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Sensorineural hearing loss is a common sequela of acute and chronic otitis media, and the round window
membrane (RWM) is currently being considered as a major route for noxious agents to pass from the middle
ear cavity to the cochlea. Streptococcus pneumoniae, a major causative agent of otitis media, and Streptococcus
pyogenes A produce molecularly related toxins, pneumolysin and streptolysin O (SLO), that form large pores
in target membranes. In this study, we analyzed the effects of SLO on the permeability of the RWM. Resected
RWMs from a total of 104 guinea pigs were embedded between two chambers of an in vitro system. One
chamber was designated as the tympanal (cis) compartment, and the other was designated as the inner ear
(trans) compartment. The permeability of normal and SLO-damaged RWMs towards Na*, [**C]mannitol, and
proteins was investigated. SLO evoked permeability defects dose dependently in the RWM with fluxes of both
Na™ and [*C]mannitol being demonstrable over a time span of up to 8 h. Serum proteins and radioiodinated
SLO were also shown to pass through the damaged RWM. Scanning electron microscopy revealed the
morphological correlates to these results. We propose that damage to the RWM by potent pore-forming
cytolysins leads to leakage of ions from the perilymph. Ionic disequilibrium and passage of noxious macro-

molecules to the cochlea could contribute to disturbances of the inner ear function.

Otitis media (OM) in both the acute and chronic forms is
one of the most common ear diseases in children and adults (6,
34). The disease occurs in 2 to 3% of all children under 16
years of age (21) and is caused most frequently by Streptococ-
cus pneumoniae and Haemophilus influenzae (17, 34). OM in-
duces a variety of pathological changes in the middle ear,
including hyperemia and edema, granulocyte and monocyte
infiltration, and irreversible mucosal changes such as genera-
tion of granulation tissue, cholesteatoma formation, tympano-
sclerosis, and ossicular destruction (20, 25, 34). A serious se-
quela of OM is damage to the inner ear leading to
sensorineural hearing loss (16, 32, 33, 36, 38, 39, 41), which is
limited to the cochlear basal turn (35). Especially in children,
hearing loss leads to severe damage of development of speech,
language, and cognitive functions (27). The etiology of senso-
rineural hearing loss has remained elusive, but previous inves-
tigations indicate that permeability of the three-layered round
window membrane (RWM) is of pivotal importance. The
RWM is the major permeability barrier between the middle
ear cavity and the cochlea (19, 36, 37). It is permeable by water
(2) but not by ions and macromolecules (13, 18, 22). This
guarantees maintenance of the characteristic ionic milieu in
the perilymph and hinders the passage of noxious agents from
the middle ear to the inner ear. A few previous investigations
indicate that the RWM becomes permeable by macromole-
cules (22) in OM, but the mechanisms underlying this phenom-
enon remain largely unknown.
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Some studies have directly addressed the effects of certain
bacterial products on the permeability of the RWM. The
RWM has been reported to be permeable by Staphylococcus
aureus pyrogenic exotoxin (19, 42) and Salmonella typhimurium
endotoxin (26) but, somewhat oddly, not by H. influenzae en-
dotoxin (30). Application of Escherichia coli endotoxin or
Staphylococcus aureus exotoxin into the round window niche
(23) or induction of pneumococcal OM (24) increases the
passage of tetraethylammonium across the RWM. Pseudomo-
nas aeruginosa exotoxin A is able to permeate the RWM pro-
vided that very high doses (1 mg/ml) are applied (29).

In 1987, Lundman et al. (31) described a novel experimental
system for investigating the permeability characteristics of the
RWM. The RWM surrounded by an intact bony frame is
excised from experimental animals and embedded in a Plexi-
glas sheet that separates two buffer chambers. Transmembrane
flux of ions and macromolecules can then be measured di-
rectly. The authors confirmed that the RWM was impermeable
to high- and low-density lipoproteins over a period of 3 h ex
vivo.

In the present study, we utilized the experimental system of
Lundman et al. to determine whether streptolysin O (SLO),
the major cytotoxin elaborated by Streptococcus pyogenes A,
might directly alter the permeability characteristics of the
RWM. SLO was employed because this toxin is related mo-
lecularly to pneumolysin, the major cytotoxin of Streptococcus
pneumoniae (1,5, 8,9, 11, 12, 43) and it is available in a highly
purified form in our laboratory (7, 10, 44). We report that low
concentrations of this pore-forming cytotoxin evoke a rapid
breakdown of the RWM permeability barrier. Such damage to
the RWM, if occurring during infections with toxin-inducing
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bacterial strains, could directly cause sensorineural hearing
loss by evoking imbalances in the ionic composition of the
perilymph. Furthermore, our data indicate that toxic macro-
molecules such as SLO might diffuse directly from the middle
ear to the inner ear.

