade suggest that immune-mediated injury plays a more important role in 

the development of such a disorder than originally thought.

As early as 1958, Lehnhardt suggested that an immune-mediated injury to the inner ear 

might be responsible for a sudden or rapidly progressive uni- or bilateral SNHL in some 

patients. McCabe (1979) presented the first convincing clinical description of progressive 

SNHL, which he attributed to an autoimmune process and designated as "autoimmune 

sensorineural hearing loss". His observations were based on a retrospective clinical study of 

18 patients who developed a rapidly progressive bilateral SNHL over a period of several 

weeks to months, without episodic vertigo, aural fullness and/or tinnitus. A lymphocyte 

migration inhibition test with human inner-ear membranous antigen was positive in six of 

these patients. His strongest argument in support of an immunological basis for the disease 

was the positive response of these patients to immuno-suppressive treatment with 

corticosteroids and cyclophosphamide. Their hearing either stabilized or partially recovered.
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2. Autoimmunity

Recognition of “self’ and “non-self’, genetic specificity and the ability to generate memory 

are important features of the normal immunological defence system. Lymphocytes play a 

key role in these reactions. If a breakdown of self-tolerance occurs, an autoimmune state 

may be established. The etiology of autoimmunity is not clear, though it is probably multi- 

factorially determined. Autoreactivity may be the consequence of a breakdown of an 

individual’s immunological homeostasis. Under normal circumstances, regulatory 

mechanisms prevent the stimulation of self-reactive lymphocytes. It is assumed that the 

control of autoreactive T-helper cells plays a key role in this proces (Roitt, 1994). An 

autoimmune response may also follow tissue injury. When antigens that were sequestered 

within the organ and lacked previous contact with the immune apparatus are subsequently 

released, immune reactivity may occur. Another possibility is that antigens may be modified 

by drugs or viruses. The resulting new antigen of non-self character would eventually give 

rise to autoimmune reactivity. Certain micro-organisms carry antigenic determinants that 

are identical to the antigenic make-up of human tissues. In the presence of these microbes, 

immune responses develop against the invader and cross-reactivity occurs. For example, in 

rheumatoid fever, antibodies produced to attack streptococci cross-react with heart tissue.

Ideally, we should apply the term “autoimmune disease” to those cases where it can be 

proven that autoantibodies and/or reactive T-cells contribute to the disease state. There are 

three basic pathways which may lead to tissue (organ) damage during an autoimmune 

process and subsequently to loss of function:

a. Through autoantibodies, produced by B cells, directed against intracellular constituents 

or cell surface antigens. Destruction of cells generally takes place in cooperation with the 

complement system. The antibody attaches itself to the antigen at its specific 

recognition site. Its constant structure regions activate complement components 

through the classical pathway of complement activation. Fixed antibodies also activate
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phagocytes through their antibody receptors. They enable destruction by natural killer 

cells by means of “antibody-dependent cell-mediated cytotoxicity”. Through receptor 

interactions, the autoantibodies can also inhibit or stimulate specialized cells without 

destroying them. This is the pathway taken in organ-specific autoimmune diseases such 

as autoimmune haemolytic anaemia, neutropenia, lymphopenia and thrombocytopenia, 

autoimmune basal membrane diseases and various types of autoimmune 

endocrinopathy.

b. By formation of antigen-antibody complexes (immune complexes) which form deposits 

in small blood vessels. Such immune complexes activate the complement system, attract 

leukocytes and lead to a vasculitis and ultimately to cell destruction. This phenomenon 

often occurs at the site of filtering membranes (kidney, joints, choroid plexus). 

Examples include glomerulonephritis and non-organ-specific autoimmune diseases such 

as systemic lupus erythematosus (SLE) and rheumatoid arthritis.

c. By sensitized T-lymphocytes. A local inflammatory reaction with cell damage and 

release of biochemical mediators plays an important role in this immune-mediated 

disease process.

Yet the role of autoimmunity in many disorders is still not clearly defined. This is 

complicated by the fact that a small percentage of healthy individuals have circulating 

autoantibodies without any clinical manifestations. The lowest incidence of autoantibodies 

is found in young males, the highest in elderly females. Genetic factors play a role in the 

development of autoimmune diseases. Histocompatibility (HLA) association with disorders 

that have an autoimmune character has been established over the past few years.

Auto-immune disease in humans (Table 2.1) may be considered as a continuum. At one 

end of the spectrum there are organ-specific diseases with circulating organ-specific 

autoantibodies or T-cells (e.g., Hashimoto's thyroiditis). In the middle of this spectrum, 

there are organ diseases limited to one organ with non-organ-specific autoantibodies in the
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Table 2.1. Spectrum of known autoimmune diseases.

1. Organ-specific diseases (non-endocrine)

- Glomerulonephritis

- Myasthenia gravis 
Demyelinating diseases

- Uveitis 

Myocardial disease

- Inner-ear disease ?

2. Organ-specific diseases (endocrine and associated)
Hashimoto’s disease and Graves’ disease

- Pernicious anaemia and atrophic gastritis

- Human male and female infertility

3. Haematological diseases

- Acquired immune haemolytic disorders (including drug-induced immune 
haemolytic anaemia)

- Autoimmune thrombocytopenic purpura

4. Diseases not organ-specific

- Systemic lupus erythematosus

- Rheumatoid arthritis

- Polyarteritis and other primary vasculitic syndromes
- Polymyositis and dermatomyositis

- Progressive systemic sclerosis (scleroderma)

Mixed connective tissue disease
- Sjogren’s syndrome

- Amyloidosis
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circulation (e.g., primary biliary cirrhosis). At the other end of the spectrum there are 

systemic non-organ-specific diseases with circulating autoantibodies of various specificity, as 

found in systemic lupus erythematosus (SLE), rheumatoid arthritis or Sjogren's syndrome. 

There is a tendency for more than one autoimmune disease to occur in the same individual. 

These overlaps are generally restricted to disorders in the same part of the spectrum. For 

instance, patients with Hashimoto’s disease have an unexpectedly high incidence of gastric 

autoimmunity, but not of SLE. The inner-ear complex is located somewhere along this 

spectrum. Autoimmune inner-ear disease may occur by itself (McCabe, 1979, Veldman et 

ah, 1984; Elies and Plester, 1985). Alternatively, the inner ear may be one of the targets in a 

more generalized systemic disease (McCabe, 1979; Hughes et ah, 1983a; Hughes et ah, 

1983b; Veldman et ah, 1984; Albers et ah, 1992; Majoor et ah, 1992).

Autoimmune diseases are examples of an individual’s variation in immune reactivity. As 

noted earlier, a response that is autoimmune in character can be expressed in the formation 

of autoantibodies.

What evidence is available that immunological reactivity occurs in audiovestibular 

disorders? This question prompts three more:

1. What evidence is available that in cases with well-known autoimmune diseases the inner 

ear is also involved as one of the target organs?

2. Does cochlear autoimmune sensorineural hearing loss exist as a disease entity in itself, 

regardless of any clinical and pathological expression of the disease at other sites? and

3. Is there any known retrocochlear immunopathologic (e.g., demyelinating) disease which 

is responsible for audiovestibular dysfunction?

15



Chapter 2

3. IMMUNE-MEDIATED SNHL. INNER-EAR DYSFUNCTION ASSOCIATED

WITH AUTOIMMUNITY

The presence of SNHL as part of or in combination with other autoimmune diseases is well 

documented in the literature. One of the best known is Cogan’s syndrome (Cogan, 1945; 

Norton and Cogan, 1959). A recent survey is given by Majoor (1994). Others are juvenile 

chronic arthritis (Veldman et al., 1984), ulcerative colitis (Weber et al., 1984), Wegener's 

granulomatoses (Leone et al., 1984), scleroderma (Abou-Taleb and Linthicum, 1987), 

pulseless disease (Siglock and Brooklet, 1987) and SLE (Bowman, 1986). Bowman (1986) 

reported sensorineural hearing loss in eight per cent of patients with clinically and 

immunologically demonstrated SLE. Furthermore, Hughes et al. conducted a retrospective 

study of 52 patients with autoimmune inner-ear disorders. They reported an incidence of 

29% of other autoimmune diseases, including Cogan's syndrome, rheumatoid arthritis, 

SLE, temporal arteritis, Hashimoto's thyroiditis and systemic vasculitis (Hughes et al., 

1988).

In 1983, Hughes’ group was among the first to describe two patients with Cogan's 

syndrome who had been tested for both cellular and humoral immune responses against 

inner-ear tissue (Hughes et al., 1983b). In the acute phase of the disease, the lymphocyte 

migration-inhibition test and the lymphocyte transformation test were positive after 

exposure to allogeneic inner-ear membrane antigens. Testing of the humoral immune 

response yielded no abnormalities. Both patients reacted to administration of 

corticosteroids with an initial improvement in their hearing. The investigators concluded 

that the inner-ear injury in Cogan's syndrome is a T-cell-mediated autoimmune process. 

However, Arnold and Gebbers (1984) found antibodies directed against inner-ear tissue 

and corneal epithelium in serum of patients with Cogan’s syndrome. Majoor et al. (1992) 

also reported the presence of cross-reacting antibodies against corneal antigen at the
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beginning or during an exacerbation of the syndrome that decreased significantly after 

glucocorticoid therapy.

Detection of circulating autoantibodies in patients with an autoimmune disease remains an 

important tool to establish the diagnosis and to classify the disease. This can be done by 

determining levels of antinuclear antibodies (ANA) and anti-double-stranded DNA 

antibodies (anti-dsDNA) when SLE is suspected. Other examples include determining the 

levels of antibodies to glomerular basement membrane antigens (anti-GMB) in 

Goodpasture's syndrome, of antigammaglobulin antibodies in rheumatoid arthritis, and of 

antithyroglobulin antibodies in Hashimoto's thyroiditis. These antibodies may be organ- 

specific, as in Hashimoto's thyroiditis, or non-organ-specific, as in SLE.
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4. Laboratory testing profiles for immune-mediated SNHL.
Clinical applications

Apart from determining the levels of these rather specific autoantibodies, a general survey 

for immune-mediated SNHL should include the assessment of the sedimentation rate and 

the serum immunoglobulin and CRP level. The survey should also entail screening for 

rheumatoid factors and autoantibodies, determination of circulating immune complexes 

and a full complement profile. The involvement of effector T-lymphocytes in autoimmune 

diseases may be studied by the analysis of cellular infiltrates in tissue biopsies, using specific 

antibodies to T-lymphocyte membrane antigens. If tissue biopsies of certain organ systems 

are difficult or impossible to obtain, as in cases of inner-ear disease, biopsies of other organs 

may reveal the sequelae of an autoimmune reaction. Radioisotope scintigraphy with 

gallium-citrate (67Ga) - which binds to leukocytes and thereby detects an active 

inflammatory process - may help as a diagnostic tool for tracing the site of a relevant tissue 

biopsy (Veldman et ah, 1984).

Demonstration of specifically sensitized T-cells that recognize autoantigens has been 

performed indirectly in vitro using quick-frozen inner-ear tissue obtained from patients 

undergoing acoustic tumour surgery (McCabe, 1979; Hughes et ah, 1983b). Others 

(Arnold et ah, 1985; Elies and Plester, 1985; Veldman et ah, 1986; Soliman, 1987) have 

determined the presence of cross-reacting antibodies in patients with possible autoimmune 

inner-ear disease by an indirect immunofluorescence or immunoperoxidase technique on 

temporal bone sections of human origin (Arnold et ah, 1985; Veldman et ah, 1986) or 

derived from laboratory animals (Elies and Plester, 1985; Soliman, 1987). Arnold et ah 

(1985) described the presence of antibodies to human inner-ear tissue in the serum of 15 

out of 21 patients with clinically suspected immune-mediated SNHL. The antibodies were 

detected in a direct immunofluorescence test using decalcified human temporal bone 

sections as a substrate. The cross-reacting antibodies were primarily directed against
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mesenchymal structures of the inner ear (basement membranes of capillaries in the stria 

vascularis, spiral ligament and spiral lamina).

In a more recent search for a diagnostic assay to identify inner-ear autoantibodies in 

patients suspected of immune-mediated SNHL, Harris and Sharp (1990) used qualitative 

immunoblotting (Western-blot assays) with bovine inner-ear tissue extract as a substrate. 

Nineteen out of 54 patients (35%) with a rapidly progressive SNHL showed evidence of a 

single or double protein band migrating at 68 kD molecular weight. The group of 54 

patients differed significantly from the normal hearing population (N=14), in which only 

one individual (7%) showed a similar band. However, four out of five patients with 

inflammatory bowel disease had similar banding in this assay, although only two suffered 

from SNHL. Compelling evidence for a pathogenic role of this cross-reactive antibody 

(against the 68 kD antigen) comes from experimental work by the same group with a 

guinea-pig autoimmune model (Harris and Sharp, 1990).

Several attempts have been made to detect circulating autoantibodies with a Western- 

blot assay in patients suffering from rapidly progressive SNHL (Veldman et al., 1993; 

Yamanobe and Harris, 1993; Mosciscki et al„ 1994; Cao et ah, 1996). Membranous 

labyrinthine proteins have been extracted from different species (cow, swine, guinea-pig) to 

use as a substrate in a Western-blot assay. Positive banding has been identified against 

inner-ear antigens with a molecular weight of 27-35, 45-50, 60, 65-68, 80 and 220 kD. Of 

these antigens, the 65-68 kD protein is the most interesting one. Its presence seems to 

correlate best with responsiveness to immunosuppressive (corticosteroid) therapy. A positive 

Western-blot reaction to the 65-68 kD antigen ranges from 35-73% in the tested hearing- 

loss group (Harris and Sharp, 1990; Veldman et al„ 1993; Yamanobe and Harris, 1993; 

Mosciscki et ah, 1994). The protein is apparently not specific to inner-ear tissue alone 

(Veldman et al„ 1993; Yamanobe and Harris, 1993; Mosciscki et al„ 1994). Yet it has 

become a hallmark of active immune-mediated inner-ear disease, probably on an 

autoimmune basis. Evidence exists that the 65-68 kD antigen represents the heat-shock
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protein hsp 70 (Billings et al., 1995; Rauch, 1995). It belongs to a group of evolutionary 

highly conserved proteins. Their synthesis is greatly enhanced in cells following exposure to 

various stressors. These include traumatic events such as temperature shock, ischemia, 

injury and exposure to noxious environmental stimuli as well as certain pathogenic bacteria 

and viruses (Lindquist and Craig, 1988; Welch, 1993). Recent work has also demonstrated 

their enhanced synthesis in autoimmune disease (Winfield and Jarjour, 1991). Under 

physiological conditions, they play a major role as molecular chaperones. In other words, 

they bind to other proteins to ensure proper protein folding in the cell and functional 

molecular maturation.

In the past Elies and Plester (1985) have tried to determine the incidence of chronic 

inflammatory or immunologically induced autoaggressive mechanisms in patients with 

hearing loss and/or vertigo (including Menière's disease, sudden deafness, progressive 

SNHL). Their method was to assess the total protein and immunoglobulin content in the 

cerebrospinal fluid (CSF) of 233 patients. By means of an indirect immunofluorescence 

test, they determined the presence of autoantibodies in the serum of another group of 

patients (N=206) to several allogeneic tissue antigens, but also to the membranous labyrinth 

of the guinea-pig cochlea. In 30 to 45% of the 233 patients, the CSF examinations showed 

elevated proteins. Eighty-four per cent of the abnormal protein patterns were not specific. 

They did not fit into any known pattern of neurological disease, thus pointing to a possible 

chronic inflammatory process. Autoantibodies were present in 60% of the 206 patients. 

They were primarily directed against nuclear antigens, vascular endothelium, sarcolemma 

and smooth muscle cells. Cross-reactivity occurred with the guinea-pig membraneous 

labyrinth at various sites: basilar membrane, "phalangeal" cells, connective tissue, spiral 

ligament, vascular endothelium of the stria vascularis and occasionally hair cells. Such 

antibodies are very likely to be aspecific and are considered to be an epiphenomenon (Elies 

and Plester, 1985; Kempf and Hornig, 1987; Zanetti et al., 1987).
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5. Immune reactivity and inner-ear disorders in animal

MODELS

In 1982, Yoo et al. (1982) assumed that an immune reaction against type II collagen plays a 

key role in the natural course of ear diseases such as otosclerosis and Menière's disease. 

Their hypothesis was based on the finding that these patients had elevated antibody titres to 

type II collagen in comparison with controls whose hearing was normal. In the light of this 

observation, an autoimmune animal model was developed by immunizing various species 

(guinea-pigs, rats and chinchillas) with purified bovine and chicken type II collagen. (Yoo 

et ah, 1983a; Yoo et ah, 1983b; Yoo et ah, 1983c; Yoo et al., 1984). At a light-microscopic 

level, otospongiotic changes were seen around the external auditory canal and the osseous 

labyrinth. Furthermore, a degeneration of spiral ganglion cells, a vasculitis, and mild 

atrophic changes of the cochlear nerve, the organ of Corti and the stria vascularis were seen. 

An endolymphatic hydrops with hearing loss and vestibular dysfunctioning was found in all 

tested animals. Harris et ah (1986) were not able to reconfirm these observations after 

applying the same protocol as described earlier by Yoo et ah, despite the high antibody titres 

against type II collagen in the serum of their test animals.

Another approach to study the pathways of an immune response in and around the inner 

ear has been described by the group of Harris (Harris, 1984; Harris and Ryan, 1984; Harris 

and Ryan, 1985; Tomiyama and Harris, 1986; Woolf and Harris, 1986; Tomiyama and 

Harris, 1987). Their concept is based on the idea that the endolymphatic sac plays more 

than one role. In addition to its performance in endolymph homeostasis, it is also an 

immune defence organ (Rask-Andersen and Stahle, 1980; Arnold et al., 1981). Harris et ah 

developed an animal model in which the immune response in the inner ear was studied 

after direct exposure to an antigen. Both a primary and secondary immune response to 

KLH (keyhole limpet haemocyanine) was elicited after introduction of the challenging 

antigen into the perilymph. They concluded that the endolymphatic sac plays an integral
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role in the generation of both a systemic and a local immune response as soon as the inner 

ear is exposed to an antigen. In the course of two to four weeks, a primary immune 

response led to an elevated anti-KLH titre in serum and perilymph without 

histopathological or functional changes in the cochlea (cochlear microphonics, action 

potential of the acoustic nerve). However, a secondary immune response led not only to 

significantly increased anti-KLH titres in serum and perilymph, but also to 

histopathological changes in the cochlea with significant increases in the round window 

recorded compound action potential (CAP) and cochlear microphonics (CM) thresholds 

(Woolf and Harris, 1986). The mean CAP threshold increased 43 and 47 dB SPL 8-14 

days and 30 days after re-challenging respectively. The histological changes are described as 

signs of a general inflammatory reaction throughout the entire membranous labyrinth. It 

entails an infiltration of the scala tympani by plasma cells, an extensive perilabyrinthine 

fibrosis, signs of bleeding in all scalae, a loss of spiral ganglion cells and partial or even 

complete degeneration of the organ of Corti in all cochlear turns. Remaining hair cells were 

only found in the apex of the cochlea. Reissner’s membrane was intact, whereas hydrops did 

not develop. Either deposition of immune complexes or a local cell-mediated immune 

response or both are very likely to be responsible for these extensive inflammatory reactions 

in the inner ear (Woolf and Harris, 1986). The origin of the immunocompetent cells is not 

yet clear. However, it is most likely that they penetrated the inner ear from the systemic 

circulation (Tomiyama and Harris, 1986). Since surgical obliteration of the endolymphatic 

sac leads to a significant decrease in antibody titre in the perilymph, this site apparently 

plays an important role in the afferent limb of a local immune response (Tomiyama and 

Harris, 1986; Tomiyama and Harris, 1987).

Tomiyama and Harris (1989) measured the inner-ear antibody levels after a second 

intraluminary antigen challenge in the endolymphatic sac of presensitized animals. They 

concluded that a rise of inner-ear antibody level emanates from the endolymphatic sac 

region. Antibodies reach the perilymphatic compartment not through the circulation but
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along the endolymphatic duct. Histologically, lymphocytes and plasma cells were seen in 

the perisaccular region, whereas the cochlea itself was devoid of any cellular infiltrate. This 

kind of local secondary immune response led to an endolymphatic hydrops with fluctuating 

nearing loss. This finding was documented with an auditory brain-stem response and 

compound action potential recordings (Tomiyama, 1992; Tomiyama et ah, 1995). In these 

latter experiments, hydrops developed within hours or days. It decreased gradually during 

the following four weeks, but came back at approximately five weeks after the intraluminary 

rechallenge with antigen. The delayed endolymphatic hydrops may be a consequence of 

mechanical obstruction due to the experimental method involved. A primary immune 

response, elicited through intraluminary antigen challenge, does not lead to any cochlear 

damage. A secondary immune response in and around the endolymphatic sac apparently 

leads to a rapid overproduction of endolymph, which subsequently leads to hydrops.
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6. Experimental autoimmune inner-ear disease

In an attempt to create a more representative animal model for autoimmune inner-ear 

disorders, Harris (1987) repeated the initial experiments of Beickert (1961) and Terrayama 

and Sasaki (1963). Accordingly, immunization of guinea-pigs with allogeneic inner-ear 

tissue led to histologically well-documented cochlear lesions.

Harris (1987) repeatedly challenged guinea-pigs with an unpurified bovine inner-ear 

antigen mixture. All animals developed elevated serum and perilymph antibody litres 

against bovine inner-ear antigens. Twelve out of 38 ears (32%) studied showed a significant 

hearing loss (compound action potential; cochlear microphonics tested). Histologically, a 

loss of neurons in the cochlea and a perivascular infiltrate of plasma cells with oedema and 

extravasation of erythrocytes was found. There were no signs of hydrops. No correlation 

was found between the degree of hearing loss, serum antibody litre and histological 

changes.

In a similar experimental set-up, Soliman (1989) managed to induce a hydrops 

(primarily in the 2nd and 3rd cochlear turns) in 36% of his guinea-pigs (N = 25) after 

immunizing them with unpurified bovine inner-ear extract. A vasculitis with mild cellular 

infiltration of the endolymphatic sac and occasional spiral ganglion cell loss was found. In 

20% of the cases, hearing loss (auditory brainstem responses and occasional recordings of 

the compound action potential) was reported. Immunofluorescence testing revealed 

immunoglobulin deposits around mid-modiolar vessels, in the basilar membrane and in the 

subepithelial or epithelial layers of the endolymphatic sac. Liver, kidney and heart tissue of 

these immunized guinea-pigs was used as control and showed no histological changes.

More recently, Yamanobe and Harris (1992) analysed the morphological and 

electrophysiological changes of the guinea-pig inner ear after a single intradermal injection 

of bovine inner-ear antigen in complete Freund’s adjuvant. They thus induced an 

autoimmune labyrinthitis, which was reflected by a cellular infiltrate in the scala tympani at
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day 7-14. At day 14, a thickening of the round window membrane with concomitant 

cellular infiltrate was observed. Endolymphatic hydrops did not develop. Auditory brain

stem response thresholds were significantly elevated at day 7. Four weeks after antigen 

challenge, the cellular infiltrate in the scala tympani had resolved. Some sensitized animals

showed a partial remission of their hearing loss.
It is clear from all these experiments (Harris, 1987; Soliman, 1989; Yamanobe and 

Harris, 1992) that the audio-vestibular histopathology is variable. Whether or not it reflects 

sequelae of experimentally induced autoimmune inner-ear disease has yet to be determined.
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1. INTRODUCTION

Endolymphatic hydrops is considered an essential epiphenomenon in functional 

disturbances of the inner ear, in particular in Meniere s disease. Experimental models to 

study the development and effects of endolymphatic hydrops such as.

1. the saccus-obliteration model (Kimura and Schuknecht, 1965),

2. the immune-mediated model (Yoo et ah, 1983; Soliman, 1989, Bouman et ah, 1997a) 

and

3. the pharmacogenic model (Feldman and Brusilow, 1973; Van Benthem et ah, 1993) 

rely on some measure of the amount of hydrops.

Traditionally, hydrops is assessed by histologic examination of sections of the inner ear. On 

the basis of visual inspection of the position of Reissner’s membrane, the degree of hydrops 

is classified as "no", "mild", "moderate" or "severe" (Ruding et ah, 1987). Major drawbacks 

of this visual scoring method are:

1 ■ The investigator has to be well-trained in order to judge to what extent the position of 

Reissner’s membrane deviates from normal in the subsequent cochlear turns.

2. Visual scoring should be done in a blind procedure by more than one experienced 

investigator, to minimize the subjective aspects of this procedure.

3. Classification errors of one category are relatively large. The classes "no", "mild", 

"moderate" and "severe" denote different ranges of extension of Reissner’s membrane 

into the scala vestibuli which, in principle, should be contiguous but which, in practice, 

will overlap.

4. The number of categories that human observers can handle in a meaningful way is 

limited.

Objective methods to measure the degree of endolymphatic hydrops have been developed 

in the past (Klis et ah, 1990; Salt et ah, 1995). These methods were based on measurement 

of the cross-sectional area of the endolymphatic space. However, in cases of collapse or
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folding of Reissner's membrane these methods yield the actual area between Reissner's 

membrane and the basilar membrane and not the area that might have been present before 

Reissner's membrane collapsed or folded. The aim of the present study was to introduce a 

method of measurement which, in case of collapse or folding of Reissner's membrane, gives 

the area which was presumably present before collapse or folding of this membrane when it 

was still stretched into the scala vestibuli. The method can then be applied to all available 

microscopic sections of the cochlea, those with collapse or folding of Reissner's membrane 

as well as those without.

The proposed method is based on measurement of the length of Reissner's membrane, lR, 

in relation to the straight distance, d, between its medial and lateral points of attachment. 

The ratio IJd equals one when, in absence of hydrops, Reissner's membrane is perfectly 

stretched and exceeds the value of one when Reissner's membrane is enlarged in case of 

hydrops and in cases of collapse and folding. Since the proposed measure is quantitative, it 

is sensitive in nature, enabling detection of small changes in the position of Reissner’s 

membrane. Moreover, it provides numerical data on a continuous scale allowing for the 

application of standard statistical analysis techniques.

We evaluated the merit of our objective method on lightmicroscopic sections of the inner 

ear against the traditional subjective method, in which the degree of hydrops is classified 

into a number of categories.
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2. Material and Methods

2.1. Animals

Sixty-nine female albino guinea pigs (Dunkin Hartley, weighing 200-300 g) were used. The 

animals were housed under standard laboratory conditions. The care and use of animals 

reported in this study were approved by the Animal Care and Use Committee of the 

Faculty of Medicine, Utrecht University, protocol FDC 89055.

2.2. Induction of endolymphatic hydrops

Induction of endolymphatic hydrops was accomplished in 62 animals by two different 

immunological methods:
1. unilateral, perisaccular deposition of sepharose beads either carrying or not carrying 

immune complexes (chapter 4).
2. subcutaneous immunization of guinea pigs with crude swine membranous labyrinthine 

tissue extract (chapter 6).
The two kinds of treatment induced a mild to moderate endolymphatic hydrops, or no 

hydrops at all (chapters 4 and 6).
Seven untreated animals, expected to show no signs of endolymphatic hydrops, were 

added to ensure a sufficient number of data at the lower end of the hydrops spectrum.

2.3. Light microscopy

The temporal bones, containing the bullae, including the dura mater covering the posterior 

cranial fossa, were resected in toto from the skull. Next, the bullae were opened and the 

cochlea’s were immediately fixed by intralabyrinthine perfusion with a tri-aldehyde fixative 

followed by immersion in the same fixative overnight at 4°C. The fixative consisted of 3% 

glutaraldehyde, 20/„ formaldehyde, 1% acrolein, 2.5o/o DMSO in 0.08 M sodium
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cacodylate buffer, pH 7.4 (De Groot et al., 1987). Subsequently, the temporal bones were 

rinsed in 0.1 M sodium cacodylate buffer (pH 7.4) for 2x15 min, decalcified in 10% 

EDTA.2Na (pH 7.4) for 10 days under constant agitation at room temperature, and rinsed 

again in the same buffer (2x15 min). The cochlea's were post-fixed in 1% OsO/( in 0.1 M 

sodium cacodylate buffer (pH 7.4), containing 1% K^Ru(CN)^, for 2 h at 4°C (De Groot 

et al., 1987), followed by several washes in distilled water. Dehydration was performed in a 

graded ethanol, 2,2-dimethoxypropane, propylene oxide series. At that time, the cochleas 

were embedded in toto in Spurr's low-viscosity resin, containing 1% silicone DC 200 fluid 

(Polaron Equipment Ltd., Bio-Rad Labs., Watford, UK). Subsequently, the cochleas were 

divided along a midmodiolar plane and re-embedded. Semithin sections (1 |lm) were cut 

with glass knives on a Reichert-Jung 2050 microtome and stained with methylene blue and 

azure B in borax for light-microscopical evaluation.

2.4. Measurement of endolymphatic hydrops

2.4.1. Subjective scoring

The lightmicroscopic sections of 137 cochleas of 69 guinea pigs were examined 

independently by three well-trained investigators. They were not informed about the kind 

of treatment of the individual animal. Hydrops of the endolymphatic system had to be 

classified as "no", "dubious", "mild", "mild to moderate", "moderate" or "severe", 

depending on the appearance of Reissner's membrane. The hydrops was called "mild" when 

only a slight bulging of this membrane was present, "moderate" when Reissner's membrane 

showed evident bulging without reaching the bony wall of the scala vestibuli and "severe" as 

soon as it touched the bony wall of the scala vestibuli (fig. 3.1). The classes "dubious" and 

"mild to moderate" were intermediate classes.
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Figure 3.1. Degrees of endolymphatic hydrops:
A Afo: Reissner’s membrane follows a straight line between its medial and lateral attachment points 
B Mild\ slight bulging of Reissner’s membrane into the scala vestibuli 
C Moderate', evident bulging of Reissner’s membrane into the scala media 
D Severe: Reissner’s membrane touching the wall of the scala vestibuli 
SV = Scala Vestibuli, SM = Scala Media, ST = Scala Tympani.
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Figure 3.2. Schematic presentation of lightmicroscopic sections of a cochlear turn:
A Endolymphatic hydrops with Reissner’s membrane collapsed into the scala media 
B Mild endolymphatic hydrops with foldings in Reissner’s membrane 
SV = Scala Vestibuli, SM = Scala Media, ST = Scala Tympani.

In the Introduction we already mentioned the cases of collapse and folding of Reissner's 

membrane. We assume that endolymphatic hydrops is the result of overpressure in the 

endolymphatic compartment leading to bulging of Reissner’s membrane into the scala 

vestibuli (fig. 3.1B-D). Moreover, we assume that collapse or folding of Reissner’s 

membrane (fig. 3.2, A and B) is the result of leakage of endolymph out of the endo

lymphatic compartment after endolymphatic hydrops has occurred. Often, this leakage is 

supposed to be an artefact of the fixation procedure. However, it might also be the result of 

in vivo leakage after rupturing of Reissner’s membrane due to the endolymphatic 

overpressure. Thus, in scoring these preparations, we take the view that collapse and folding
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of Reissner’s membrane indicate that this membrane was previously bulging into the scala 

vestibuli. In cases of collapse and folding we instructed the investigators that they should 

classify hydrops on the basis of the estimated stretched position of Reissner's membrane.

2.4.2. Measurement of the inner-ear structures

We used the VIDAS image analysis system (Kontron/Zeiss, Eching, Germany) to quantify 

the geometrical parameters of the scala media and scala vestibuli in each turn of a 

lightmicroscopic section of the cochlea. Sections were scanned with a Sony black-and-white 

CCD camera, type XC-77CE, at a resolution of 768 X 512 pixels and 256 grey levels. This 

camera was attached to the microscope. The error of the measurement procedure is less 

than 5%.

We measured the following structures (fig. 3.3):

1. the length, lR, of Reissner’s membrane, and

2. the straight distance, d, between the medial and lateral attachment points of Reissner’s 

membrane.

Additionally, we measured two areas:
3. the total area of scala media plus scala vestibuli, $(SM+Svy ani^

4. the normal scala media area, S(sm+sv), defined as the area bordered by an imaginary 

Reissner’s membrane following the straight line, d, between its medial and lateral 

attachment points.
This procedure was performed on 123 cochleas for each half-turn of the cochlea and on two 

sections per ear. Thus, we had four measurements per turn and the average of these 

measurements was calculated.

2.4.3. Calculation of the hydropic area

Since our approach includes the estimated area of the scala media in cases of collapse and 

folding of Reissner’s membrane, we developed a mathematical procedure to calculate this
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Figure 3.3. (A) Schematic representation of a cochlear turn with a collapsed Reissner’s membrane. 
The picture shows the assumed initial position of Reissner’s membrane and the corresponding 
hydrops (shaded area). (B) Parametrization of the circle approach lR = length of Reissner’s 
membrane, d = imaginary straight Reissner’s membrane between its attachment points, SV = Scala 
Vestibuli, SM = Scala Media, ST = Scala Tympani, H = Hydropic area.

area on the basis of the length, lR, of Reissner’s membrane. If one assumes that Reissner’s 

membrane is attached at two points at distance d (fig. 3.3A) and that this membrane is 

stretched to the length lR in case of endolymphatic hydrops, then the area beneath the 

membrane can be calculated as a function of / „ and d measured. When Reissner’s
R

membrane does not arch into the scala vestibuli, but when it has collapsed (fig. 3.2A) or 

appears folded (fig. 3.2B), we shall assume, as explained above, that initially this membrane 

did arch into the scala vestibuli and that its length lR did not change after the collapse.

In order to calculate the area beneath the membrane, we modelled the stretched 

membrane as part of a circle. The choice of the circular arc is based on the physical
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assumption that membrane tension is evenly distributed across the membrane. This 

assumption, however, does not appear critical. An evaluation on the basis of a parabolic arc 

yielded similar results in the relevant hydropic range. For the most severe hydropses 

encountered (Reissner’s membrane touching the medial wall of the scala vestibuli), the 

difference did not exceed 10%.

Given the arc representing Reissner's membrane in fig. 3.3B, the length lR can be 

expressed as:

lR = r(f) (1)

with r the radius and (p the angle of the circle in radians. The distance d can be described ;

d = 2r sin
v2 y

(2)

Since lR and d are the experimentally determined variables we should solve (p from the 

transcendental function:

R
d

= 0 (3)

This equation can be solved numerically using the Newton Raphson method (Press et ah, 

1988).

The hydropic area (shaded in fig. 3.3) can be calculated by subtracting the area of the 

triangle formed by sides r, d and r from the area of the circle segment formed by angle <p 

and arc lR. The area of the triangle is:
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H 2 2
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R
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(4)

(5)

(6)

where r = —.
0

Of course, a solution can be found only if lR is greater than (hydrops) or equal to (no 

hydrops) d. For angles greater than n, the circle bulges out and the validity of the 

calculation may decline because Reissner's membrane may touch the bony wall of the 

cochlea.

2.4.4. The ratio IJd as a measure of hydrops

The ratio of lR-ove.x-d is a simple measure that can be used to express the degree of 

endolymphatic hydrops. It gives the enlargement of Reissner’s membrane normalized to its
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minimum length when no hydrops is present. The normalization renders this method 

insensitive to intercochlear differences in size.

However, this method yields results that, in principle, depend on the plane of 

sectioning. The cochleas are cut through the midmodiolar plane. The total length of the 

modiolus of the guinea pig cochlea is about 4 mm, its diameter about 1 mm. The 

maximum deviation from the midmodiolar axes will be.

_r 0.5mmtan ---------
4 mm

- 7.1 deg. (7)

If a lightmicroscopic section is not cut parallel to the midmodiolar axis but under an angle 

of a degrees, the maximum increase in length compared to the length of an intersection 'x' 

m the parallel plane is given by the factor of 1/cos a (fig. 3.4). For a curved line the 

maximum increase will be less than or equal to 1/cos a, because the distances in the 

direction perpendicular to the most affected direction will not be affected.

With the maximum deviation calculated in formula (7), the factor 1/cos C/. will be less 

than 1.01; an error of less than 1%. This error can be neglected with respect to the error 

made when using the VIDAS image analysis system.

2.4.5- Scala media area ratio

The method used previously in our laboratory (Klis et ah, 1990) to quantify the degree of 

endolymphatic hydrops was based on the ratio of the area of the scala media to the total 

area of the scala media and the scala vestibuli, the relative area ^ (Klis et ah, 1990). In 

formula:

5 - (8)
SM, rel. C

{SM+SV)

1 his ratio becomes larger with increasing endolymphatic hydrops. The normalization 

renders the method insensitive to deviations in the plane of sectioning and to intercochlear
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cos a

cos a

Figure 3.4. Schematic presentation and calculation of the effect of a lightmicroscopic section under 
an angle of a degrees to the midmodiolar axis on the length of an intersection with length x in the 
plane parallel to the midmodiolar axis. The length of the intersection z equals x/cos a.

differences in size. However, a limitation of the method by Klis is that it does not take into 

account the hydropic area presumed to have been present before collapse or folding of 

Reissner's membrane. In order to be able to calculate the area of the scala media in 

proportion to the total area of the scala media and scala vestibuli in these particular cases, 

we changed the method. Instead of taking the measured area SSM we calculated the 

presumed area S„,, of the scala media by adding the normal scala media area 5’ ,
r SM ' ° SM, normal

from (4) in section 2.4.2 to the hydropic area S^ from equation (6); thus:
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SM ^SM, normal H

The modified scala media area ratio SSMM beCOmeS:

S , + S
SM, normal n

SM,rel. S(SM+SV)

(9)

(10)
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3. Results

3.1. Description of cochlear turns

Figure 3.5 illustrates how the different half-turns, present in a midmodiolar section of the 

guinea pig cochlea, were labelled. In using the visual scoring method, the turns were 

grouped into the basal part (Bl, B2), the middle part (Ml, M2, M3) and the apical part 

(M4, Al) of the cochlea. The degree of endolymphatic hydrops was determined in each 

part of the cochlea independently. Half-turn A2 was excluded from evaluation as it was 

damaged too often by the intralabyrinthine perfusion during the fixation procedure (sec. 

2.3).

Figure 3.5- Schematic drawing of a midmodiolar section of a guinea pig cochlea. The different 
cochlear half-turns Bl, B2, Ml, M2, M3, M4, Al, and A2 are shown in a basal to apical direction. 
SV = Scala Vestibuli, ST = Scala Tympani, M = Modiolus
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3.2. Analysis of the interobserver error in the visual scoring method

We evaluated the merit of our objective method only on the basis of lightmicroscopic 

sections of the inner ear containing "mild" and "moderate" classes of endolymphatic 

hydrops, or no hydrops at all. The "severe" class of endolymphatic hydrops was omitted 

because this class is easy to distinguish.

In order to analyze the error in the visual scoring method, we assigned the numbers 

from zero to four to the classes "no", "dubious", "mild", "mild to moderate", and 

'moderate" of the degree of endolymphatic hydrops, respectively. Next, we calculated for 

each half-turn of each animal the interobserver variance and sorted the variance-values in 

accordance with the average classification. The cumulative variance per class is given in 

fable 3.1 as a standard deviation. The interobserver variability over all classes together was 

0-43 category units. The standard deviation appeared to be highest in the intermediate 

classes "dubious", "mild” and "mild to moderate". The value of 0.54 to 0.79 shows that 

these classes are poorly distinguished in the visual scoring method. The present result 

suggests that one could restrict the classification to the categories "no", "mild", "moderate" 

(and "severe").

Table 3.1. Standard J«„a»n of the indmd.al ckaifichns ftr each dtp« of endolymphatic 
hydropt. The ealadattons are bated on each basal, middle and apical half-,um of each animal 

visually scored by the three investigators. ____ _________________________

Degree of endolymphatic hydrops Assigned number Standard deviation

"no" 0 0.13

dubious" 1 0.54

"mild" 2 0.65

mild to moderate" 3 0.79

moderate" 4 0.17

All 0.43
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3.3. Comparison of the results of the objective and subjective methods

Figure 3.6 presents a comparison between the lJd -values and the subjective classifications. 