MATERIALS AND METHODS

Preparation of the RWM. One hundred twenty-five ears of healthy guinea pigs
(250 to 400 g body weight) were used. Ear infection was excluded by examination
of the external auditory canal and tympanic membrane. The bulla was removed
and opened carefully (3). The RWM was then resected, leaving a small sur-
rounding bony ring of cochlear material. For the resection, a Messmer universal
drill and Horico diamond separation disks were used. The RWM was embedded
between the two chambers of an in vitro system with two separate chambers by
use of Espe Duralon dental cement as described by Lundman et al. (31). One
chamber was designated as the tympanal (cis) compartment, and the other was
designated as the cochlear (trans) compartment. The chambers were made of
transparent plastic material and had a volume of 200 pl each. The chambers had
two metal tubes for instillation of fluids and air evacuation. These were closed
after filling and sampling. The entire preparation took no longer than 15 min.

Preparation of SLO. Two toxin preparations were used with the same results.
SLO was either purified from streptococcal culture supernatants as described (7)
or obtained in recombinant form from E. coli (44). Each toxin preparation
yielded a single major polypeptide of M, 55,000 by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Solutions containing 20 g of
native SLO per ml contained no detectable lipopolysaccharide (LPS) as deter-
mined by a quantitative Limulus assay (Kabi Vitrum Diagnostica, Stockholm,
Sweden). The proteins were stored lyophilized and reconstituted with buffer plus
1% bovine serum albumin and 2 mM dithiothreitol. The toxin was radioiodinated
to a specific activity of 0.4 wCi/mg, with functional activity retained as described
in detail elsewhere.

Determination of Na™ flux through the RWM. A sodium gradient of 92 mM
was established between the cis and trans compartments by use of a standard
nutrient mixture in the cis chamber and a 0.15 M K,H- or KH,-phosphate buffer
(pH 7.4) in the frans chamber. The Na* concentration of samples drawn from the
trans chamber was always less than 6 mM. After the addition of 0.032, 0.16, 0.8,
and 4.0 pg of SLO per ml to the cis compartment, the chambers were incubated
at 38°C. Controls received no cytolysin. Five-microliter samples were removed
from the trans chamber after 10 min and 1, 4, and 8 h. Na™ concentrations were
determined by flame photometry. pH and osmolarity were also determined.

Measurements of [*C]mannitol flux through the RWM. The cis and trans
compartments were filled with Hanks balanced salt solution, and 0.8 pg of SLO
per ml plus 1 pCi of [**C]mannitol was applied to the cis chamber. Controls
received 1 pCi of ['*C]mannitol without the cytolysin. Five-microliter samples
were collected after 10 min and 1 and 2 h from the trans compartment, and
radioactivity was measured with a beta counter (Packard Tri-Carb 2500TR).

Permeability of RWM by macromolecules. (i) Protocol 1. The frans chamber
was filled with Hanks balanced salt solution. The membrane was treated with
SLO by application of 0.16, 0.8, and 4.0 pg/ml in the cis chamber. After 30 min,
50 pl of human serum from healthy individuals was added to the same compart-
ment. After 10 min and 1 and 2 h, 5-pl samples were taken from the trans
chamber. The presence of serum proteins in the latter samples was assessed by
quantitative immunoelectrophoresis (4). Positive controls, with 2% Triton X-100
in the cis chamber instead of SLO, and negative controls, with neither SLO nor
Triton X-100, were performed. In a third group of control experiments, SLO was
inactivated by preincubation with human serum before application to the cis
chamber.

(ii) Protocol 2. SLO was added to the cis chamber at 0.8 pg/ml for 60 min.
Thereafter, both chambers were emptied and filled with fresh Hanks balanced
salt solution. Fifty microliters of human serum was applied additionally to the cis
chamber. After 10 min and 1 and 2 h, 5-ul samples were collected from the trans
chamber. Quantitative rocket immunoelectrophoresis was performed with poly-
clonal rabbit antibodies against human serum proteins (Dakopatts code 100SF),
anti-human albumin (Dakopatts code A001), and anti-human a2-macroglobulin.
For calibration, samples from the cis chamber were diluted 1:10 and electropho-
resed similarly; this was done so that identical rocket heights in the cis and trans
samples reflected the flux of 10% of the respective protein through the RWM.