Per half-turn the figure shows the average and the standard deviation of the IJd -values 

found within each class of endolymphatic hydrops.

<u
Qu»C/D
+i

u
E

1 .8-,

1 .6

B1 B2 M 1

1 .4

1.2-j

1 .0-

If

M2 M3 M 4 A1

I------------ 1 I
01 234 01 234 01 234 01 234 01 234 01 234 01234

Degree of Endolymphatic Hydrops

Figure 3.6. The calculated mean lRld and standard deviation for each cochlear half-turn (Bl, B2, 
Ml, M2, M3 M4 and Al) of the total of 123 cochleas, ordered in accordance with the subjective 
classification method. 0 = no hydrops, 1 = dubious hydrops, 2 = mild hydrops, 3 = mild to moderate 
hydrops, 4 = moderate hydrops.

The mean -value for class 0, no hydrops, appears to be somewhat higher than 1.0. 

This indicates that, on average, Reissner’s membrane does not follow a straight line between 

its lateral and medial points of attachment when a preparation is classified as having no 

hydrops. This result is strikingly present in the half-turn Bl. In this half-turn the mean
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IJd -value is 1.13, with a relatively high standard deviation compared to the other turns of 

the cochlea.

Figure 3.6 also shows that the classification "moderate" hydrops does not correspond to 

one value of l Id over all cochlear half-turns. With this classification the l Id -value
R R

changes from about 1.5 in B1 to a little more than 1.2 in M2-M4. The size of the cross- 

sectional area of the half-turns decreases from base to apex. Apparently, the subjective 

classification is not based on a scale-independent subjective estimate of the curvature of 

Reissner's membrane.

Figure 3.6 further illustrates that the classes from 0 to 4 overlap. It supports the 

conclusion of section 3.2 that the classification should be limited to the categories "no", 

"mild", "moderate" (and "severe").

Finally, fig. 3.6 shows that a step of one class corresponds to a difference in IJd of 0.1 

to 0.05, depending on the half turn considered. The accuracy of the measurements of IJd 

was estimated at 5%. Thus, this accuracy corresponds to a difference of half-a-class to a full 

class, respectively. This is about the accuracy found in the subjective classification (Table

3.1).

In addition to the l Jd measure we also introduced the scala media (SM) area ratio (sec. 

2.4.5). A comparison of this objective measure (and the lRld -measure) with the subjective 

classification is presented in Table 3.2. The comparison is given in terms of the correlation 

coefficient. In all cochlear half-turns we find that the correlation coefficient for the l Jd - 

ratio is higher than the coefficient for the SM-area-ratio method. Thus, the results from the 

-ratio method provide a better match to the subjective classification than those from 

the SM-area-ratio method.
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Table 3.2. Correlation between the subjective hydrops classification and the lRld -ratio and

SM-area-ratio for each cochlear half turn from B1 to Al.

Half-turns

B1 B2 Ml M2 M3 M4 Al

IJd -ratioK 0.74 0.82 0.80 0.77 0.81 0.67 0.78

SM-area-ratio 0.63 0.79 0.65 0.76 0.77 0.61 0.76
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4. Discussion

Today, the etiology and pathogenesis of endolymphatic hydrops is still poorly understood. 

However, scientific and clinical interest for this phenomenon is growing. The possibility of 

quantifying the degree of endolymphatic hydrops in an objective and numerical way might 

contribute to a better understanding of subtle pathophysiologic changes within the 

endolymphatic compartment of the inner ear. In order to evaluate the merits of two 

different objective methods, one based on the ratio lJd, the other on the SM-area-ratio, 

we first estimated the error in the traditional, non-parametric, subjective classification 

method by assessing the interobserver variability in this classification method (Table 3.1). 

The results showed that a subdivision including the intermediate classes "dubious" and 

"mild to moderate" is unwieldy. Observers cannot classify endolymphatic hydrops into 

more categories than the traditionally applied four classes: "no", "mild", "moderate" and 

"severe".

Correlation analysis showed that the results of the IJd ratio better matched those of 

subjective classification than the results of the SM-area-ratio method. This indicates that 

the length of Reissner’s membrane is the most characteristic change in endolymphatic 

hydrops to the observers when performing subjective classification. Apparently, in 

classifying the degree of endolymphatic hydrops the subjective scoring method relies less on 

the relative increase in area of the scala media to the total area of scala media and scala 

vestibuli than on the increase in the length of Reissner's membrane.

A conspicuous result is that the mean lJd -value is somewhat higher than 1.0 in all 

cochlear turns, when subjectively hydrops was judged to be absent (fig. 3.6, class "0"). This 

result was most obvious in the basal half-turn (Bl). The ratio IJd >1 implies a slight 

bulging of Reissner’s membrane. This slight bulging of the membrane might represent the 

normal in vivo situation. The bulging might reflect a buffering capacity being part of the
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mechanisms involved in fluid pressure regulation of the endolymphatic compartment. This 

assumption needs further investigation.

The results described above allow us to conclude that IJd is a suitable measure to assess 

the degree of endolymphatic hydrops in histological preparations of the inner ear. In 

comparing the IJd -measure to the subjective classification method, we found that the 

errors are about the same. However, we expect that the lRld -approach will turn out to be a 

superior method because it is objective and it renders data on a continuous scale. Moreover, 

the accuracy of the method can be improved. Hopefully, the method will contribute to 

gaining more insight into the pathophysiology of endolymphatic hydrops and pressure 

regulation of the endolymphatic compartment. The morphometric method should, of 

course, always be complemented by visual inspection of the histological results in order to 

obtain the full scope of the morphological disorders.
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1. INTRODUCTION

Endolymphatic hydrops is an inner-ear disorder mostly studied because of its probable 

relation to Menière’s disease. This hydrops is the net result of an imbalance between 

endolymph production and resorption, which are generally thought to be localised in the 

stria vascularis and in the endolymphatic duct and sac, respectively. A widely accepted 

animal model of endolymphatic hydrops is the one originally introduced by Kimura and 

Schuknecht (1965) in which the hydrops is evoked by surgical obliteration of the 

endolymphatic sac and obstruction of the endolymphatic duct in guinea pigs. Following 

this approach, progressive degeneration occurs in all cochlear epithelia (Kimura and 

Schuknecht, 1965; Albers et ah, 1987a; Albers et ah, 1987b; Ruding et ah, 1987; Albers et 

ah 1988). Electrophysidogically, one finds fluctuating and permanent threshold shifts of 

the compound action potential (CAP), enhancement of the summating potential (SP), and 

a decrease in the amplitude of low-frequency cochlear microphonics (CM) (Konishi and 

Kelsey, 1976; Konishi et ah, 1981; Kumagami and Miyazaki, 1983; Aran et ah, 1984; 

Harrison et ah, 1984, Morizono et ah, 1985; Horner and Cazals, 1986; Van Deelen et ah, 

1987; Klis and Smoorenburg, 1988).

After experimental obliteration of the endolymphatic sac and duct one finds in guinea pigs 

degeneration of the cochlear epithelia to an extent, degree and rate much larger than what is 

found in humans with spontaneous endolymphatic hydrops (Merchant et ah, 1995). This 

discrepancy might be related to the experimental obliteration which induces irreversible 

damage to the endolymphatic sac and duct. A proper model of human endolymphatic 

bydrops in Menière’s disease requires a more subtle model, leaving the inner ear 

anatomically intact.

Recently, it has been suggested that immunological mechanisms may be involved in the 

development of a reversible hydrops associated with fluctuating hearing loss in humans
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(Brookes, 1995). Within this concept the endolymphatic sac is considered to play an 

essential role as the site of an immune response in the inner ear (Rask-Andersen and Stahle, 

1980; Harris, 1984; Harris and Ryan, 1984; Tomiyama and Harris, 1987; Tomiyama, 

1992). Tomiyama (1992) reported that in systemically presensitized guinea pigs, a second - 

this time intraluminary challenge - to the endolymphatic sac with the original antigen 

(keyhole limpet haemocyanin) caused an endolymphatic hydrops associated with 

fluctuating hearing loss. In his experiment, hydrops developed within hours to days after 

the second, intraluminary challenge. It then gradually decreased during the next four weeks, 

but it recurred after five weeks. Tomiyama (1992) suggested that the initial hydrops 

occurring immediately after the secondary challenge might have been due to an acute and 

severe inflammation reaction in the endolymphatic sac and that the recurrence after five 

weeks could have been related to subsequent irreversible dysfunctioning of endolymphatic 

sac resorption.

The aim of the present study was to develop a more subtle animal model of endolymphatic 

hydrops which might include fluctuating hearing loss. The model is based on a perisaccular 

immune reaction. It was deemed a prerequisite to keep the endolymphatic sac itself intact, 

unlike the method used by Tomiyama (1992). Therefore we placed a small amount of allo

geneic immune complexes, coupled to protein A-conjugated sepharose beads, in the direct 

vicinity of the endolymphatic sac. The immune complexes were bound to sepharose beads 

in order to avoid rapid diffusion out of the perisaccular region. The effect of deposition of 

beads without immune complexes was included in the study as a control condition.
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2. Material and Methods

2.1. Animals

Thirty-six female albino guinea pigs (Dunkin Hartley, weighing 200-300 g) with a 

positive Preyer reflex were used. The animals were housed under standard laboratory 

conditions. The care and use of animals reported in this study were approved by the Animal 

Care and Use Committee of the Faculty of Medicine, Utrecht University, protocol FDC

89055.

2.2. Coupling of immune complexes to protein A-conjugated sepharose beads

Peroxidase-anti-peroxidase (PAP) conjugated immune complexes of guinea pig origin (GP 

PAP, Chemicon) were dissolved in 50 mM Tris-HCl buffer (pH 7.0) at a concentration of 

15 mg/ml. Sepharose beads (prote.n A Sepharose 4 Fast Flow, Pharmacia; bead size range: 

45-165 (am) were washed for 3x5 min in 50 mM Tris-HCl buffer (pH 7.0). After 

sedimentation (2 min, 500 rpm), the supernatant was discarded and the resulting slurry was 

mixed with the immune complexes in a ratio of 1 ml slurry binding to 20 mg PAP 

complexes. Incubation was performed for 1 h at ambient temperature under constant 

agnation in an excess volume of 50 mM Tris-HCl buffer (pH 7.0). After sedimentation (2 

mm, 500 rpm), excess buffer was discarded and the final slurry was used for perisaccular 

deposition.

2.3. Surgery

The animals were anaesthetised with Thalamonal® (a mixture of 2.5 mg/ml droperidol and 

°-05 mg/ml fentanyl) administered intramuscularly at a dose of 1.8 ml/kg body weight. 

Artificial respiration with a gas mixture containing 33% 02, 66% N20 and 1%
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Halothane, was provided through a breathing mask. Rectal temperature was maintained at 

38°C using a heating pad.

The endolymphatic sac and duct of the right ears were exposed through an extradural 

posterior fossa approach (Konishi and Shea, 1975). The left ears were used as non-treated 

controls. Animals were divided into two groups. In one group (N = 18) 11 pi of PAP-gel 

slurry, corresponding to 220 |ig of bound immune complexes, were placed in close vicinity 

of the endolymphatic sac using a micropipette. Care was taken not to damage the 

endolymphatic duct and sac. The other group (N = 18) served as a control. It received the 

same amount of gel slurry but without immune complexes.

The bony defect in the skull was covered by Gelfoam before closing the wound in 

layers. Each group was divided into three subgroups, which were electrophysiologically 

evaluated and sacrificed one week (N = 6), two weeks (N = 6), and six weeks (N = 6) after 

sepharose bead deposition.

2.4. Electrocochleography

The animals were anaesthetised according to the technique described in section 2.3, except 

that artificial respiration was provided through a tracheal cannula. Heart rate was 

monitored continuously, and rectal temperature was maintained at 38°C. Both auditory 

bullae were exposed surgically through a ventrolateral approach.

Electrophysiological responses (CAP, SP and CM) of the cochlea were recorded with a 

silver-ball electrode at the apex. In guinea pigs recording from this location provides the 

largest CAP and SP amplitudes (Van Deelen and Smoorenburg, 1986). Moreover, the SP 

measured at the apex is a particularly sensitive indicator of endolymphatic hydrops (Van 

Deelen et al., 1987). The reference electrode was placed in the neck muscles.
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Stimulus generation and data acquisition were controlled by computer, using a CED 1401- 

plus laboratory interface. Tone burst waveforms were calculated and stored in a revolving 

memory consisting of 2,500 points with 12-bit resolution. Tone bursts of 2, 4 and 8 kHz 

with rise and fall times of 1.5 ms were used. Rise and fall envelopes of the tone bursts were 

cosine-shaped (1 ms each) and were connected by a plateau of 6 ms. The inter-burst 

interval was 99 ms. Consecutive tone bursts were presented with alternating polarity. The 

stimuli were fed to a Beyer DT48 dynamic transducer, which was connected to a hollow ear 

bar fitted into the exposed outer ear canal. Calibration was performed with a Briiel and 

Kjaer 4134 microphone using the substitution method. The responses were amplified (5k 

or 10k), bandpass-filtered (12 dB/octave, -3 dB points at 1 Hz and 10 kHz), AD -conver- 

ted, averaged (max. 500 times), and stored on disk for off-line analysis. Responses were 

averaged and stored separately for the two tone-burst polarities. CAP and SP were obtained 

by addition of the responses to the tone bursts of opposite polarity, the CM by substrac- 

tion. The SP was based on the DC level measured approximately 6 ms after the onset of the 

8 ms tone burst. The CAP amplitude was defined as the distance between the first negative 

peak (Nl) and the steady state level of the SP because, in principle, the CAP is 

superimposed on the SP. CM was measured as the peak-to-peak value halfway through the 

sinusoidal response.

2.5. Tissue processing for light microscopy

After electrocochleography, the animals were decapitated, and the temporal bones, 

containing the bullae, including the dura mater covering the posterior cranial fossa, were 

excised in toto from the skull. Next, the bullae were opened and the cochlea’s were 

immediately fixed by intralabyrinthine perfusion with a tri-aldehyde fixative followed by 

immersion in the same fixative overnight at 4°C. The fixative consisted of 3% 

glutaraldehyde, 2% formaldehyde, 1% acrolein, 2.5% DMSO in 0.08 M sodium 

cacodylate buffer, pH 7.4 (De Groot et al., 1987). Subsequently, the temporal bones were
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rinsed in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 X 15 min, decalcified in 10% 

EDTA.2Na (pH 7.4) for 10 days under constant agitation at room temperature, and rinsed 

again in the same buffer (2x15 min). At this time, each temporal bone was divided with a 

sharp razor blade into the cochlea and the part containing the endolymphatic duct and 

endolymphatic sac. Both parts were post-fixed in 1% 0s04 in 0.1 M sodium cacodylate 

buffer (pH 7.4), containing 1% K^Ru(CN)^, for 2 h at 4°C (De Groot et al., 1987), 

followed by several washes in distilled water. Dehydration was performed in a graded 

ethanol, 2,2-dimethoxypropane, propylene oxide series. Cochleas and the parts containing 

the endolymphatic duct and sac were embedded in toto in Spurr's low-viscosity resin, 

containing 1% silicone DC 200 fluid (Polaron Equipment Ltd., Bio-Rad Labs., Watford, 

UK). Next, the cochleas were divided along a midmodiolar plane and re-embedded. 

Semithin sections (1 pm) were cut with glass knives on a Reichert-Jung 2050 microtome 

and stained with methylene blue and azure B in borax for light-microscopical evaluation.

2.6. Morphometry

In order to quantify endolymphatic hydrops we applied the VIDAS image analysis system 

(Kontron/Zeiss, Germany). Sections were scanned using a Sony black-and- white 256-grey- 

level CCD camera (type XC-77CE) with a frame size of 768 by 512 pixels which was 

attached to the microscope. We measured the length of Reissner’s membrane, lR, and the 

straight distance between the medial and lateral attachment points of this membrane, d (see 

fig. 4.1). The ratio IJd is taken as a measure of endolymphatic hydrops (Bouman et ah, 

1997). This ratio will be equal to 1.0 in absence of hydrops and it will exceed 1.0 when 

Reissner’s membrane bulges into scala vestibuli in case of endolymphatic hydrops. The ratio 

IJd was measured at half-turn distances.
R
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Figure 4.1. Light micrograph of a middle cochlear turn. Mild distension of Reissner's membrane, lR, 
following perisaccular deposition of sepharose beads. SV = scala vestibuli, SM = scala media, ST = 
scala tympani (X80). d represents the straight distance between the points of attachment of Reissner’s 
membrane. The ratio of the length of Reissner’s membrane, l R, and this distance, d, equals 1.39 in 

this example.
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2.7. Statistical analysis

Both the morphometric and the electrocochleographic data were subjected to analysis of 

variance. Between-subject variables were: the application of immune complexes and post

treatment time interval; within-subject variables were: the treated right ears versus non- 

treated left ears and, for electrocochleography, frequency and level of stimulation. 
Statistica® software was used in all analyses.

treated ears
—©— untreated ears

ith without

1 week

without

immune complexes 
2 weeks 6 weeks

Figure 4.2. The ratio LRtd, indicative of the size of the hydrops, for the treated (right) and untreated 
(left) ears, one, two, and six weeks after treatment with and without immune complexes added to the 
sepharose beads.
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3. RESULTS

3.1. Light microscopy

Upon light-microscopical examination, the sepharose beads were located in close apposition 

to the endolymphatic sac, i.e. the site where they had been placed during surgery. A 

mononuclear, perisaccular cell infdtrate was infrequently seen one to two weeks after the 

operation (fig. 4.3A). At all survival times (one, two, and six weeks), the sepharose beads 

were completely enveloped by polynuclear giant cells. These conglomerates were embedded 

in a dense fibrous stroma containing numerous fibroblasts, indicating foreign body 

encapsulation (fig. 4.3B). When comparing the ears treated with sepharose beads carrying 

immune complexes to those treated with beads without immune complexes there were no 

differences in cellular infiltrate. In both treated groups, at each post-treatment time interval, 

the lumen of the endolymphatic sac was filled with its normal contents: colloid and free- 

floating cells (i.e. macrophages and leukocytes). When comparing the treated right ears to 

the untreated left ears, there were no obvious differences in the contents of the 

endolymphatic sac. Moreover, in the treated right ears there were no obvious changes in the 

Organ of Cord, the stria vascularis, the spiral ganglion and the nerve fibers as compared to 

the untreated left ears.

3.2. Morphometry

The morphometric data were analysed for the two basal half-turns and for these half-turns 

together with the next two half-turns. Although endolymphatic hydrops is mostly larger in 

the basal turn than in the higher turns the data showed no loss of discriminative power 

when the average across four half-turns was used. The latter average was chosen for the 

statistical analysis presented below. Subjective evaluation of onset of hydrops corresponded 

to about / Id = 1.20 when considering the basal turn only and to IJd =1.15 when
R

considering the basal and second turn together.
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Figure 4.3. (A) Light micrograph of the mononuclear, perisaccular cell infiltrate that was infre
quently seen one week after treatment. (B) Light micrograph of a transverse section of the distal part 
of the endolymphatic sac after two weeks. Sepharose beads, situated in close apposition to the 
endolymphatic sac, are enveloped by polynuclear giant cells and embedded in a dense fibrous stroma, 
indicating a foreign body reaction. The lumen of the endolymphatic sac is filled with its normal 
contents: colloid and free-floating cells. SB = sepharose bead, ESL = endolymphatic sac lumen, GC = 
polynuclear giant cell, FS = fibrous stroma (x80).
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Analysis of variance of lRld showed a significant effect of ear (treated right ear versus 

untreated left ear, p < 0.01), but no statistically significant effect (at the 5% level) of adding 

the immune complex to the sepharose beads and no significant effect of the time interval 

since sepharose bead deposition. The mean /^-values are presented in fig. 4.2. Figure 4.2 

suggests an interaction between the three factors involved in the sense that adding the 

immune complex might make a difference in the right ear, two and six weeks after bead 

deposition. However, the p-level for this interaction was only 0.18 while the strongest 

interaction, found for the effect of the immune complex per ear, averaged over the three 

post-treatment time intervals, was only 0.09. Nevertheless, the results of fig. 4.2 suggest 

that the deposition of the sepharose beads, irrespective of the addition of the immune 

complex, may evoke a hydrops after one week, while the presence of hydrops after longer 

time intervals may depend on the addition of the immune complex.

3.3. Electrocochleography

Analysis of variance showed no statistically significant differences at the 5% level in CAP, 

SP or CM between the animals treated with and without immune complexes nor any 

significant interactions with this factor. Therefore, the electrophysiological data from these 

two groups were pooled.

Figure 4.4 shows the CAP input-output curves at 2 and 8 kHz for the three different post

treatment time intervals. At 2 kHz there is a just significant (p = 0.05) decrease in CAP 

amplitude in the treated right ears as compared to the untreated left ears after one week, but 

not after two and six weeks. At 4 kHz (not shown) and 8 kHz there are no significant 

differences between the ears.
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—O---treated ears 
----&— untreated ea3 1 week 1 week

8 kHz

2 weeks

2 kHz

2 weeks

2 kHz 8 kHz
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>3
E
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1000-,

Stimulus Ifiufil /dB SPLt Stimulus level (dB SPL)

Figure 4.4. CAP input-output curves for 2 and 8 kHz probe tone bursts at one, two, and six weeks 
post-treatment intervals. Mean and s.e.m. are shown at each level of stimulation. Circles connected by 
broken lines represent all right ears; the right ears treated with immune complexes together with those 
treated without immune complexes. Triangles connected by solid lines represent the untreated left 
ears.
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1 week 1 week

2 weeks2 weeks
8 kHz2 kHz

6 weeks6 weeks
8 kHz2 kHz

Stimulus level (dB SPL)Stimulus level (dB SPL)

Figure 4.5. SP input-output curves for 2 and 8 kHz probe tone bursts at one, two, and six weeks 
post-treatment intervals. Mean and s.e.m. are shown at each level of stimulation. Circles connected by 
broken lines represent all right ears; the right ears treated with immune complexes together with those 
treated without immune complexes. Triangles connected by solid lines represent the untreated left 

ears.
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The effects on the SP are more pronounced (fig. 4.5). In all conditions and at all 

stimulus levels and frequencies the SP measured at the apex was negative. Averaged across 

the three post-treatment time intervals we found in the treated right ears enhancement of 

the magnitude of the negative SP, as compared to the untreated left ears, at all frequencies 

(2 kHz: p < 0.05; 4 kHz: p < 0.01; 8 kHz: p < 0.001). At 4 and 8 kHz this effect is signifi

cantly related to post-treatment time interval (two-way interaction at 2 kHz: p < 0.17; 4 

kHz: p < 0.05 and 8 kHz: p < 0.05; three-way interaction in the entire data set: p < 0.05). 

SP enhancement decreases with increasing post-treatment time interval.The CM data in 

response to the 2 and 8 kHz tone bursts are shown in fig. 4.6. No significant effects (at the 

5% level) of bead deposition were found at either of the three stimulus frequencies.

3.4. Relation between morphometry and electrocochleography

The electrophysiological data show considerable enhancement of the SP. As mentioned in 

the introduction this enhancement might well be related to endolymphatic hydrops. 

Therefore, we compare the morphometric IJd -values with the SP-values in figs. 4.7A and 

4.7B for the treated right and untreated left ear, respectively. As before the lJd -values 

relate to the basal and second turn. The SP-data relate to the 8 kHz stimulus (the frequency 

at which we found the largest effects) and are values averaged over the highest five levels.

For the untreated ears fig. 4.7 B shows that almost all data lie evenly scattered within the 

region bordered by IJd =1.2 and SP = -100 (iV. (The outlier with the high lRld -value of 

1.38 stems from a 6-weeks without-immune-complex condition.) The scatter plot 

demonstrates that there is no effect of the time interval since treatment. We conclude from 

these data that treatment of the right ear did not affect the left ear and that the scatter in 

the data represents the intrinsic variability amongst animals.
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1 week 1 week
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2 weeks
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Stimulus level (dB SPD

Figure 4.6. CM input-output curves for 2 and 8 kHz probe tone bursts at one, two, and six weeks 
post-treatment intervals. Mean and s.e.m. are shown at each level of stimulation. Circles connected by 
broken lines represent all right ears; the tight ears treated with immune complexes together with those 
treated without immune complexes. Triangles connected by solid lines represent the untreated left

ears.
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8 kHz, treated right ears

B
8 kHz, untreated left ears

1 wk, 
1 wk,

with immune complexes 
without immune complexes

2 wk, with immune complexes 
2 wk, without immune complexes

▲ 6 wk, with immune complexes
A 6 wk, without immune complexes

Figure 4.7. Hydrops expressed in lR/d versus the SP averaged over the results for the highest five 
stimulus levels and 8 kHz. Panel A: results for the right ears treated with beads both with and without 
immune complexes. Panel B: results for the untreated (left) ears. Post-treatment time intervals: one 
week: closed and open squares, two weeks: closed and open circles, six weeks: closed and open 
triangles.

For the treated right ears fig. 4.7A shows a similar cluster of scattered data in the region 

bordered by IJd = 1.2 and SP = -100 |lV and a number of outliers. The highest SP-values 

are found one week after treatment, in line with the result mentioned above in section 3.2. 

There appears to be a fair overall correlation between IJd and the SP (r = 0.54), but this 

correlation is not apparent within the group of outliers. Hydrops (lRld > 1.2), however, 

seems to be correlated with enhanced SP only one and two weeks after bead deposition with 

immune complexes (r = 0.79 and r = 0.81 respectively). The other animal groups do not 

show this correlation between IJd and the SP (r < 0.37) for their right ears.

The results for 4 kHz are very similar to those presented above for 8 kHz; the results for 

2 kHz show more variability.
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4. DISCUSSION

Tomiyama (1992) found endolymphatic hydrops after inducing a secondary immune 

response by antigen re-challenge in the endolymphatic sac lumen. The present study 

describes a new animal model for induction of endolymphatic hydrops by perisaccular 

deposition of sepharose beads. Hydrops was found after one week irrespective of whether 

the beads carried immune complexes or not. Apparently, a specific immune response near 

or in the endolymphatic sac itself is not obligatory to evoke hydrops. Already the presence 

of a perisaccular non-specific mononuclear cell infiltrate can, by itself, initiate 

endolymphatic hydrops. The presence of immune complexes may contribute to a sustained 

hydrops, for a longer period than one week after bead deposition. This effect, however, was 

not statistically significant at the 5% level.

While Tomiyama (1992) evoked endolymphatic hydrops by antigen re-challenge inside the 

endolymphatic sac lumen, we found more persistent effects in our study working 

perisaccularly. Contrary to Tomiyama’s results we did not find a statistically significant 

reduction in the occurrence, nor the degree, of endolymphatic hydrops with increasing 

post-treatment time interval. However, such a trend might be present when beads without 

immune complexes are deposited.

The development of endolymphatic hydrops after deposition of the sepharose beads is 

attributed to release of biochemical mediators at the perisaccular site, where mononuclear 

cells are induced to migrate from the vascular compartment.
Apparently, release of these cytokines influences homeostasis in the endolymphatic 

compartment. The deposition of the foreign bodies is assumed to be an essential factor in 

the release of the biochemical mediators; previous research (Ruding, 1988) has shown that 

sham surgery does not evoke endolymphatic hydrops.
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Potentiation of the induction of hydrops by adding immune complexes to the sepharose

beads is likely. This might be related to an enhanced production of the biochemical

mediators in the initial stage and to a prolonged release. The release of the immune

complexes from the sepharose beads is very likely to be slow. fig. 4.2 shows that the average

/ Id -value after deposition of beads with immune complexes is fairly constant with
R

increasing post-treatment time interval, whereas IJd decreased with time for the beads 

without immune complexes. Although the two time courses after treatment with and 

without immune complexes do not differ to a statistically significant extent, the results may 

well be in line with the concept of an initial non-specific immune response to the 

deposition of the sepharose beads, irrespective of whether or not they carry immune 

complexes, followed by a reaction to the slower release of the immune complexes.

The results for the CAP, SP, and CM did not show any statistically significant differences 

(p > 0 05) between the group treated with sepharose beads plus immune complexes and the 

group treated with beads without these complexes. Also, there was no significant interaction 

between the immune-complex factor and all other factors. This justifies the pooling of the 

data for the two conditions.

The CAP results (fig. 4.3), combined for the treatment with and without immune 

complexes, showed a decrease in amplitude for 2 kHz tone bursts after one week with 

respect to the untreated left ears. This decrease vanished at six weeks post-treatment. After 

one week the SP showed an increase in its magnitude at 2, 4 and 8 kHz with respect to the 

untreated left ears which also tended to vanish with increasing post-treatment time (fig. 

4.4). These results suggest that after one week hydrops develops in the treated right ears 

(irrespective of the presence of the immune complex) and that this hydrops is accompanied 

by some decrease in the CAP and a substantial increase of SP magnitude. After six weeks 

the effect of hydrops on the cochlear potentials must have decreased.
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The increase in SP and, to a lesser extent, the decrease in the low-frequency CAP might be 

related to rapid development of hydrops in the first week, rather than to the presence of 

hydrops as such. Pressure build-up in the endolymphatic compartment might be the 

determining factor. It is thought to lead to a deviant operating point of the cochlear 

mechano-electrical transduction system resulting in displacement of the sensory organ 

(basilar membrane) towards the scala tympani. The correlation between an increase in SP 

and displacement of the basilar membrane towards the scala tympani has been well 

documented (Durrant and Dallos, 1974; Klis and Smoorenburg, 1985). We suggest that, 

irrespective of the presence of immune complexes, a temporary disturbance of the resorptive 

function of the endolymphatic sac is rapidly induced by application of the sepharose beads 

to the vicinity of the endolymphatic sac while leaving the sac itself intact. The disturbance 

of the resorptive function may well coincide with excess secretion of endolymph in this 

initial stage (Tomiyama, 1992; Sakagami et ah, 1995). After diminution of this immune 

reactivity, a new homeostasis arises in which the endolymphatic overpressure decreases and 

the basilar membrane returns to its original position, whereas Reissner's membrane remains 

in its distended position.

There were no measurable changes in CM. This is in agreement with the histological 

observation that outer hair cell loss is not present in both groups up to 6 weeks after 

treatment.

An enlarged SP is considered pathognomonic of endolymphatic hydrops in Menière’s 

disease (Ruth et ah, 1988). However, an abnormal SP is found in only about two-thirds of 

the patients thought to suffer from Menière's disease (Gibson et ah, 1977; Coats, 1981; 

Ferraro et ah, 1983). It might very well be that also in humans, SP enlargement is related to 

periods of pressure build-up rather than to the hydrops itself.

The change in SP that occurs one week after treatment is larger than the change found after 

surgical obliteration of the endolymphatic sac. This might be related to degeneration of
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inner-ear structures after obliteration reducing the cochlear potentials (Kumagami and 

Miyazaki, 1983; Aran et ah, 1984; van Deelen et al., 1987). The present animal model, not 

based on obliteration, may lead to a better understanding of endolymphatic hydrops and 

Menière’s disease.
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1. Introduction

Modern immunotechnology is widely applied in basic and clinical otology (Veldman and 

McCabe, 1987; Mogi et ah, 1994; lurato and Veldman, 1997). Specific studies of the 

pathologic processes involved in rapidly progressive uni- or bilateral immune-mediated 

sensorineural hearing loss (SNHL) have prompted a search for a reliable clinical assay to 

detect immune-pathologic changes in patients suffering from this disorder. This form of 

SNHL has been clinically assessed by lymphocyte transformation tests (Hughes et ah, 

1986), immunofluorescence or immunoperoxidase microscopy (Hughes et ah, 1986; 

Veldman and McCabe, 1987; Veldman et ah, 1987), determination of circulating immune 

complexes (Veldman et ah, 1984; Brookes, 1986), and most recently by Western-blotting 

(W-B) (Harris and Sharp, 1990; Veldman et ah, 1993; Mosciscki et ah, 1994; Cao et ah, 

1996). This immunoblotting technique has recently gained wide application in academic 

centers throughout the world. It is gradually becoming the standard technique to identify 

which patients would probably respond to immunosuppressive therapy. Other routine 

laboratory tests in clinical immunology do not support a tentative diagnosis of immune- 

mediated SNHL as a separate entity. Only in those rare conditions in which the audio- 

vestibular system is one of the targets of a systemic autoimmune disease is it possible that a 

general clinical immunology work-up for autoimmune disorders would support the 

diagnosis (Veldman and McCabe, 1987; Veldman, 1988).

The Western-blot technique requires inner-ear tissue as a source of protein to be used as 

an immunoreagent. Two prerequisites for this technique are (1) a sufficient amount of 

inner-ear tissue and (2) a standardized method to extract and purify it. Human inner-ear 

tissue would be the material of choice for this purpose, but it is difficult to obtain and it 

comes in small quantities. The same holds for material from a variety of mammalian species 

that demonstrate an immunological cross-reactivity with human inner-ear tissue. These 

animals are readily available in research laboratories (mice, rats, guinea pigs), but only small
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amounts of tissue can be derived from each specimen. A practical and abundant source of 

membranous inner-ear antigens is bovine and swine temporal bones. Different centers in 

the United States of America have built up experience with bovine inner-ear tissue (Harris 

and Sharp, 1990; Rauch et ah, 1992). We have developed a relatively quick and easy 

method to extract and purify the required proteins over the years by collecting swine inner- 

ear tissue in large amounts. In this paper, we describe the techniques for acquisition- 

dissection and extraction-preservation of swine membranous labyrinthine proteins. They 

have been used for experimental oto-immunological research and in clinical diagnostic 

procedures.

Sera from patients who have been identified as suffering from immune-mediated SNHL 

were parallel tested in a W-B assay with bovine and swine inner-ear antigens. This allowed 

us to determine (1) the sensitivity and specificity of both tests for clinical application and 

(2) to clarify whether the results of W-B assays with both inner-ear extracts are 

interchangeable.
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Figure 5.1. Paramedial section of the swine skull, a: the petrous bone.

Figure 5.2. Photograph of the removal of the swine petrous bone with a screwdriver.
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2. MATERIAL AND METHODS

2.1. Procurement of swine temporal bones

To collect a sufficient amount of membranous labyrinthine tissue within a short period of 

time, swine temporal bones are obtained from the slaughterhouse. It is standard procedure 

for the butcher to cut the carcass medially. Removal of the petrous bone occurs immediately 

after death and does not interfere with the slaughtering process.

The temporal bone of the pig is located at the base of the skull. It is covered with dura 

on its medial side (fig. 5.1). Unlike human anatomy, the petrous part in not bone-fused to 

the squamous and tympanic part of the temporal bone. It can therefore be easily removed 

from the base of the skull.

Following the medial transection of the head, the brain and dura are elevated. The 

temporal bone subsequently is lifted out of its anatomical position using an ordinary 

screwdriver (fig. 5.2). This procedure is so simple that over a hundred petrous bones can be 

removed by a single laboratory assistant within one hour. The isolated petrous bones are 

immediately deep-frozen on dry ice (-80°C), after which further processing takes place in 

the laboratory.

2.2. Microdissection of the membranous labyrinth

After thawing on ice, the easy-to-distinguish cochlea in each temporal bone is cut along a 

midmodiolar plane with a diamond band saw (figs. 5.3, 5.4). Individual turns of the 

membranous cochlea are removed with micro-surgical instruments on ice under a binocular 

microscope and rinsed in cold 0.1 mol/1 phosphate buffered saline (PBS; pH = 7.2). 

Approximately 10 mg wet weight of membranous labyrinthine tissue is collected from one 

single cochlea.
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2.3. Antigen extraction-preservation procedure

The inner-ear tissue is homogenized by ultrasonification at 25 kHz on ice in 10 volumes 

(w/v) of extraction buffer containing 10 mM Tris-HCI pH=7.2, 1% Sodium 

Dodecylsulphate (SDS), and a mixture of the following protease inhibitors: Pefabloc® 0.2 

mM (Boehringer, Mannheim, Germany), Aprotinin 20 |Xg/ml (Boehringer, Mannheim, 

Germany), EDTA.2Na 0.3 mg/ml (Sigma Chemical Co., St. Louis, MO, USA), and 

Leupepdn 0.5 mg/ml (Boehringer, Mannheim, Germany). After centrifuging the mixture 

at 5,000 rpm for 15 minutes, the supernatant is filtered through a 0.22 |im filter. The 

protein concentration is then determined spectrophotometrically using a BCA* Protein 

Assay kit (Pierce, Rockford, IL, USA). Subsequently, the supernatant is mixed with an 

equal volume of sample buffer containing 125 mM Tris-HCI pH=6.8, 0.003% 

Bromphenol blue, 10% glycerol, and 2% SDS and then placed in boiling water for 5 

minutes.

Finally, the protein concentration of the substrate is adjusted to 1 g/1 with sample 

buffer.

2.4. SDS-polyacrylamide gel electrophoresis (SDS-page)

SDS-page is performed in a 12% SDS-polyacrylamide gel according to the method 

described by Laemmli (Laemmli, 1970). See Blue® (Novex, San Diego, CA, USA) 

prestained protein standards are loaded onto the same gel to determine their molecular 

weight.

2.5. Immunoblotting

Separated proteins are transferred onto polyvinylidene difluoride (PVDF) membranes 

(Immobilon-P®, Millipore Corp., Bedford, MA, USA) by a semi-dry electroblotting 

technique for 1 hour with 3 mA/cm^, using a Trans-Blot® SD cell (Bio-Rad, Richmond,
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Figure 5.3. Photograph (fig. 5.3a) and illustration (fig. 5.3b) of the petrous bone with the easily 
distinguishable, superficial cochlea, a: stapes in oval window, b: cochlea, and c: round window.

Figure 5.4. Photograph (fig. 5.4a) and illustration (fig. 5.4b) of a midmodiolar view of the swine 
cochlea after cutting along a midmodiolar plane with a diamond band saw. a: apex of cochlea, b: 
cochlear nerve.
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CA, USA). The transfer buffer is prepared according to the method used by Bjerrum and 

Schafer-Nielsen (Bjerrum and Schafer-Nielsen, 1986). It consists of 48 mM Tris-HCl pH =

9.2, 39 mM glycine, 0.037% SDS, and 20% methanol. Blotting efficiency is monitored by 

checking the polyacrylamide gel, which should no longer show any blue-stained molecular 

weight standards.

After drying, the PVDF membrane is cut into small strips, which are then used for the 

immunoblot assay. The PVDF strips are wetted again in 100% methanol for 3 seconds, 

equilibrated in transfer buffer, and immersed for 2 hours at room temperature in blocking 

buffer (Blotto: 5% non-fat dry milk, 0.2% Tween-20® (Sigma), 0.02% sodium azide, and 

0.01% Antifoam-A® emulsion (Sigma) in PBS) in order to prevent non-specific binding. 