(iii) Protocol 3. One microcurie of radioiodinated SLO plus 0.8 pg of unla-
belled SLO per ml was applied to the cis chamber. After 10 min and 1 and 2 h,
5-pl samples were collected from the frans compartment, and radioactivity was
determined with a gamma counter (Packard Cobra II).

Scanning electron microscopy. The RWMs were decalcified, desiccated, and
dried with a critical-point drying procedure. They were mounted onto a scanning
electron microscope carrier with conductive carbon cement and gold-sputtered.

RESULTS

Na™ flux through the RWM. As shown in control experi-
ments, spontaneous flux of Na™ through the intact RWM was
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FIG. 1. Na™ flux through the RWM evoked by SLO. The chamber corre-
sponding to the tympanal side was designated cis, and the chamber correspond-
ing to the cochlear compartment was designated trans. A sodium gradient of 92
mM was established between cis and trans; the Na* concentration of samples
drawn from the frans chamber before toxin application was always less than 6
mM. After the addition of SLO at 4.0 (), 0.8 (#), 0.16 (H), 0.032 (¢), and 0 (CJ)
wg/ml to the cis chamber, 5-pl samples were removed from the trans chamber at
the given times and Na* concentrations were determined. The mean values +
standard deviations of 15 experiments in each group are shown.

minimal. Application of SLO at concentrations above 0.16
wg/ml evoked an initially rapid flow of Na* from the cis to the
trans chamber (Fig. 1). After 4 h, the flow of Na™ appeared to
plateau. The ion gradient was stable over a period of 8 h in the
controls. No changes in pH or osmolarity were observed (data
not shown).

Flux of [**C]mannitol through the RWM. ['*C]mannitol
together with 0.8 pg of SLO per ml was applied to the cis
chamber, and samples were removed from the frans chamber
at 10 min and at 1 and 2 h. Controls without cytolysin appli-
cation indicated that the RWM is not normally permeable by
[**C]mannitol. One of five RWMs remained impermeable by
[**C]mannitol after application of 0.8 pg of SLO per ml,
whereas flux of the marker was discerned in the other four
experiments, where an average of 4.3% of the ['*CJmannitol
applied to the cis chamber entered the trans chamber (Fig. 2).

Permeability of RWM by macromolecules. Rocket immuno-
electrophoresis with polyspecific antibodies against human se-
rum proteins showed that at concentrations of SLO above 0.8
pg/ml, a rapid flow of macromolecules occurred through the
RWM. Multiple rocket precipitates representing human serum
proteins were detected in samples drawn from the frans cham-
ber (Fig. 3). No proteins passed through the RWM when only
0.16 g of SLO per ml was employed. Application of 2%
Triton X-100 to the cis chamber also led to a breakdown of the
RWM permeability barrier, so that serum proteins became
detectable in the frans chamber. In one set of experiments,
SLO was preincubated with human serum. It is known that
human serum contains antibodies and lipoproteins that inac-
tivate the cytolysin. In this case, no flux of serum proteins
across the RWM was observed. Furthermore, no flux of mac-
romolecules was detected when 1 pg of LPS from E. coli
055:B5 (Sigma, Deisenhofen, Germany) per ml was applied
instead of SLO.

In another set of experiments, the RWMs were first incu-
bated with 0.8 g of SLO per ml for 1 h. Thereafter, the
chambers were emptied and filled with fresh Hanks balanced
salt solution, and 50 pl of human serum was added to the cis
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FIG. 2. Flux of ['*C]mannitol through the RWM. ['*C]mannitol together
with 0.8 pg of SLO per ml was applied to the cis chamber, and 5-pl samples were

removed for determination of radioactivity at the given times. Values are means
+ standard deviations (n = 5 in each group). Symbols: [], 0.8 pg/ml; ¢, 0 pg/ml.

chamber. At the given times, samples were removed from the
trans compartment and analyzed by rocket immunoelectro-
phoresis with specific antibodies against albumin. In these ex-
periments, passage of albumin through the RWM was detected
in 75% of the RWMs (Fig. 4). An average of 4% of total
albumin applied to the cis chamber was detected in the trans
chamber, as inferred from the heights of the rocket immuno-
precipitates.