Subsequently, each PVDF strip is incubated with patient serum in a proportion of 1:100 

diluted in Blotto for 2 hours at room temperature under constant agitation. Next, the 

PVDF strips are washed 3 times in Blotto and incubated with alkaline phosphatase 

conjugated rabbit anti-human IgA, IgG, IgM (DAKO, Glostrub, Denmark) diluted in 

Blotto for 1 hour at room temperature. Finally, the PVDF strips are washed three times in 

Tris-buffered saline (20 mM Tris-HCl pH = 7.5, 500 mM NaCl) and developed in freshly 

prepared bromochloroidolyl phosphate/nitroblue tetrazolium (BCIP/NBT) substrate, 

according to the technique of Leary et al. (Leary et al., 1983). The staining reaction is 

stopped after 30 minutes by rinsing the strips in 20 mM EDTA in PBS.
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Figure 5.5. Western-blot staining pattern of sera from different patient groups. The categories of 
patient A to C represent individuals out of patient groups considered to suffer from A: rapidly 
progressive SNHL; B: sudden SNHL; and C: uni- or bilateral SNHL of prolonged duration. Sample 
D represents a control serum out of group D: healthy, normal-hearing young subjects. Swine inner- 
ear proteins were used as a substrate in the Western-blot analysis.
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3. APPLICATIONS: WESTERN-BLOT ANALYSIS IN CLINICAL OTOLOGY

Figure 5.5 shows the immunoblot staining pattern following incubation with sera from 

representative patients A to C out of the patient groups available in our clinic suspected to 

suffer from immune-mediated SNHL. These groups are classified as follows: A, rapidly 

progressive SNHL; B, sudden SNHL; and C, uni- or bilateral SNHL of prolonged 

duration. Sample "D" represents a control serum out of group D, consisting of healthy, 

normal-hearing young subjects. Swine inner-ear proteins were used as a substrate in the 

Western-blot analysis.

The individual sera from the patient groups showed an overall pattern of one or more 

positive bands with a molecular weight of 27, 45, 50, and 68 or 80 kD as compared to the 

control group D (Table 5.1). It is noteworthy that the 68 kD band only appears in the 

patient group suspected to suffer from rapidly progressive immune-mediated SNHL, 

although that band is certainly not present in all cases analyzed so far (Veldman et ah, 

1993). Analysis of the immunoglobulin classes involved in the different patient groups 

revealed that cross-reacting IgG autoantibodies could be found against all antigenic epitopes 

with a molecular weight of interest. IgM was found only in the 27, 45, and 50 kD bands. 

Finally, IgA could only be identified in the 27, 45, and 68 kD lanes of the Western blot 

(Table 5.2).

To determine whether or not the extracted proteins of the inner ear show 

intralabyrinthine specificity, the individual sera were tested in the same Western-blot assay 

with membranous protein extracts of swine cochlear, vestibular, and neural (N.VII and 

N.VIII) origin. Porcine kidney and brain tissue served as controls (Table 5.3). The 27 kD 

molecular weight protein is found in all partitions tested, except the brain. The 45 kD 

molecular weight protein is found in cochlear and brain tissue only, whereas the 50, 68, 

and 80 kD molecular weight proteins could be found in cochlear, vestibular, and neural 

inner-ear tissue, as well as in kidney and brain tissue. However, there is considerable 

variation on an individual basis.
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Finally, sera from our lab and that of Harris (San Diego Medical Center, University of 

California, USA) were double-checked by one of the co-authors (F.M.) in Western-blot 

assays, which were run simultaneously on tissue extracts of bovine and swine origin. Cross

reacting antibodies showed up in an identical manner with both substrates (unpublished 

data).

Table 5.1. Western-blot reactivity of sera from different patient groups.

27 kD 45 kD 50 kD 68 kD 80 kD

A + + + + -
B + + + - +
C + + + - -
D - - - - -

The rows for patient A to C represent sera from patient groups considered to suffer from A: rapidly 
progressive SNHL; B: sudden SNHL; and C: uni- or bilateral SNHL of prolonged duration, as 
presently collected in our department. Row D represents control sera: healthy, normal-hearing young 
subjects. Swine inner-ear proteins were used as a substrate in the Western-blot analysis.

Table 5.2. Various immunoglobulin classes in sera from different patients clinically diagnosed as 
suffering from immune-mediated sensorineural hearing loss. Swine inner-ear proteins were used 
as a substrate in the Western-blot analysis.

27 kD 45 kD 50 kD 68 kD 80 kD

IgG + + + + +

IgM + + + - -

IgA + + - + -
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Table 5.3. Western-blot reactivity of sera from patients considered to suffer from immune- 
mediated sensorineural hearing loss. Different swine inner-ear tissues were used as a substrate in 
the Western-blot analysis to determine intralabyrinthine specificity. Swine kidney and brain 
tissue served as controls.

Cochlea Vestibule Nerve Kidney Brain

27 kD + + + + -

45 kD + - - - +

50 kD + + + + +

68 kD + + + + +

80 kD + + + + +
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4. Discussion

Using the techniques as described, we have been able to develop a relatively quick, cheap, 

and reliable method for collecting and preparing considerable amounts of swine inner-ear 

tissue for laboratory testing purposes. Electrophoretic comparison of swine inner-ear 

antigen extracts shows a high degree of banding homology with both bovine and human 

inner-ear extracts (Rauch et ah, 1992). SDS-polyacrylamide gel electrophoresis of the swine 

membranous protein extract, followed by Western-blot assays to detect cross-reacting 

antibodies in sera, is now routinely used in patients suspected to suffer from rapidly 

progressive immune-mediated SNHL.

The virtually unlimited supply of swine inner-ear tissue, the ease of procurement and 

dissection - much easier than bovine material - makes it possible to pool tissue from a large 

group of animals. Pooled tissue can be processed, standardized once, and stored at -80°C 

for use when needed. In this way, batch errors are reduced and the interpretation of results 

becomes far more reliable.

In determining the various immunoglobulin classes of cross-reacting autoantibodies, it 

appears that the molecular weights of interest are all found within the IgG class. IgM and 

IgA are less well represented. On an individual basis, there is considerable variation in 

immunoblot staining pattern. The variability may be explained either by differences in 

inter-individual specificity or by the stage of the disease at the moment the laboratory tests 

were performed (Veldman et ah, 1993; Mogi et ah, 1994). The clinical significance of these 

phenomena is not clear at this time.

Patients reacting against the 68 kD antigen are considered to be suffering from 

immune-mediated SNHL. These patients in particular are highly responsive to 

immunosuppressive therapy (Harris and Sharp, 1990; Mosciscki et ah, 1994).
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Table 5.4. Tissue origin and/or extraction techniques for immunoassays as used in clinical 
investigations.

Author(s) Source of

antigens
Extraction

medium

Centrifuge

speed

Applications

McCabe, 1979 human *) *) Cl, LTT, MIT

Hughes et ah, 1986 human PBS 20,000 g Cl, LTT, MIT

Gebbers et ah, 1987 human *) *) Cl, LTT

Harris and Sharp, 1990 bovine PBS 2,500 rpm,

10 min.

Cl, IB

Rauch et ah, 1992 bovine PBS 3,000 g,

30 min.

IB

Veldman et ah, 1993 swine PBS 5,000 rpm,

20,000 g

15 min.

Cl, IB

Cao et ah, 1996 guinea pig PBS 3,500 rpm,

10 min.

Cl, IB

*) : no description provided LTT : lymphocyte transformation test
PBS : phosphate buffered saline, pH=7.2 MIT : migration inhibition test
Cl : clinical immunoassay IB : immunoblotting

It is instructive to compare the tissue origin and/or extraction techniques for the 

immunoassays currently used in clinical investigations of immune-mediated SNHL (Table 

5.4). Obviously, standardization is needed to be able to compare data in the future. The 

issue of inner-ear specificity of the various cross-reacting antibodies is still unresolved. Our 

Western-blot assay appears to confirm that there is no intralabyrinthine specificity of the 

antibodies of interest in the patients’ sera. The data presented in the literature are
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controversial (Veldman et al., 1993; Yamanobe and Harris, 1993; Cao et al., 1996). 

Isolation, purification, amino-acid sequencing studies, and creation of monoclonal 

antibodies against purified inner-ear antigenic epitopes of interest will undoubtedly shed 

light on this question. At the same time, these studies also will add to the array of 

diagnostic tools available in clinical practice. Recent preliminary results are very promising. 

They will facilitate the standardization of a rapid diagnostic procedure. And they could 

open new avenues of research, leading to a better understanding of the pathophysiology of 

this disorder and hence to better treatment.
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1. INTRODUCTION

Some forms of sensorineural hearing loss (SNHL) are suspected to have an immunological 

(possibly autoimmune) basis. Their onset is often sudden, their course is usually rapid and 

progressive and they may eventually lead - if not recognized and treated - to profound uni- 

or bilateral deafness. The proposed immunological mechanisms remain controversial. This 

type of SNHL has clinically been assessed by different immuno-assays (McCabe, 1979; 

Veldman, 1986; Hughes et ah, 1988; Luetje, 1989; Harris and Sharp, 1990; Mosciscki et 

ah, 1990; Veldman et ah, 1993). Western blot analysis of patients’ sera has gained wide 

application and it is gradually becoming the standard technique to identify patients who 

could respond to immunosuppressive therapy (Harris and Sharp, 1990; Veldman et ah, 

1993; Yamanobe and Harris, 1993; Mosciscki et ah, 1994; Cao et ah, 1996). Positive 

banding has been identified against inner-ear antigens with molecular weights of 27-35, 45- 

50, 60, 65-68, 80 and 220 kD.

Most of our knowledge about inner-ear immunology originates from animal studies, for 

it is difficult to study the human inner ear using standard clinical immunological methods. 

From the early sixties, inner-ear dysfunctioning as a result of immunization with isogeneic 

or xenogeneic cochlear tissue has been reported in the literature (Beickert, 1961; Terrayama 

and Sasaki, 1963). Histological evidence of immune-mediated inner-ear injury, such as loss 

of cochlear neurons, a perivascular mononuclear cell infiltrate with extravasated red blood 

cells and perivascular oedema in the modiolus, and IgG depositions at various sites 

throughout the cochlea, has been reported (Beickert, 1961; Terrayama and Sasaki, 1963; 

Harada et ah, 1984; Harris, 1987; Soliman, 1989; Orozco et ah, 1990). Endolymphatic 

hydrops is a frequent finding in these immunization experiments (Harada et ah, 1984; 

Soliman, 1989; Orozco et ah, 1990). Antibodies to inner-ear antigens have been detected 

(Harris, 1987; Orozco et ah, 1990). The observed effects of immunization, however, seem
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to vary considerably, not only between the different research laboratories but also within 

animal groups.

Auditory brainstem response testing has mainly been applied to determine hearing 

thresholds in experimental immunological studies of the inner ear. The hearing loss after 

injecting isogeneic or xenogeneic cochlear tissue varies from a uni to bilateral deficit of 20- 

50 dB SPL in 20-88% of the animals (Harris, 1987; Soliman, 1989; Orozco et ah, 1990). 

Detailed electrophysiological data on changes in compound action potential (CAP), 

summating potential (SP) and cochlear microphonics (CM), as described in experimental 

hydrops studies (Horner and Cazals, 1986; Van Deelen et ah, 1987; Horner and Cazals, 

1988), are not available. Such data could give more insight into the way an immune 

response against the inner ear might affect its function.

In this study we therefore address the following questions:

1. Which cells or cell systems in the cochlea are affected?

2. Are these cells or cell systems incapacitated or destroyed through a local immune 

response? and

3. Is endolymphatic hydrops a significant phenomenon?

Furthermore, we wonder whether endolymphatic hydrops, viewed as an imbalance in endo- 

lymph homeostasis, plays a key role in the initial structural and/or functional changes found 

in the inner ear.

These questions were experimentally approached by immunizing guinea pigs subcuta

neously with crude swine membranous labyrinthine tissue extracts (“inner-ear antigen”) in 

complete Freund’s adjuvant. Two and six weeks after antigen administration, sera from 

these animals were tested for the presence of cross-reacting antibodies against swine inner- 

ear antigen through a Western blot assay. Electro- and histophysiological studies were 

subsequently performed at the same time intervals after the single inner-ear antigen 

injection. Animals who received only extracting buffer in complete Freund's adjuvant, 

without inner-ear antigen, served as controls.
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2. Materials and Methods

2.1. Animals

Twenty-two female albino guinea pigs (Dunkin Hartley, weighing 200-300 g) with a 

positive Preyer reflex were used. The animals were housed under standard laboratory 

conditions. The care and use of animals reported in this study were approved by the Animal 

Care and Use Committee of the Faculty of Medicine, Utrecht University, The Netherlands 

(Protocol FDC 89055).

2.2. Antigen preparation

Fresh swine temporal bones were obtained from a local slaughterhouse and frozen 

immediately on dry ice (—80°C). After thawing on ice, surgical dissection of the 

membranous part of the cochlea was carried out under a binocular microscope. The tissues 

were stored on ice. Subsequently, proteins were extracted by sonification on ice in 5.75 

volumes (w/v) phosphate-buffered saline (PBS; pH 7.4), containing: 1% Triton X-100, 

0.5 mM phenylmethylsulphonyl fluoride (PMFS), 20 (J-g/ml aprotinin, 0.3 mg/ml 

EDTA.2Na, 0.5 Rg/rnl leupepdn and 0.7 M-g/ml pepstatin. After centrifugation (25 min; 

20,000 rpm) the supernatant was stored at -80°C. It contained 2.3 mg/ml protein (BCA* 

Protein Assay, Pierce) and was used as the crude inner-ear antigen (CAg) for immunization 

of the guinea pigs.

2.3. Immunization protocols

Animals were divided into three groups. The first group (N = 10) received a subcutaneous 

injection of 0.5 ml of an emulsion containing equal parts of CAg and complete Freund's 

adjuvant (CFA) in the nuchal area. Effects were evaluated after two weeks (CAg2 group). 

The second group (N = 6) received the same subcutaneous injection as described for the
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first group, but effects were evaluated after six weeks (CAg6 group). The third group 

(N = 6) served as the control.group. These animals were injected once subcutaneously with 

0.5 ml of an emulsion of equal amounts of the extraction buffer and CFA without inner-ear 

antigen. Only for the control group were the effects evaluated after two weeks.

2.4. Immunoblotting

Swine inner-ear antigens were prepared as described above, except that sonification was 

carried out in 10 volumes (w/v) of 10 mM Tris-HCl (pH 7.2), containing: 1% sodium 

dodecylsulphate (SDS), 1 mM iodoacetamide, 0.5 mM phenylmethylsulphonyl fluoride 

(PMFS), 20 (J-g/ml aprotinin, 0.3 mg/ml EDTA.2Na and 0.5 (^g/ml leupeptin.

The tissue extract was mixed with an equal volume of a 125 mM Tris-HCl (pH 6.8) 

sample buffer containing 4% SDS, 20% glycerol and bromophenol blue to the desired 

colour and SDS-polyacrylamide gel electrophoresis was performed in an 11% polyacryl

amide gel with prestained molecular weight markers (Biorad, Richmond, CA, USA).

Proteins were transferred onto PVDF membranes (Immobilon-P, Millipore Corp., 

Badford, Calif, USA) by semi-dry electroblotting (0.8 mA/cm^ for Ih) with a Transblot® 

cell (Biorad, Richmond, CA, USA). The transfer buffer was prepared according to Bjerrum 

and Schafer-Nielsen (48 mM Tris-HCl (pH 9.2), 39 mM glycine, 20% methanol) with 

1.3 mM SDS (Bjerrum and Schafer-Nielsen, 1986).

After drying, the membranes were cut into strips and incubated under constant 

agitation in blocking buffer (5% non-fat dry milk, 0.2% Tween-20® (Sigma, St. Louis, 

Missouri, USA), 0.01% antifoam-A emulsion (Sigma, St. Louis, Missouri, USA), 0.02% 

sodium azide in PBS pH = 7.4) for Ih at room temperature in order to prevent non-specific 

binding. The membranes were then incubated with guinea pig serum from every individual 

animal of the two experimental groups and the control group. It was diluted 1:100 in 

blocking buffer at room temperature for 2h, followed by washing three times in blocking 

buffer and incubation with the alkaline-phosphatase conjugated secondary antibody (anti
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guinea pig Ig, Sigma Immunochemicals, St. Louis, Missouri, USA) diluted 1:30,000 in 

blocking buffer for lb at room temperature. After washing in TBS (20 mM Tris-HCl 

(pH 7.5), 500 mM NaCl), the strips were developed in 5-bromo-4-chloro-3-indolyl 

phosphate/ Nitro Blue Tetrazolium (BCIP-NBT) substrate for about 15 min., according to 

Leary et al. (Leary et ah, 1983). The staining reaction was stopped by placing the strips in 

20 mM EDTA in PBS (pH 7.4).

2.5. Electrocochleography

Animals were anaesthetized with Thalamonal® (a mixture of 2.5 mg/ml droperidol and 

0.05 mg/ml fentanyl) administered intramuscularly at a dose of 1.8 ml/kg body weight. 

Artificial respiration with a gas mixture containing 33% Oj, 66% NjO and 1% Halo- 

thane, was provided through a tracheal cannula. Heart rate was monitored continuously, 

and rectal temperature was maintained at 38°C using a heating pad. Both auditory bullae 

were exposed through a ventrolateral surgical approach. Electrophysiological responses 

(CAP, CM and SP) of the cochlea were recorded with a silverball electrode at the apex. At 

this location the amplitudes of the CAP and SP are maximal in the guinea pig (Van Deelen 

and Smoorenburg, 1986). Moreover, the SP measured at the apex is a particularly sensitive 

indicator of endolymphatic hydrops (Van Deelen et ah, 1987). The reference electrode was 

placed in the neck muscles. Stimulus generation and data acquisition were controlled by 

computer, using a CED 1401-plus laboratory interface. Tone burst waveforms were 

calculated and stored in a revolving memory consisting of 2,500 points with 12-bit 

resolution. Tone bursts of 2, 4 and 8 kHz were used. Rise and fall envelopes of the tone 

bursts were cosine-shaped (1 ms each) and were separated by a plateau of 6 ms. The stimuli 

were led to a Beyer DT48 dynamic transducer, which was connected to a hollow ear bar 

fitted into the exposed outer ear canal. Calibration was performed with a Briiel and Kjaer 

4134 microphone using the substitution method. The inter-burst interval was 99 ms. 

Consecutive tone bursts were presented with alternating polarity. The responses were
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amplified (5k or 10k), bandpass-filtered (12 dB/octave, —3 dB at 1 Hz and 10 kHz), AD- 

converted, averaged (max. 500 times), and stored on disk for off-line analysis. The averaged 

responses to the tone bursts of opposite polarity were stored separately. CAP and SP were 

obtained by addition of the responses to the stimuli of opposite polarity, the CM by 

substraction. SP measurement was based on the DC level measured approximately 6 ms 

after the start of the 8 ms tone burst. The CAP amplitude was defined as the distance 

between the first negative peak (Nj) and the steady state level of the SP because, in 

principle, the CAP is superimposed on the SP. CM was measured as the peak-to-peak value 

halfway through the sinusoidal response.

2.6. Light microscopy

After electrocochleography, the animals were decapitated, and the temporal bones 

containing the bullae, including the dura mater covering the posterior cranial fossa, were 

excised in toto from the skull. Next, the bullae were opened and the cochleas were 

immediately fixed by intralabyrinthine perfusion with a tri-aldehyde fixative followed by 

immersion in the same fixative overnight at 4°C. The fixative consisted of 3% glutaralde- 

hyde, 2% formaldehyde, 1% acrolein, 2.5% DMSO in 0.08 M sodium cacodylate buffer, 

pH 7.4 (De Groot et al., 1987). Subsequently, the temporal bones were rinsed in 0.1 M 

sodium cacodylate buffer (pH 7.4) for 2 X 15 min, decalcified in 10% EDTA.2Na (pH 

7.4) for 10 days under constant agitation at room temperature, and rinsed again in the same 

buffer (2x15 min). At this time, each temporal bone was divided with a sharp razorblade 

into the cochlear partition and another part containing the endolymphatic duct and sac. 

Both parts were post-fixed in 1% Os04 in 0.1 M sodium cacodylate buffer (pH 7.4), 

containing 1% K^Ru(CN)g, for 2 h at 4°C (De Groot et al., 1987), followed by several 

washes in distilled water. Dehydration was performed in a graded ethanol, 2,2-dimethoxy- 

propane, propylene oxide series. Cochleas and the parts containing the endolymphatic duct
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and sac were in toto embedded in Spurr's low-viscosity resin, containing 1% silicone DC 

200 fluid (Polaron Equipment Ltd., Biorad Labs., Watford, UK).

Subsequently, the cochleas were divided along a midmodiolar plane and re-embedded. 

Semithin sections (1 |Im) were cut with glass knives on a Reichert-Jung 2050 microtome 

and stained with methylene blue and azure B in borax for light-microscopical evaluation of 

the organ of Corti, stria vascularis, spiral ganglion and Reissner's membrane. The endolym

phatic sac of every individual animal was further evaluated at a light-microscopical level.

The hydrops of the endolymphatic system was classified as "mild" when only a slight 

bulging of this membrane was present, and "moderate" when Reissner's membrane showed 

evident bulging without reaching the bony wall of the scala vestibuli.

2.7. Morphometry

Endolymphatic hydrops was measured objectively by using the “/^/^-ratio” method 

(Bouman et ah, 1997b). The IJd -ratio is a simple method to express the degree of endo

lymphatic hydrops; it gives the length of Reissners membrane in endolymphatic hydrops 

with respect to the straight distance between the points of attachment of ReissneÊ mem

brane, d, (fig. 6.1). This ratio will be equal to 1.0 in absence of hydrops and it will exceed 

1.0 when Reissners membrane bulges into scala vestibuli in case of endolymphatic hydrops.

To quantify the length parameters in each individual half turn of a semithin 

midmodiolar section of the cochlea, the VIDAS image analysis system (Kontron/Zeiss, 

Eching, Germany) was used. The measurement error of this procedure is less than 5%. 

Sections were scanned with a Sony black-and-white CCD camera, type XC-77CE, attached 

to the microscope. The frame size of the camera was 768 X 512 pixels at 256 grey levels. 

Subsequently, the length lR of Reissner’s membrane and the length d between the medial 

and lateral attachment points of Reissner’s membrane were measured. This procedure was 

performed on each individual cochlear half turn and on two sections per ear. Thus, we had 

four measurements per turn and the average of these measurements was calculated.
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Figure 6.1. Light micrograph of a middle cochlear turn with a moderate endolymphatic hydrops. 
There is evident bulging of Reissner’s membrane into the scala media. SV = scala vestibuli, SM = scala 
media, ST = scala tympani, lR = length of Reissner’s membrane, d = distance between the medial and 
lateral attachment points of Reissner’s membrane. The lR!d -ratio equals 1.39 in this example.
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2.8. Statistical analysis

Both the morphometric and the electrocochleographic data were statistically analyzed using 

analysis of variance (ANOVA). Between-subject tests were performed on the three 

experimental groups. Within-subject variables were right versus left ears and, for 

electrocochleography, frequency and level of stimulation. The CAP and CM data were 

logarithmically transformed before analysis in order to improve homogeneity of variance 

required by ANOVA. Statistica® software was used in all analyses.
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3. Results

3.1. Light microscopy

Upon light-microscopical examination, there was evidence of a frequently occurring mild to 

moderate bilateral endolymphatic hydrops in the experimental animal groups (CAg2 and 

CAg6). It was predominantly present in the basal and middle turn of the cochlea. The 

organ of Corti had a normal appearance and no outer and inner hair cell loss was noticed. 

One animal in the CAg6 group showed loss of spiral ganglion cells in the apical portion of 

the right cochlea. Other structural changes such as oedema, hemorrhage or a perivascular 

mononuclear cell infiltrate, were not observed in the scala tympani nor in the scala 

vestibuli. Reissner's membrane - elongated in hydropic cochleas - had a normal appearance 

throughout the cochlea. The same holds for the stria vascularis in both experimental 

groups.

Light-microscopical evaluation of the endolymphatic sac and its direct vicinity did not 

reveal any differences between the control group and the CAg2 and CAg6 animals. The 

endolymphatic sac's lumen of all animals was filled with normal contents: a colloid 

precipitate with some macrophages and leukocytes.

3.2. Morphometry

The morphometric data of the right and left ears were analysed for the two basal half-turns 

with the next two half-turns of the first middle cochlear turn. Subjective evaluation of onset 

of endolymphatic hydrops corresponds to about lJd = 1.15 when considering this first 

and second cochlear turn. There were no significant differences between the right and left 

ears. The mean lJd -values of the two experimental groups (CAg2 and CAg6) and the 

control group are presented in fig. 6.2. The lJd showed a p-level of only 0.08 for the 

treatment effect. Nevertheless, the results of fig. 6.2 suggest that systemic immunization
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Control CAg2 CAg6

Figure 6.2. The ratio lRld , indicative of the size of the hydrops, for the experimental groups CAg2 
and CAg6 and the control group averaged over the first and second cochlear turn.

with pig inner-ear antigen may evoke a hydrops after two weeks, while the degree of 

hydrops seems to diminish six weeks after immunization.

3.3. Immunoblotting

Two weeks after immunization (CAg2 group), Western blot analysis of the serum of every 

individual animal showed a weak pattern of positive bands. These bands included those 

with a molecular weight of 68, 50 and 45 kD. The 27-kD band was not apparent. Six 

weeks after antigen administration (CAg6 group), several, strongly positive bands were seen. 

These included the 68, 50, 45 and 27 kD molecular weights (fig. 6.3). All animals of the 

control group had a negative immuno-assay.
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kD ABC

Figure 6.3. Western blot profile of the sera two weeks (CAg2 group, lane “A” and “B”) and six weeks 
(CAg6 group, lane “C”) after systemic immunization with swine inner-ear proteins in complete 
Freund's adjuvant. Numbers on the left side represent the positions of protein molecular weight 
standards.

3.4. Electrocochleography

The mean CAP amplitude and standard error of the mean (s.e.m.) as a function of stimulus 

level and frequency for both the CAg2 group and CAg6 group are shown in fig. 6.4. In 

each panel the results for the CAg2 and CAg6 groups are compared to the results for the 

same control group. The CAP amplitude was reduced at all stimulus frequencies and levels 

in both experimental groups. However, the effect was more pronounced at the lower 

stimulus levels. ANOVA showed a significant interaction between the main effects of 

immunization and stimulus level when all stimulus levels were included in the analysis.
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2 weeks
(CAg2, N=10)

6 weeks
(CAg6, N=6)

2 kHz

p <0.05

2 kHz

p <0.001

4 kHz

p <0.05

8 kHz

p <0.05

8 kHz

p <0.05

Stimulus level (dB SPL) Stimulus level (dB SPL)

Figure 6.4. CAP input-output curves for 2, 4 and 8 kHz probe tone bursts 2 and 6 weeks after
systemic immunization with swine inner-ear antigen in complete Freund’s adjuvant. Mean and s.e.m.
are shown at each level of stimulation. Circles and dashed lines represent the left and right ears of the
immunized animals (N = 10 animals), triangles and solid lines represent the left and right ears of the

control animals (N = 6 animals).
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2 weeks
(CAg2, N=10)

6 weeks
(CAg6, N=6)

2 kHz 2 kHz

p <0.05

4 kHz

p <0.05

4 kHz

p <0.05

8 kHz

p <0.05

Stimulus level (dB SPL)

8 kHz

p=0.09

Stimulus level (dB SPL)

Figure 6.5. SP input-output curves for 2, 4 and 8 kHz probe tone bursts 2 and 6 weeks after systemic
immunization with swine inner-ear antigen in complete Freund’s adjuvant. Mean and s.e.m. are
shown at each level of stimulation. Circles and dashed lines represent the left and right ears of the
immunized animals (N = 10 animals), triangles and solid lines represent the left and right ears of the
control animals (N = 6 animals).
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This interaction resembles the psychophysically defined phenomenon of ‘recruitment’. 

Because of the interaction, the significance of CAP amplitude suppression was tested 

exclusively for the lower five stimulus levels. The significance level is indicated in each 

panel. Comparison of the results of the two- and six-week groups indicates progression of 

the suppressing effect of immunization on the CAP. In the six weeks group the main effect 

of immunization proved to be significant at all three frequencies, while this was not the case 

in the two weeks group. The results of tests on possible differences between the right and 

left ears, which was one of the within variables in our ANOVA, were all negative.

Figure 6.5 depicts the SP results. The mean SP is always negative at the stimulus 

frequencies applied, which is typical for measurements of the SP at the apex of the cochlea 

(Van Deelen and Smoorenburg, 1986). The SP in the immunized animals tends to be 

larger, especially at the higher stimulus levels and at all frequencies. Indeed, ANOVA shows 

a significant interaction between the effects of immunization and stimulus level at both 

post-treatment intervals and the three stimulus frequencies. Therefore the significance of SP 

enhancement has been assessed for the highest five stimulus levels. SP enhancement was 

significant except for the 2 kHz data measured two weeks after immunization (p = 0.30) 

and for the 8 kHz data measured six weeks after immunization (p = 0.09). The effect of 

immunization on the SP evoked by 2 kHz stimuli may have increased during the study 

period from two to six weeks, suggesting progression of the effect. There were no significant 

differences between the right and left ears.

Figure 6.7 illustrates the effects on the CM. No significant differences between 

immunized and control animals were found.

3.5. Relation between morphometry and electrocochleography

In order to further examine the relation between endolymphatic hydrops and changes in 

the SP, we present scatter-plots of the SP amplitudes and the morphometric IJd -values in
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Figure 6.6. Panel A: Scatter-plot of the mean amplitude of the negative SP for the highest five 
stimulus levels at 4 kHz probe tone bursts and the calculated mean l-ratio of the basal and first 
middle cochlear turn in each individual animal 2 and 6 weeks after systemic immunization with swine 
inner-ear antigen in complete Freund’s adjuvant. Panel B: control animals. Right and left ears are 
pooled; the shadowed area represents a “normal” area.

figs. 6.6A and 6.6B for the experimental and control ears, respectively. The SP-data relate 

to the 4 kHz stimulus (the frequency at which we found the largest effects) and are values 

averaged over the highest five levels. As before the IJd -ratio relates to the values averaged 

over the basal and first middle cochlear turn. For the control ears fig. 6.6B shows that 

almost all data lie evenly scattered within the region bordered by lRld =1.15 and SP = —

1 OOpV. For the experimental ears, fig. 6.6A shows only a few scattered data lying in the 

region bordered by IJd =1.15 and SP = -100|iV and a greater number of outliers. The 

data in fig. 6.6A show no obvious overall correlation between endolymphatic hydrops (high 

lid -values) and SP-enhancement (r = 0.33). However, this correlation is higher if we look 

at only the CAg2-data (r = 0.58), and it disappears completely six weeks after the immu

nization (CAg6, r = 0.08). As mentioned in section 3.2., it seems that the degree of 

endolymphatic hydrops at six weeks post-immunization (CAg6 group) is somewhat less 

than two weeks post-immunization (CAg2 group). There are no obvious differences in SP 

at 4 kHz between the two groups CAg2 and CAg6 (sec. 3.4.).
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2 weeks
(CAg2, N=10)

6 weeks
(CAg6, N=6)

2 kHz 2 kHz

4 kHz 4 kHz

Stimulus level (dB SPL)

8 kHz

Figure 6.7. CM input-output curves for 2, 4 and 8 kHz probe tone bursts 2 and 6 weeks after
systemic immunization with swine inner-ear antigen in complete Freund’s adjuvant. Mean and s.e.m.
are shown at each level of stimulation. Circles and dashed lines represent the left and right ears of the
immunized animals (N = 10 animals), triangles and solid lines represent the left and right ears of the

control animals (N = 6 animals).
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4. Discussion

Although not statistically significant at the 5% level, the data suggest that a single injection 

with swine inner-ear antigen in complete Freund’s adjuvant may evoke a hydrops after two 

weeks, while the degree of hydrops seems to diminish six weeks after immunization. 

Western blot analyses showed a strong positive banding at molecular weights of 68, 50, 45 

and 27 kD after six weeks. This is the same spectrum of cross-reacting antibodies believed 

to be instrumental in immune-mediated SNHL in patients (Harris and Sharp, 1990; 

Veldman et al., 1993). Tissue injury, mediated through a humoral autoimmune response, 

expresses itself by the effect of activation of the complement cascade which may lead to 

direct cytolysis of cellular constituents or the production of biologically active fragments 

capable of enhancing vascular permeability and attraction of mono- and polynuclear cell 

infiltrates. The same holds for certain forms of autoimmune SNHL in man (Veldman et al., 

1984). In this experimental autoimmune model, neither a vasculitis nor a mono- or 

polynuclear cell infiltrate was observed throughout the inner ear. Furthermore, the 

endolymphatic sac, considered to play a key role in the local inner-ear immune defence 

system (Tomiyama and Harris, 1986; Wackym et ah, 1987), had a normal appearance. 

Thus, the pathophysiological sequelae in this systemic immunization experiment does not 

express itself in visible histopathological lesions of inner-ear structures.

The electrophysiological changes are quite evident. They are:

1. a relatively early and progressive suppression of the CAP at all tested frequencies at the 

lower stimulus levels;

2. an enhancement of the negative SP at all tested frequencies, and

3. absence of any significant effect upon the CM.

This latter observation is in agreement with the histological observation that outer hair cell 

loss is not present up to 6 weeks after treatment. Augmentation of the immune response by
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boosting the animals with antigen in incomplete Freund’s adjuvant only slightly potentiates 

the observed enhancement of the negative SP (unpublished data).

The observed CAP and SP appear to change under various experimental conditions. In the 

classical “obstruction of endolymph resorption” model (obliteration of the endolymphatic 

sac and obstruction of the endolymphatic duct in the guinea pig [Kimura and Schuknecht, 

1965]), time and frequency dependence of the electrophysiological changes during 

development of endolymphatic hydrops have been inexplicably variable (Kumagami et ah, 

1981; Kumagami and Miyazaki, 1983; Horner and Cazals, 1986; Van Deelen et ah, 1987; 

Horner and Cazals, 1988). The observed electrophysiological changes are generally 

supposed to be directly related to endolymphatic hydrops and the initial structural changes 

in the inner-ear’s sensory epithelia. We suggest that pressure build-up in the endolymphatic 

compartment in particular, is the determining factor for the observed early electro

physiological changes. It is thought to lead to a deviant operating point of the cochlear 

mechano-electrical transduction system resulting in displacement of the sensory organ 

(basilar membrane) towards the scala tympani. The correlation between an increase in SP 

and displacement of the basilar membrane towards the scala tympani has been well 

documented (Durrant and Dallos, 1974; Klis and Smoorenburg, 1985).

In recent inner-ear immune response models, large threshold elevations of the CAP and 

CM recorded at the round window (40-60 dB in all tested animals; 2-4 weeks after 

perilymphatic antigen rechallenge with keyhole limpet hemocyanin [KLH]) appeared to be 

directly related to the extent of immune-mediated cochlear injury, without evidence of 

endolymphatic hydrops (Woolf and Harris, 1986). Less dramatic threshold elevations of 

the CAP without CM threshold shifts (20-60 dB in 32% of the tested animals, recorded at 

the round window 2-3 months after repeated systemic immunization with bovine inner-ear 

antigens), however, did not clearly show a correlation with the extent of cochlear pathology 

(Harris, 1987). The organ of Cord and stria vascularis appeared normal. Also, endolym

phatic hydrops could not be observed (Harris, 1987). Slight mean-threshold elevation of
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auditory brainstem responses, already present at day 7 after a single immunization with 

bovine inner-ear antigen in complete Freund’s adjuvant (max. 9.7 dB ± 6.4 SD; day 14), 

was mainly reflected by a cellular infiltrate in the scala tympani at days 7-14 together with 

occasionally scattered spiral ganglion cell degeneration (Yamanobe and Harris, 1992). Four 

weeks after antigen challenge, the cellular infiltrate resolved but the hearing threshold did 

not completely recover. Endolymphatic hydrops was, again, not observed (Yamanobe and 

Harris, 1992).

Our experiments demonstrate that a non-specific cellular infiltrate in the perisaccular 

region, elicited through deposition of sepharose beads with or without immune-complexes 

(Bouman et ah, 1997a), as well as a specific experimental autoimmune antibody response 

against swine inner-ear antigen can induce slight electrophysiological changes, comparable 

to those found in the classical “obstruction of endolymph” model of endolymphatic 

hydrops. However, we have not found an evident correlation between observed SP changes 

and the presence of endolymphatic hydrops (fig. 6.6A). Also, there are no obvious cochlear 

pathologies. Specific cell-mediated immunoreactivity is apparently not instrumental in 

these animal models. Application of a single injection of a mixture of swine inner-ear 

proteins with complete Freund’s adjuvant certainly induces both a humoral and a cellular 

immune response. Since cytolytic effects on cochlear epithelia are not seen, it is possible 

that both cross-reacting antibodies directed against certain epitopes of the inner ear and/or 

release of biochemical mediators disturb the cochlear biochemical homeostasis, sub

sequently leading to the measured CAP and SP changes with or without the development 

of an endolymphatic hydrops. Alternatively, according to the basilar membrane displace

ment theory, in cases were hydrops is present without enhancement of the negative SP, it is 

possible that a new cochlear homeostasis has already been established, in which the basilar 

membrane has returned to its original position. In this way, enhancement of the negative 

SP without endolymphatic hydrops would indicate that endolymphatic pressure builds up 

before extension of Reissner’s membrane, is histologically obvious. Both mechanisms might
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operate simultaneously. The present observations advocate the clinically known fact that 

early identification of immune-mediated SNHL, that is before actual (subcellular) 

degeneration of cochlear epithelia starts, is very critical in order to preserve or restore inner- 

ear function through immunosuppressive therapy. It remains to be determined at which 

level the homeostasis is disturbed in the cochlea and which antibody(-ies) and/or 

biochemical mediator(s) is (are) responsible for the observed functional changes.
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Immune-mediated sensorineural hearing loss associated with endolymphatic hydrops

1. INTRODUCTION

During the past few decades evidence has been accumulating which suggests that various 

kinds of immunological responses might result in functional and morphological changes in 

the human inner ear. It has been surmised that within the group of inner-ear disorders, 

clinically known as fluctuating hearing loss, rapidly progressive sensorineural hearing loss 

(SNHL) of unknown etiology, sudden deafness and even Menière’s disease, a distinct 

category is due to immunological injury of the inner ear (Lehnhardt, 1958; McCabe, 

1979). The endolymphatic sac is thought to play an essential role in the efferent limb of 

these immune responses (Rask-Andersen and Stahle, 1980; Harris, 1984; Harris and Ryan, 

1984; Tomiyama and Harris, 1987; Tomiyama, 1992).

Up to now, we have investigated in two different animal models the possibility of 

immunological injury of the inner ear (Chapter 4 and 6). In the first model, sepharose 

beads with and without immune complexes were deposited near the endolymphatic sac. 

Irrespective of whether or not these beads carried immune complexes, a non-specific 

immune response was elicited in the perisaccular region. Analysis of variance of the 

morphometric data showed a significant difference in hydrops (at the 5% level) between the 

treated and untreated ears but no statistically significant effect of the addition of the 

immune complex. However, the data show a trend of a sustained hydropic response to the 

deposition of the beads with immune complexes while hydrops seemed to diminish after 

one week when no immune complexes were added to the beads. In the first week after 

application of the beads a decrease in the amplitude of the compound action potential 

(CAP) at 2 kHz and an enhancement of the summating potential (SP) at 2, 4 and 8 kHz 

was observed. After two and six weeks the electrophysiological changes decreased and 

therefore seem to be related to the development of an endolymphatic hydrops in the first 

week, rather than to the presence of hydrops as such (see Chapter 4, fig. 4.7). In the second 

model, animals were challenged through systemic immunization with swine inner-ear
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antigens. Both, light-microscopical examination and the morphometric data suggest that 

the single injection with swine inner-ear antigen in complete Freund’s adjuvant may evoke 

a bilateral hydrops after two weeks, while the degree of hydrops seems to diminish six weeks 

after immunization. After two and six weeks, a progressive decrease in the CAP amplitude 

was observed at all tested frequencies at the lower stimulus levels in the immunized animals. 

Enhancement of the amplitude of the negative SP was present at all tested frequencies after 

two and six weeks. Again, the electrophysiological changes were not related to the presence 

of endolymphatic hydrops as such (see Chapter 6, fig. 6.6).