In addition to the flux of serum albumin identified with
specific antibodies, a similar flux of a,-macroglobulin through
RWMs treated with 0.8 and 4.0 pg of SLO per ml (data not
shown) was observed. Membranes that had received 0.16 g of
SLO per ml were impermeable by this macromolecule. When
4 pg of SLO per ml was applied to the inner ear side of the
RWM, leakage of macromolecules to the tympanal chamber
was also observed (data not shown).

Permeability of RWM by SLO. The flux of a radioactive,
functionally intact SLO tracer was also studied. Flux of the
radiolabelled cytotoxin through the RWM was observed in
75% of the experiments in which 0.8 pl of SLO per ml was
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FIG. 3. Flux of human serum proteins through the RWM. SLO was applied
to the cis chamber for 30 min, after which whole human serum was added to the
same compartment. At the given times (i.e., 10 min and 1 and 2 h), 5-ul samples
were taken from the trans chamber and applied to rocket immunoelectrophoretic
analysis with polyspecific antibody to serum proteins. Results of three experi-
ments in which the RWM was treated with 0.16 pug of SLO per ml (A), 0.8 g of
SLO per ml (B), or 2% Triton X-100 (C) (all final concentrations) are shown.
Note the immediate breakdown of the membrane permeability barrier evoked by
Triton X-100 and the slow breakdown of the permeability barrier evoked by 0.8
pg of SLO per ml. The major precipitate (arrows) represents albumin.
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FIG. 4. Quantitation of albumin flux through the RWM evoked by 0.8 pg of
SLO per ml. The results of three different experiments (I to III) in which the
RWNMs were treated with 0.8 pg of SLO per ml for 60 min and then whole human
serum was added to the cis chamber are shown. Five-microliter samples were
retrieved from the frans chamber after 10 (a), 60 (b), or 120 (c) min. C, control
rocket immunoprecipitate obtained by electrophoresing 5 l of a 10-fold-diluted
sample from a cis chamber. A quantitative estimate of the albumin concentration
in the frans chamber could be obtained by comparing the heights of the rocket-
shaped lines with that of the control.

employed. The collective results are shown in Fig. 5, and an
average of 6.82% of the radiolabelled toxin applied to the cis
chamber appeared in the trans chamber after 2 h.

Scanning electron microscopy. Scanning electron micros-
copy was performed on a small number of RWMs treated with
4 pg of SLO per ml. Figure 6A shows an oblique view of the
undamaged RWM after 8 h in a control experiment. The intact
epithelial cells lining the tympanal side of the RWM and the
undamaged microvilli are visible. After treatment with 4 pg of
SLO per ml, marked changes were observed. After a 20-min
treatment, the epithelial cell nuclei were shrunk, and large
defects in the cell membrane were observed. Figure 6B is a
micrograph taken en face; the virtual absence of microvilli and
the gross damage to the epithelial cells are visible. After 8 h,
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FIG. 5. Flux of radioiodinated, functionally intact SLO through the RWM.
RWM preparations were treated with 0.8 wg of SLO per ml (&) spiked with 1
wCi of radioiodinated tracer in the cis chamber. At the depicted times, 5-pl
samples were removed from the frans chamber and radioactivity was determined.
Values are means * standard deviations from eight experiments.
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FIG. 6. (A) Scanning electron micrograph of control RWM seen obliquely after 8 h. Intact epithelial cells (presenting as the large mounds) and undamaged
microvilli are visible. (Magnification, X3,970). (B) Scanning electron micrograph of RWM viewed en face following a 20-min treatment with 4 ug of SLO per ml. The
epithelial cells are shrunk, large defects in the cell membrane can be observed, and cell nuclei (N) are exposed. The microvilli have virtually disappeared. (Magnification,

X3,970).

the epithelial cells became detached, and the basal membrane
was denuded (data not shown).