Previous studies have presented histological evidence for immune-mediated inner-ear 

injury, such as loss of cochlear neurons, the presence of a perivascular mononuclear cell 

infiltrate with perivascular oedema and extravasated red blood cells in the modiolus, as well 

as IgG depositions at various sites throughout the cochlea (Beickert, 1961; Terrayama and 

Sasaki, 1963; Harada et ah, 1984; Harris, 1987; Soliman, 1989; Orozco et ah, 1990). 

Contrary to these reports, we could not find any obvious histological changes at the 

lightmicroscopical level in the various cochlear epithelia, nor in the endolymphatic sac to 

explain the observed electrophysiological effects, and hence hypothesized that pressure 

build-up in the endolymphatic compartment and/or disturbance of cochlear homeostasis by 

the action of cross-reacting antibodies and/or release of bio-mediators are responsible for 

these phenomena.

Therefore, we conducted an ultrastructural study to investigate possible changes at this 

level. On the basis of our electro- and histophysiological data, in the cochlea we focused 

upon the hair cells and nerve endings in the organ of Corti, the ganglion cells and neurons 

in the spiral ganglion, and the cells and capillaries of the stria vascularis. In the endo

lymphatic sac we studied the epithelial lining and the subepithelial stroma in particular.
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2. MATERIAL AND METHODS

2.1. Animals

Fifty-eight healthy, adult female albino guinea pigs (strain Dunkin Hartley, weighing 200- 

300 g) with a positive Preyer reflex were used in all experiments. Animals were housed 

under standard laboratory conditions and fed ad libitum. The care and use of animals 

reported in this study were approved by the University of Utrecht Animal Review 

Committee, protocol DEC-GNK 89055.

2.2. Experimental design

In order to induce an immune-mediated SNHL with or without an endolymphatic 

hydrops, guinea pigs were immunologically challenged in two different ways.

2.2.1. Unilateralperisaccular deposition ofsepharose beads with and without immune

complexes

Unilateral perisaccular deposition of sepharose beads with (N = 18) and without (N = 18) 

peroxidase-antiperoxidase (PAP) conjugated immune complexes of guinea pig origin. 

Details of the surgical approach and preparation of the antigen are described in Chapter 4. 

Each group was divided into three subgroups, which were electrophysiologically measured 

and sacrificed for subsequent histological evaluation one week (N = 6), two weeks (N = 6), 

and six weeks (N = 6) after surgery. The contralateral untreated ears served as controls.

2.2.2. Systemic immunization with swine inner-ear antigen 

Subcutaneous injection in the nuchal area of swine inner-ear antigen in complete Freund’s 

adjuvant. Details of the antigen preparation procedure are described in Chapter 5. 

Electrocochleography and histological evaluation were carried out two weeks (N = 10) and 

six weeks (N = 6) following subcutaneous antigen administration.
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As a control group, six animals received a single subcutaneous injection of complete 

Freund’s adjuvant without inner-ear antigen. Electrocochleography and histological 

evaluation of the controls were carried out after two weeks (see also Chapter 6).

2.3. Tissue processing

After electrocochleography, the animals were decapitated. The temporal bones containing 

the bullae, including the dura mater covering the posterior cranial fossa, were excised in toto 

from the skull. Next, the bullae were opened and the cochleas were fixed by 

intralabyrinthine perfusion with a tri-aldehyde fixative followed by immersion in the same 

fixative overnight at 4°C. The fixative consisted of 3% glutaraldehyde, 2% formaldehyde, 

1% acrolein, 2.5% DMSO in 0.08 M sodium cacodylate buffer, pH 7.4 (De Groot et al., 

1987). Subsequently, the temporal bones were rinsed in 0.1 M sodium cacodylate buffer 

(pH 7.4) for 2x 15 min, decalcified in 10% EDTA.2Na (pH 7.4) for 10 days under 

constant agitation at room temperature, and rinsed again in the same buffer (2x15 min). 

Next, each temporal bone was divided with a sharp razor blade into the cochlea and the 

part containing the endolymphatic duct and sac. Both specimens were post-fixed in 1% 

OsO^ in 0.1 M sodium cacodylate buffer (pH 7.4), containing 1% K^Ru(CN)g, for 2 h at 

4°C (De Groot et al., 1987), followed by several washes in distilled water. Dehydration was 

performed in a graded ethanol, 2,2-dimethoxypropane, propylene oxide series. Cochleas 

and the specimens containing the endolymphatic duct and sac were embedded in toto in 

Spurt's low-viscosity resin, containing 1% silicone DC-200 fluid.

For light microscopical assessment of cochlear pathologies, the cochleas were divided 

along a midmodiolar plane and re-embedded in the same resin. Next, semithin sections 

(1 jim) were cut with glass knives on a Reichert-Jung 2050 microtome, collected on glass 

slides and stained with 1% methylene blue, 1% azur II in 1% sodium tetraborate. The
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specimen containing the endolymphatic duct and sac were serially sectioned (vide supra) 

until an appropriate cross-section of the endolymphatic duct and sac was obtained.

For ultrastructural evaluation, a selected group of experimental animals (N=18) was 

used in a way that they included all four possible combinations of presence or absence of 

endolymphatic hydrops and presence or absence of enhancement of the negative SP. These 

animals are marked by the closed symbols in fig. 7.1. Submicroscopical assessment was 

performed “blind”, i.e. lacking any information as to the electro or histophysiological status 

of the individual animal as well as to which experimental model they belonged at the time 

of investigation. Ultrathin sections were cut with a diamond knife on an LKB 

A B
Perisaccular deposition of sepharose beads (8 kHz) Systemic immunization (4 kHz)

SP (pV) SP (pV)

Figure 7.1. Hydrops expressed in l Id versus the SP evoked by 8 kHz probe tone bursts averaged 
over the results for the highest five stimulus levels. Panel A: results for the right ears treated with 
sepharose beads both with and without immune complexes. Panel B: results two and six weeks after 
systemic immunization with swine inner-ear antigen in complete Freund’s adjuvant for 4 kHz probe 
tone bursts. Closed symbols represent the cochleas that were submicroscopically evaluated. Open 
symbols represent the rest of the experimental animals.

Ultrotome Nova and collected on Pioloform-coated, single-slot copper grids. The sections 

were contrast-stained with 7% uranyl acetate in 70% methanol and Reynolds’ lead citrate, 

and examined in a JEOL 1200EX transmission electron microscope operating at 80 kV.
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3. Results

3.1. Unilateral perisaccular deposition of se ph arose beads

3.1.1. Perisaccular deposition ofsepharose beads without immune complexes 

No gross subcellular changes were observed in the hair cells (fig. 7.2). Occasionally, 

Hensen’s bodies and myeloid figures and small vacuoles were observed in the OHCs in the 

middle and apical turns, but these were also infrequently seen in the contralateral control 

ears. No obvious subcellular changes were seen in the nerve endings, the spiral ganglion 

cells, and the cells and capillaries of the stria vascularis (fig. 7.3). No differences were found 

between the epithelia of hydropic and non-hydropic ears at one, two and six weeks after 

bead deposition, irrespective of whether they showed concomitant changes in the SP or not.

The epithelial lining of the endolymphatic sac had a normal appearance, as did the 

content of the endolymphatic sac at each survival time (fig. 7.4). The sepharose beads were 

located in close apposition to the endolymphatic sac. At all survival times, the sepharose 

beads were enveloped by polynuclear giant cells. These conglomerates were embedded in a 

fibrous stroma containing numerous fibroblasts, indicating foreign body encapsulation (fig. 

7.5). One week after the operation, however, a mononuclear, perisaccular cell infiltrate was 

frequently seen, which consisted of lymphocytes, occasional plasma cells and some 

polymorphonuclear cells (fig. 7.6).

3.1.2. Perisaccular deposition ofsepharose beads with immune complexes 

The ultrastructural findings, both in the cochlea and endolymphatic sac, were similar to 

those after deposition of sepharose beads without immune complexes. However, lympho

cytic perisaccular cell infiltrates were more often observed in this group. These infiltrates 

were not related to absence or presence of endolymphatic hydrops or to observed changes in 

the SP.
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Figure 7.2. Outer hair cell from a cochlea treated with antigen-coated sepharose beads. Note the 
normal gross appearance of the outer hair cell. In the infracuticular region Golgi saccules (G), 
lysosomes (L), mitochondria (M) and Hensen's bodies (HB) are the most prominent features. TM: 
tectorial membrane; SC: stereocilia (x 12,000).

Figure 7.3. Detail of the stria vascularis from a cochlea treated with antigen-coated sepharose beads. 
The stria vascularis is devoid of shrinkage and in the strial capillaries (C) no deposits or thickening of 
the basal membrane (B) is obvious. MG: marginal cells; IM: intermediate cells (x8,000).
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Figure 7.4. Electron micrographic detail of the epithelial lining of the endolymphatic sac 
(intermediate part) demonstrating light cells (LC) and dark cells (DC). The lumen consists of its 
normal contents: colloid (CO) and the occasional phagocyte (P). The dense subepithelial stroma (S) 
consists of collagen fibrils and fibroblasts. C: capillary vessel (x2,400).

SB

Figure 7.5. In the direct vicinity of the 
endolymphatic sac sepharose beads (SB) are 
enveloped by multinuclear giant cells (M), 
fibroblasts and collagen fibrils (F). C: 
capillary vessel (X3,000).

Figure 7.6. Electron micrograph demon
strating that the cellular infiltrate after 
deposition of antigen-coated sepharose 
beads near the endolymphatic sac mainly 
consists of lymphocytes, some of which 
show plasmacytoid features (x6,000).
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3.2. Subcutaneous injection of swine inner-ear antigen

These animals showed a normal ultrastructure of the organ of Corti (fig. 7.7), and the spiral 

ganglion. There were no signs of electron-dense perivascular depositions (which might 

indicate deposition of immune complexes or immunoglobulins) in the stria vascularis (fig. 

7.8). Cellular infiltrates were never observed in the cochlea. No morphological differences 

were obvious between the hydropic and non-hydropic ears two and six weeks after 

subcutaneous injection of the antigen, irrespective of whether they showed concomitant 

changes in the SP or not.

Ultrastructural morphology of the endolymphatic sac or its direct vicinity was not 

different from that of control animals, either two or six weeks after treatment. There were 

no electron-dense depositions in the subepithelial or epithelial layers of the endolymphatic 

sac (fig. 7.9), nor was an increase in the number of lymphocytes, macrophages or plasma 

cells - usually found in this area - observed.
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Figure 7.7. Outer hair cell from a cochlea 
systemically immunized with swine inner- 
ear antigens. The outer hair cell has a 
normal appearance; in the infracuticular 
region a Flensen's body (HB) is present. 
TM: tectorial membrane; SC: stereocilia 
(Xl2,000).

Figure 7.8. Electron micrographic detail of 
the stria vascularis after systemic immuni
zation with swine inner-ear antigen. The 
epithelial cells have a normal appearance 
and the capillary vessels (C) do not demon
strate any signs of deposits or thickening of 
the basal membrane (B). MC: marginal cells 
(X 10,000).

Sfe iäSSÜ - ©

Figure 7.9. Electron micrographic view of the epithelial lining (EC) and the subepithelial stroma (S) 
of the proximal part of the endolymphatic sac after systemic immunization. The subepithelial stroma 
is loosely arranged. L: lumen without colloid (x4,000).
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4. Discussion

Examination at an ultrastructural level of the inner ear and the endolymphatic sac of guinea 

pigs that were immunologiocally manipulated by two different experimental methods to 

induce immune-mediated inner-ear injury did not reveal any changes. It has to be 

emphasized that in both experimental models the anatomy of the inner ear is left intact. An 

essential difference in design of both experimental models is that perisaccular deposition of 

sepharose beads leads to a non-specific inflammation reaction in the perisaccular region, 

whereas systemic immunization with swine inner-ear antigens is expected to induce a 

specific humoral and cellular immune response cross-reacting with cochlear tissue of the 

guinea pig. Since we were not able to establish a cellular response, it is plausible that a 

humoral effect is responsible for the observed electrophysiological changes in this latter 

model. This is in accordance with the observation by Orozco et al. (1990), who repeatedly 

immunized guinea pigs with chicken inner-ear antigens.

Other researchers, however, frequently found cellular infiltrates in and around the 

modiolar vessels and in the scala tympani within the cochlea, in the lumen of the 

endolymphatic duct and sac as well as in the perisaccular region. In these experimental 

autoimmune models, guinea pigs were systemically immunized with either bovine (Harris, 

1987; Yamanobe and Harris, 1992) or guinea pig inner-ear antigens (Soliman, 1989). It 

was suggested that the hearing deficits as noticed in these animals may have been triggered 

by cellular rather than humoral immunity (Yamanobe and Harris, 1992). It is an intriguing 

observation that all of the systemic immunization experiments, performed by the different 

research groups, result in variable expression of morphological and functional pathologies in 

the cochlea (Beickert, 1961; Terrayama and Sasaki, 1963; Harris, 1987; Soliman, 1989; 

Orozco et ah, 1990; Yamanobe and Harris, 1992). This variability can be explained by 

differences in antigen preparation, immunization protocols (single or repeated antigen 

injections), and even by differences in inter-individual immune-responsiveness. Although
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underlying mechanisms still have to be clarified, all data indicate that the inner ear is 

susceptible to a systemic immune response against membranous labyrinthine proteins. The 

absence of cellular infiltrates in the inner ear in our animal model suggests that humoral 

factors only exert an effect on cochlear homeostasis when the inner ear is anatomically 

intact.

After unilateral deposition of sepharose beads with or without immune complexes in the 

perisaccular region, we observed perisaccular fibrosis as a result of foreign body encap

sulation. It appeared that the electron-microscopical picture of the endolymphatic sac and 

perisaccular region did not have any predictive value regarding the presence or absence of 

endolymphatic hydrops or to changes in the electrophysiological recordings from the 

cochlea in this animal group. Guild (1927) was the first to hypothesize that a longitudinal 

flow of endolymph exists within the cochlea. Endolymphatic hydrops is the net result of an 

imbalance between endolymph production and resorption, which processes are generally 

thought to be localised in the stria vascularis and the endolymphatic sac, respectively. The 

“light” cells in the intermediate and distal part of the endolymphatic sac are thought to be 

involved in transepithelial transport of fluids to the subepithelial space (Lundquist, 1976; 

Friberg et ah, 1985; Fuzkazawa, 1991). This subepithelial space normally consists of loosely 

arranged collagen fibers and blood and lymph vessels. We did not see an increase of 

transcytotic vesicles in the “light” cells that could be a sign of an impediment of fluid 

transport out of the endolymphatic sac. This might indicate that the resorption of 

endolymph in the endolymphatic sac is not hampered by the deposition of the sepharose 

beads and the subsequent fibrosis of the perisaccular space. So, the frequently seen, early 

occurring mild to moderate endolymphatic hydrops after perisaccular deposition of 

sepharose beads with or without immune complexes is likely to be a result of enhanced 

endolymph production, which might be caused by biochemical mediators released in the 

non-specific infectious response.
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Based on the present results, we conclude that the observed effects in the cochlea in both 

our animal models are the net result of released humoral factors by the induced aspecific 

and specific immune responses that take place outside the inner ear. These factors are 

suspected to disturb cochlear homeostasis. The observed electrophysiological changes after 

unilateral perisaccular sepharose deposition with or without immune complexes are 

reversible. Pathology at an ultrastructural level is not seen. Comparable effects are seen after 

the systemic immunization with swine inner-ear proteins, although electrophysiological 

changes remain to be present up to an observation period of six weeks. Future, more 

sophisticated studies have to show which humoral factors are responsible and where their 

exact target is located in the inner ear.
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Oto-immunology is a rather new field of clinical and experimental research in 

otorhinolaryngology. Immune-reactivity plays probably more often an important role in 

certain forms of sudden deafness and fluctuating or rapidly progressive sensorineural 

hearing loss with or without endolymphatic hydrops than was originally thought. Even in 

certain patients presenting themselves clinically as suffering from Menière’s disease, their 

disease might have an immune origine. Early detection of these individuals with immune- 

mediated sensorineural hearing loss (SNHL) is crucial since permanent damage to the 

inner-ear's function can be prevented by means of immuno-suppressive therapy. Our 

present knowledge in this complicated field of inner-ear immunology is still limited. The 

experimental work of this study, which combines electrophysiological and structural 

analyses in time sequence studies, has been performed to develop reliable diagnostic tools in 

clinical otology and to contribute to a better understanding of more fundamental processes 

underlying experimentally induced (fluctuating) immune-mediated SNHL with or without 

endolymphatic hydrops. The objectives of this study are summarized in Chapter 1.

Chapter 2 gives a review of our present knowledge on immune-mediated SNHL. Both, 

cellular and humoral immune responses inside and in the immediate vicinity of the inner 

ear are considered to play a role in the etiopathogenesis and natural course of the disease. 

Immune-mediated audio-vestibular dysfunctioning is either a separate disease entity or part 

of a more generalized auto-immune process. Clinical and experimental data from the 

literature are critically assessed.

In Chapter 3, we describe and evaluate two objective methods of assessing the degree of 

endolymphatic hydrops in lightmicroscopical sections of the guinea pig inner ear. The 

objective method overcomes the draw-backs of the traditional visual scoring method.

One method is based on the ratio lJd , of the length of Reissner's membrane, lR, and 

the straight distance between the points of attachment of this membrane, d. The other 

method is based on the ratio of the area under Reissner's membrane and the total area of
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the scala media and the scala vestibuli. A basic assumption in our approach is that collapse 

and folding of Reissner's membrane indicate a previous hydrops. The presumed hydrops is 

estimated on the basis of the length of Reissner's membrane. The results of the two 

objective methods are evaluated against the traditional subjective method in which the 

degree of hydrops is classified into a number of categories.

When using the subjective (visual) classification method, including six classes, inter

observer variability, expressed in the standard deviation, appears to reach 0.8 category units. 

This implies that the number of classes that can be handled meaningfully is limited to four; 

the traditionally described hydrops categories: “no”, “mild”, “moderate” and “severe “. The 

subjective method shows a closer correspondence to the objective method based on the 

ratio l id than the one based on the ratio of the areas of the scala media and the scalaR
vestibuli. However, the relation between the ratio lJd and the subjective classification 

depends on the turn of the cochlea considered. Since the size of the cross-sectional area of 

the cochlear turns decreases from base to apex this result suggests that the subjective 

classification is not based on a scale-independent estimate of the curvature of Reissner's 

membrane.

The results allow us to conclude that lRld is a suitable measure to assess the degree of 

endolymphatic hydrops in histological preparations of the inner ear. In comparing the 

lRld -measure to the subjective classification method, we found that the magnitude of the 

errors are about the same. However, we expect that the lJd -approach will turn out to be a 

superior method because it is objective and it renders data on a continuous scale. The 

morphometric method should, of course, always be complemented by visual inspection of 

the histological picture in order to obtain the full scope of the morphological disorders.

In Chapter 4 we introduce a new animal model. Endolymphatic hydrops is induced in 

guinea pig cochleas by unilateral, perisaccular deposition of sepharose beads carrying 

allogeneic immune complexes. Controls consisted of the deposition of sepharose beads 

without immune complexes and the contralateral, untreated ear. The effects of the
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treatment are studied by light microscopy and electrophysiological recordings of the gross 

cochlear potentials one, two, and six weeks after treatment.

Analysis of variance of the morphometric data shows a significant difference in hydrops 

between the treated and untreated ears but no statistically significant effect of the addition 

of immune complexes. However, the data show a trend of a sustained hydropic response to 

the deposition of the beads with immune complexes while hydrops seemed to diminish 

after one week when no immune complexes were added to the beads.

Analysis of variance of the electrophysiological data shows no significant differences 

between the results for the beads with and without immune complexes. One week after 

bead deposition (with and without immune complexes), the compound action potential 

(CAP) in response to tone bursts shows a small decrease in amplitude at 2 kHz but not at 

4 and 8 kHz. This decrease disappears completely after six weeks. The negative summating 

potential (SP) shows an increase in magnitude, especially one week after treatment at 

8 kHz. The amplitude of the cochlear microphonics (CM) remains unchanged after 

treatment:

The results indicate that perisaccular deposition of sepharose beads, irrespective of 

whether or not these beads carry immune complexes, induces a non-specific immune 

response followed by endolymphatic hydrops. The electrophysiological reactions seem to be 

related to the development of endolymphatic hydrops in the first week rather than to the 

presence of a hydrops as such. This may be related to pressure build-up while hydrops 

develops.

In Chapter 5 a quick and easy method for collecting and preparing large amounts of swine 

membranous labyrinthine proteins is described. These proteins serve as a substrate in a 

qualitative immuno-blotting technique (Western blot) to support the diagnosis of immune- 

mediated sensorineural hearing loss. The described method opens the possibility of 

standardization, thus making the interpretation of results far more reliable.
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Cross-reacting antibodies are determined in sera from patients with a rapidly progressive 

sensorineural hearing loss of unknown etiology. The antigens of interest appear to have a 

molecular weight of 27, 45, 50, 68, and 80 kD. In addition, similar protein extracts are 

prepared from different swine inner-ear partitions, as well as from other organ resources 

(kidney, brain), to determine the "cochlear-specificity" of the cross-reacting antibodies. 

Furthermore, immunoglobulin classes (IgM, IgG, IgA) are determined. Inner-ear specificity 

seems to be unlikely, since cross-reactivity also exists with protein extracts from swine 

kidney and brain. All immunoglobulin classes are found in our clinical material. Whether 

or not all are instrumental in the etiopathogenesis of the disease or rather constitute an 

epiphenomenon, remains to be clarified. Subsequently, the same swine membranous 

labyrinthine proteins are used in an experimental auto-immune model (Chapter 6).

In Chapter 6 the results of the animal model, in which guinea pigs are systemically 

immunized with swine inner-ear antigens in complete Freund's adjuvant are presented. The 

structural and functional effects on the cochlea and endolymphatic sac are analysed two and 

six weeks after antigen administration by light microscopy and electrocochleography.

Both, light-microscopical examination and the morphometric data suggest that a single 

subcutaneous injection in the nuchal area of swine inner-ear antigen in complete Freund’s 

adjuvant may evoke a hydrops after two weeks, while the degree of hydrops seems to 

diminish six weeks after immunization.

After two and six weeks, a progressive decrease in the CAP amplitude is observed in the 

immunized animals at all tested frequencies at the lower stimulus levels, indicating 

progressive recruitment. Enhancement of the amplitude of the negative SP is present at all 

tested frequencies after two and six weeks without a fair overall correlation to the presence 

of endolymphatic hydrops. The amplitude of the CM shows no significant changes in the 

time-sequence study.

Western blot analysis of the sera of the immunized animals after two and six weeks 

shows positive reactivity at 68, 50, 45 and 27 kD molecular weights, as compared to
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controls: the same spectrum of cross-reacting antibodies which are believed to be 

instrumental in immune-mediated SNHL in patients.

The results imply that systemic immunization with swine inner-ear antigen induces 

functional disturbance in the cochlea. The electrophysiological changes, however, are not 

related to endolymphatic hydrops as such. It is more likely that the action of cross-reacting 

antibodies and/or released mediators disturb cochlear homeostasis and results in the 

observed electrophysiological changes. A longer follow-up is needed to verify whether the 

induced functional changes are reversible. The same holds for the observed endolymphatic 

hydrops.

In Chapter 7 the possible presence of subcellular changes in the cochlea and in the 

endolymphatic sac of the experiments outlined in Chapter 4 and Chapter 6 were 

investigated. It appeared that no ultrastructural effects on the epithelial cells of the cochlea 

and the endolymphatic sac could be determined up to six weeks post treatment time. So, 

presence or absence of endolymphatic hydrops or changes in electrophysiological recordings 

from the cochlea could not be associated with changes in ultrastructural morphology.

The observed effects in the cochlea in both our animal models are apparently caused by 

a release of biochemical mediators (after unilateral perisaccular deposition of sepharose 

beads) or cross-reacting antibodies (after systemic immunization with swine inner-ear 

antigen). These humoral factors are suspected to disturb cochlear homeostasis. The 

observed electrophysiological changes after unilateral perisaccular deposition of sepharose 

beads are completely reversible. Comparable effects are seen after systemic immunization 

with swine inner-ear antigen, although electrophysiological changes remain to be present up 

to an observation period of six weeks. Reversibility, which might be expected in view of the 

absence of degenerative histological effects, has still to be determined in this latter animal 

model. The six weeks period is seemingly too short to demonstrate this possible reversibility 

of the effects.
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Chapter 8

Our experimental data indicate that, in an anatomically intact inner-ear, auditory function 

can be disturbed and endolymphatic hydrops can develop through immunological mecha

nisms. It is also likely that in particular changes in gross cochlear potential recordings are 

not only related to the presence of endolymphatic hydrops.

The endolymphatic hydrops appears to be reversible in our animal models. No 

degenerative morphological changes are seen - not even at an ultrastructural level - in the 

cochlear epithelia up to six weeks after induction of the immune responses. Since mono

nuclear cell infiltrates are not observed in the investigated inner ears, initial electrophysio- 

logical changes and the observed frequent occurring endolymphatic hydrops are apparently 

due to other factors which disturb cochlear homeostasis. A specific relation to pressure 

build-up in the endolymphatic compartment has been proposed as one of the important 

changes in the endolymphatic compartment that correlates with an enhancement of the SP.

Additional research is needed to determine which humoral factors are responsible and 

where the target of these factors is located in the inner ear in immune-mediated SNHL.
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Samenvatting en conclusies

Oto-immunologie is een betrekkelijk nieuw aandachtsgebied binnen het klinisch- en 

experimenteel wetenschappelijk onderzoek in de oorheelkunde. Immunologische mechanis

men spelen waarschijnlijk vaker een belangrijke rol in het ontstaan van bepaalde vormen 

van acute danwel fluctuerende of snel progressieve perceptieslechthorendheid bij de mens 

dan in eerste instantie is gedacht. Een aantal van deze patiënten lijkt zich zelfs klinisch te 

kunnen presenteren met de symptomen zoals we die kennen bij hen die lijden aan de ziekte 

van Menière. Vroege opsporing van deze patiënten met een immunologisch gemedieerde 

vorm van perceptieslechthorendheid is van groot belang. Schade aan het binnenoor kan 

beperkt blijven of zelfs voorkomen worden door gerichte medicamenteuze therapie met 

immunosuppressiva. Onze kennis van dit gecompliceerde onderzoeksgebied is nog steeds 

beperkt. Het experimenteel immunologisch onderzoek, waarmee verder electro- en histo- 

fysiologische analyse technieken in een tijdsstudie gecombineerd werden, is bij proefdieren 

uitgevoerd om een beter inzicht in de fundamentele processen te krijgen welke ten grond

slag liggen aan deze vormen van perceptieslechthorendheid. In het proefdiermodel treedt 

daarbij frequent een endolymfatische hydrops op. De doelstellingen van het verrichte 

onderzoek zijn samengevat in Hoofdstuk 1.

Hoofdstuk 2 geeft een literatuuroverzicht van het klinisch- en fundamenteel onderzoek in de 

binnenoor-immunologie. Zowel humorale- als cellulaire immunologische reacties worden 

verondersteld een rol te spelen in het ontstaan en het natuurlijk verloop van bepaalde 

vormen van perceptieslechthorendheid. Immunologisch gemedieerde audio-vestibulaire 

dysfunctie kan een op zichzelf staand ziektebeeld zijn, maar ook een onderdeel vormen van 

een gegeneraliseerd (auto-) immuun proces. De in de literatuur beschreven klinische en 

experi-mentele onderzoeks resultaten worden in dit hoofdstuk kritisch beoordeeld.

In Hoofdstuk 3 worden twee morfometrische methoden beschreven om de mate van endo

lymfatische hydrops te bepalen in lichtmicroscopische doorsneden van het binnenoor van
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de cavia. Deze objectieve methoden ondervangen de tekortkomingen van de traditionele 

visuele classificatiemethode.

De eerste methode is gebaseerd op de ratio lRld, waarbij lR de lengte van de mem

braan van Reissner weergeeft en d de rechte afstand is tussen de aanhechtingspunten van 

deze membraan. De tweede methode is gebaseerd op de ratio van het oppervlak onder de 

membraan van Reissner en de totale oppervlakte van scala media en scala vestibuli. 

Uitgangspunt bij de gebruikte benaderingswijze is dat een gecollabeerde en gevouwen 

membraan van Reissner beide tekenen zijn van een eerder bestaande endolymfatische 

hydrops. In deze gevallen wordt de mate van hydrops geschat op basis van de lengte van de 

membraan van Reissner. De resultaten van de twee objectieve methoden worden vergeleken 

met de traditionele subjectieve methode, waarbij de mate van hydrops wordt beschreven in 

een beperkt aantal categorieën.

Wanneer bij de subjectieve, visuele classificatiemethode in zes categorieën wordt 

gescoord blijkt de variabiliteit, uitgedrukt in de standaard deviatie, tussen verschillende 

onderzoekers 0,8 categorie-eenheden te zijn. Dit impliceert dat het aantal categorieën dat 

redelijkerwijs kan worden toegepast beperkt is tot vier; de traditioneel bekende hydrops- 

categorieën; “geen”, “licht”, “matig” en “ernstig”.

Er blijkt een grotere mate van overeenkomst te zijn tussen de subjectieve classificatie

methode en de objectieve meetmethode gebaseerd op de ratio lRld, dan die gebaseerd op 

de ratio van de oppervlakten van de scala media en scala vestibuli. Echter, deze relatie 

tussen de ratio l Jd en de subjectieve classificatiemethode is afhankelijk van de plaats van 

de beoordeelde winding in de cochlea. Dit resultaat en het feit dat de oppervlakte van een 

dwarsdoorsnede door een cochleaire winding van basis naar apex afneemt suggereren dat de 

subjectieve classificatiemethode niet gebaseerd is op een schaal-onafhankelijke inschatting 

van de boiling van de membraan van Reissner. De resultaten uit het experiment rechtvaar

digen de conclusie dat de ratio IJd een geschikte waarde is om de mate van endo

lymfatische hydrops te bepalen in histologische preparaten van het binnenoor. Vergelijking
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van de lRld -ratio methode met de subjectieve classificatiemethode toont aan dat de grootte 

van de bepalingsfout in beide methoden ongeveer dezelfde is. Echter, het is te verwachten 

dat de benaderingswijze volgens lJd superieur zal zijn, omdat de methode objectief is en 

data in een continue schaal worden gegenereerd. De morfometrisch verkregen resultaten 

moeten altijd sluitend gemaakt worden met een visuele inspectie van de histologische 

preparaten om een totaal inzicht te verkrijgen in de aanwezige morfologische afwijkingen.

In Hoofdstuk 4 introduceren we een nieuw proefdiermodel om een endolymfatische 

hydrops van het binnenoor op te wekken door unilaterale, perisacculaire plaatsing van 

sepharose parels waaraan allogene immuuncomplexen gekoppeld zijn. Als controle oren 

fungeren de binnenoren van cavia’s waarbij sepharose parels zonder immuuncomplexen 

perisacculair worden geplaatst en de contralaterale, niet behandelde oren. Het effect van de 

behandeling is in kaart gebract met behulp van lichtmicroscopisch en electrofysiologisch 

onderzoek van het binnenoor.

Variantie-analyse van de morfometrische data toont een significant verschil aan in het 

voorkomen van hydrops tussen behandelde en niet behandelde oren. De toevoeging van 

onze immuuncomplexen laat geen statistisch significant additief effect zien. Echter, er is wel 

een tendens aanwezig dat na plaatsing van sepharose parels met immuuncomplexen de 

hydrops langer blijft bestaan dan na plaatsing van alleen sepharose parels. In deze laatste 

groep lijkt de initiële hydrops al weer na één week af te nemen.

Variantie-analyse van de electrofysiologische gegevens toont geen verschil in resultaten 

tussen de plaatsing van sepharose parels met en zonder immuuncomplexen. Één week na 

plaatsing blijkt de door 2 kHz toonstoten opgewekte samengestelde actiepotentiaal (CAP) 

een geringe afname in amplitude te vertonen. Dit is niet het geval bij de 4 en 8 kHz toon

stoten. Deze afname verdwijnt volledig na een observatieperiode van zes weken. De nega

tieve sommatie potentiaal (SP) toont een toename in grootte. Dit treedt met name op bij 8
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kHz, één week na de behandeling. De amplitude van de cochleaire microfonie (CM) blijft 

onveranderd.

Het lichtmicroscopisch onderzoek laat zien dat plaatsing van sepharose parels, ongeacht 

of hieraan immuuncomplexen gekoppeld zijn, een niet specifiek perisacculair (mono- 

nucleair) celinfiltraat tot gevolg heeft, en het ontstaan van een endolymfatische hydrops. De 

electrofysiologische veranderingen lijken meer gerelateerd te zijn aan de ontwikkeling van 

de hydrops in de eerste week van het experiment dan aan het aanwezig zijn van hydrops op 

zich. Drukopbouw binnen het endolymfatische compartiment zou hierbij een belangrijke 

factor kunnen zijn.

In Hoofdstuk 5 wordt een snelle en praktisch uitvoerbare methode beschreven om bij het 

varken grotere hoeveelheden vliezig labyrint te verzamelen voor de isolatie van binnenoor- 

eiwitten. Deze eiwitten dienen als substraat in een kwalitatieve immunoblottechniek 

(Western blot) ter ondersteuning van de waarschijnlijkheidsdiagnose: “immunologisch 

gemedieerde vorm van perceptieslechthorendheid”. De beschreven methode maakt stan

daardisatie mogelijk, waardoor de interpretatie van resultaten in betrouwbaarheid 

toeneemt.

In sera van patiënten met deze vorm van uni- of bilaterale snel progressieve perceptie

slechthorendheid worden kruisreagerende antilichamen bepaald. Antigenen van belang 

blijken een moleculair gewicht van 27, 45, 50, 68 en 80 kD te hebben. Ter bepaling van de 

“cochleaire specificiteit” van deze kruisreagerende antilichamen zijn aanvullend Western 

blots verricht met gelijkwaardige eiwitextracten, maar nu afkomstig uit verschillende 

onderdelen van het binnenoor (cochleair-, vestibulair deel; NN. VII en VIII). Daarnaast 

werden eiwitextracten van andere varkensorganen (nier, hersenen) gebruikt. Tevens werd 

de immunoglobuline klasse (IgM, IgG en IgA) van de kruisreagerende antilichamen 

bepaald. Gevonden kruisreactiviteit met eiwitextracten uit nier en hersenen van het varken
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maakt binnenoorspecificiteit onwaarschijnlijk. Alle immunoglobuline klassen komen voor 

in de door ons onderzochte sera.

Het varkensbinnenooreiwit - zoals hier klinisch gebruikt voor verdere diagnostiek - is 

tevens als antigeen in een diermodel gebruikt om een autoimmuun perceptieslechthorend- 

heid op te wekken (Hoofdstuk 6).

In Hoofdstuk 6 worden de resultaten beschreven van het diermodel waarin cavia’s subcutaan 

worden geïmmuniseerd met varkensbinnenoorantigeen in compleet Freund’s adjuvant. De 

structurele en electrofysiologische gevolgen van deze immunisatie voor het binnenoor 

(cochlea en saccus endolymfaticus) zijn twee en zes weken na toediening van het antigeen 

bestudeerd. Lichtmicroscopisch en morfometrisch onderzoek suggeert dat een endo- 

lymfatische hydrops binnen twee weken ontstaat. Zes weken na antigeen toediening lijkt 

deze weer af te nemen.

Twee en zes weken na de antigeen toediening wordt een progressieve afname in de 

amplitude van de GAP voor alle gemeten frequenties bij de laagste stimulatieniveaus 

waargenomen. Dit impliceert progressieve “recruitment”. Bij alle geteste frequenties is na 

twee en zes weken een verhoging aanwezig van de amplitude van de negatieve SP, maar 

zonder een duidelijke correlatie met de aanwezigheid van een endolymfatische hydrops. Er 

zijn geen significante veranderingen gemeten in de amplitude van de CM.

Western blot analyse van de sera van de geïmmuniseerde dieren laat vooral na zes weken 

positieve immuunreactiviteit zien bij 68, 50, 45 en 27 kD MW. Dit omvat hetzelfde 

spectrum van kruisreagerende antilichamen als verondersteld wordt een rol te spelen bij de 

immunologisch gemedieerde vormen van perceptieslechthorendheid bij de mens.

De resultaten impliceren dat door subcutane immunisatie met varkensbinnenoor

antigeen functionele stoornissen in de cochlea ontstaan. Er lijkt geen causaal verband te 

bestaan tussen de electrofysiologische veranderingen en het wel of niet aanwezig zijn van 

een endolymfatische hydrops. Voorstelbaar is dat binding van kruisreagerende antilichamen
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en/of hierbij vrijkomende biomediatoren de cochleaire homeostase zodanig verstoren dat zij 

de waargenomen electrofysiologische veranderingen tot gevolg hebben. Een langere 

observatieperiode is nodig om te kunnen beoordelen of de electrofysiologische verande

ringen en de geobserveerde endolymfatische hydrops van voorbijgaande aard zijn.

In Hoofdstuk 7 zijn de subcellulaire veranderingen in de cochlea en in de saccus 

endolymfaticus van de proefdieren uit de experimenten beschreven in Hoofdstuk 4 en 

Hoofdstuk 6 bestudeerd. Gebleken is dat tot zes weken na de behandeling geen ultra- 

structurele effecten op de epithelia van cochlea en saccus endolymfaticus kunnen worden 

aangetoond. Aan- of afwezigheid van een endolymfatische hydrops, of wijzigingen in de 

geregistreerde electrofysiologische cochleaire parameters kunnen dus niet voorspeld worden 

op basis van het submicroscopische beeld.

De geregistreerde effecten in beide proefdiermodellen worden mogelijk veroorzaakt 

door (1) het vrijkomen van biomediatoren (na unilaterale perisacculaire plaatsing van 

sepharose parels) en/of (2) door de binding van kruisreagerende antilichamen (na 

subcutane immunisatie met varkensbinnenoorantigeen). Na unilaterale perisacculaire 

plaatsing van sepharose parels zijn de electrofysiologisch geregistreerde veranderingen 

volledig reversibel. Overeenkomstige electrofysiologische effecten worden gezien na sub

cutane toediening van varkensbinnenoorantigeen. Deze electrofysiologische veranderingen 

blijven de gehele observatieperiode van zes weken bestaan.

De resultaten van ons experimentele onderzoek tonen aan dat in een anatomisch intact 

binnenoor de gehoorfunctie immunologisch beïnvloed kan worden en dat een endo

lymfatische hydrops kan ontstaan als gevolg van deze immunologische beïnvloeding. Het is 

waarschijnlijk dat de gemeten electrofysiologische waarden geen causaal verband vertonen 

met aan- of afwezigheid van een endolymfatische hydrops.
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In de proefdiermodellen lijkt de endolymfatische hydrops passagere te zijn. Sub

microscopisch onderzoek laat zien dat tot zes weken na inductie van de immunologische 

reactie gericht tegen of in de directe nabijheid van het binnenoor geen morfologische 

veranderingen van de cochleaire epithelia waarneembaar zijn. Celinfdtraten vanuit de 

circulatie of de directe omgeving van het binnenoor zijn niet waargenomen in de door ons 

onderzochte binnenoren. Andere factoren zijn derhalve verantwoordelijk voor een 

verstoring van de cochleaire homeostase met als gevolg de vroege electrofysiologische 

veranderingen en het frequent optreden van een endolymfatische hydrops. Drukopbouw in 

het endolymfatische compartiment is gesteld als zijnde een van de belangrijkste ver

anderingen binnen het endolymfatische compartiment dat correleert met een verhoging van 

de SP.

Nadere analyse is nodig om te bepalen welke humorale factoren verantwoordelijk zijn 

en waar precies in het binnenoor het aangrijpingspunt ligt.
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