DISCUSSION

SLO is the prototype of a large family of bacterial cytolysins
that bind to cholesterol and form large pores with 30-nm di-
ameters in the lipid bilayer of erythrocytes (1, 8, 9, 11, 14). We
presume that similar pores are created in the membranes of
epithelial cells lining the tympanal side of the three-layered

RWM, thus leading to cytolysis and disruption of the perme-
ability barrier. As middle ear effusion constantly bathes the
RWM (28), disturbances of perilymphatic and endolymphatic
ion concentrations due to uncontrolled ion fluxes through the
RWM may be expected. Furthermore, a flux of macromole-
cules including noxious bacterial products could occur. Since
Streptococcus pneumoniae bacteria elaborate a homologous
and functionally similar cytolysin (1, 8, 9, 11, 12, 43), we believe
that analogous processes may be operative in OM caused by
this agent.
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Our conclusions are based on a large number of experiments
in which the permeability of guinea pig RWM was studied in
an in vitro model. The advantage of the model is that no
contamination of samples via other pathways (40) from the
middle to the inner ear occurs. We found that SLO evoked
permeability defects dose dependently in the RWM, with
fluxes of both Na™ and ['**C]mannitol being demonstrable over
a time span of several hours. Control experiments without SLO
showed that the undamaged RWM was not permeable for
[**C]mannitol or macromolecules, and only a low flux of Na™
that was far below the levels found after toxin application was
observed. That the observed effects were due to SLO rather
than to contaminating substances such as LPS was inferred
from the findings that preincubation of toxin preparations with
serum neutralized toxicity. It is known that SLO is inactivated
by serum components, including lipoproteins. Furthermore,
application of LPS at the relatively high concentration of 1
pg/ml caused no impairment of the RWM permeation barrier
towards macromolecules. Quantitative Limulus assays ex-
cluded the possibility that preparations of native SLO con-
tained detectable amounts of LPS.

As our investigations with human serum proteins showed,
even macromolecules were able to pass through the RWM
following treatment with =0.8 pug of SLO per ml. No leakage
occurred in control preparations that received no toxin or in
those receiving SLO after preincubation with human serum. In
positive control experiments, 2% Triton X-100 was applied to
the cis chamber, and this caused immediate breakdown of the
RWM permeability barrier. The rationale underlying the pro-
tein flux experiments was straightforward, and quantitative im-
munoelectrophoresis permitted the amounts of protein diffus-
ing to the frans chamber to be approximated with ease. The
method represented an alternative to measurements of total
protein or SDS-PAGE analyses and permitted direct identifi-
cation of different proteins in the mixture (e.g., a,-macroglob-
ulin as a very large molecular marker). With this method, we
estimated that 3 to 5% of the albumin applied to the cis
chamber diffused to the frans chamber when an RWM was
damaged by SLO. Experiments using '**I-radiolabelled SLO
demonstrated that even the cytolysin itself was able to perme-
ate the damaged RWM, and the degree of flux was comparable
to that found for albumin. This finding was somewhat unex-
pected, since we originally thought that the active toxin might
become quantitatively trapped in the RWM as a result of avid
binding to cholesterol.

These results could be demonstrated for the majority (75%)
of RWMs treated with 0.8 pg of SLO per ml, but it must be
noted that toxin-dependent permeability increases were absent
in a few experiments. The causes for the relative intrinsic
resistance of certain RWM preparations towards toxin action
are unknown.

Overall, our present findings indicate that SLO and, by in-
ference, other pore-forming bacterial exotoxins may directly
damage the RWM, causing leakage of ions and even macro-
molecules from and to the perilymph. Ionic disequilibrium
ensuing in the latter could lead to severe disturbances of inner
ear function. Passage of macromolecules such as bacterial pro-
teases or even the cytolysin itself could be responsible for toxic
damage to the organ of Corti. In this regard, it is of particular
interest to note that pneumolysin has recently been shown to
be potently toxic towards hair cells of guinea pig cochlea (15).
If, as we expect, pneumolysin can eventually be shown to pro-
duce similar effects on the RWM as those produced by SLO,
this would provide a relatively simple explanation for the well-
known clinical syndrome of sensorineural hearing loss that
frequently occurs during pneumococcal otitis media. It is note-
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worthy that pneumolysin is probably present mainly in an in-
tracellular or cell-bound form (12), so that lysis of bacteria by
antibiotics may even enhance the local levels of this damaging
product. Bacterial cell lysis is not a requisite for release of SLO
from group A streptococci, which are also occasionally caus-
ative agents of otitis media.

The present study became feasible through the development
by Lundman et al. (31) of a reliable, albeit technically demand-
ing, method for studying the permeability characteristics of the
RWM in vitro. It is, to our knowledge, the first demonstration
that a bacterial cytolysin can disrupt the permeability barrier of
a complex, multilayered membrane. The results raise the pos-
sibility that bacterial cytolysins such as SLO may be significant
in the pathogenesis of inner ear diseases of tympanal origin.
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