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INTRODUCTION

Iatrogenic ototoxicity may be defined as impairment in hearing and/or equilibrium
due to drugs acting on the inner ear: the cochlea or the vestibular apparatus. This
review is restricted primarily to the pharmacology of drugs that affect hearing by
acting on the cochlea. For proper discussion of recent studies in this field, it is
necessary to present a brief description of the anatomy and physiology of the
cochlea. However, the details of the normal anatomy, physiology, and biochemistry
of the cochlea, the research methodology used in cochlear studies, and the pharma-
cology of synaptic transmission within the cochlea are beyond the scope of this
review and can be found in recent publications (1-7).

- Anatomy of Cochlea

The cochlea is a coiled, fluid-filled tube encased in a bony capsule. The central
compartment, the scala media, is roughly triangular in shape and is bounded by
Reissner’s membrane, the basilar membrane, and the stria vascularis (Figure 1). The
organ of Cortirests on the basilar membrane and includes one row of inner hair cells
(IHC), three rows of outer hair cells (OHC), supporting cells (Deiters, Hensen, and
Claudius), the rods and tunnel of Corti, the afferent and efferent nerve endings, and
the basilar and tectorial membranes. Running up through the center of the coiled
tube of the cochlea is the modiolus, which contains the spiral ganglion (nerve cell
bodies of the primary auditory afferents) and the intraganglionic spiral bundles
(axons of the cochlear efferents).

'Literature survey completed June 1977.
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Figure 1 Cross section of the second turn of the guinea pig cochlea (186). Reproduced by

permission.

Physiology of the Cochlea

The electrophysiological potentials commonly monitored when studying changes in
cochlear functionsinduced by drugs are the N, potential, the cochlear microphonics
(CM), and the positive dc endocochlear potential (EP). N, is a volume conductor
recording of the action potentials of the primary or first order auditory afferents.
The CM or cochlear ac potential is a receptor potential derived from cochlear hair
cell activity (presumably OHC) and is an electrical analogue of the acoustic stimu-
lus; therefore, if a 4000 Hz pure tone acoustic stimulus is applied, then a 4000 Hz
CM response occurs. The EP represents the dc polarization of the central compart-
ment of the cochlea (the scala media) as compared to the other major cochlear
compartments (the scala vestibuli and scala tympani).

The ionic composition of the fluid-filled compartments of the cochlea also reflects
the physiological integrity of the cochlear structures. The scalae vestibuli and tym-
pani are continuous with each other and contain perilymph, which has a composi-
tion similar to that of extracellular fluid. Conversely, the scala media contains
endolymph, which has a high K* and a low Na* concentration similar to that of

o
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intracellular fluid. It has been proposed that the interstitial fluid within the organ
of Corti, cortilymph, resembles perilymph in ionic composition.

Possible Cochlear Sites and Mechanisms of Ototoxic Drugs

The stria vascularis (SV) has two important functions in the cochlea. It apparently
serves as a source for the EP and is also considered to be the site of secretion of
endolymph and maintenance of endolymph ionic composition (8). The EP is inde-
pendent of endolymph Nat* and K* concentrations (9) and increased endolymph
secretion (10). Its generation is dependent on a ouabain-sensitive Na*-K* mem-
brane ATPase (8). Reduction in CM, N,, and hearing would follow any reduction
in EP since a linear relationship exists between changes in CM and EP (8). Addition-
ally, alteration of endolymph ionic composition has been demonstrated to produce
deterioration in the maintenance of normal electrical activity within the cochlea (8).
Therefore, ionic changes in this fluid would also produce a decrement in hearing.

Perilymph is apparently formed by influx of cerebrospinal fluid as well as by
ultrafiltration from the local cochlear vessels (11). The importance of perilymph in
the maintenance of the energy supply to the organ of Corti has recently been
emphasized and it has been proposed that cortilymph is continuous with the peri-
lymph of the scala tympani (12). Therefore, interference with either active trans-
port of nutrient materials into perilymph or the ionic composition of perilymph
could also affect the hair cells and afferent nerve endings, leading to a loss of
hearing.

The function of the cochlear hair cell is to convert movements of the basilar
membrane into firing of the primary auditory afferents (13). The CM is apparently
due to a K*-dependent modulation of the EP by the OHC (14-16). The upper part
of the OHC is in contact with the endolymph which is rich in K* (8), whereas the
rest of the hair cell and the nerve fibers are exposed to the cortilymph (17-19). There
is histochemical evidence to suggest that the basal ends of the cilia of the cochlear
hair cells are separated from the hair cell cytoplasm by a unique membrane (19),
which could be the site of active K+ transport. Inhibition of active ion transport at
this site would also result in impairment in hearing.

The final cochlear transduction step is initiation of firing of the primary auditory
afferents. Because of difficulties in determining synaptic delays and in isolating or
administering substances which are excitatory to the auditory afferents, the synaptic
maechanism operative between the hair cell and the afferent nerve ending is unclear
(7,20-22). However, it is apparent that the primary auditory afferents are dependent
upon the presence of Na‘t in the interstitial fluid and that they are blocked by
tetrodotoxin (14~16). Therefore, propagation of this nerve action potential is similar
to that of most other types of nerves, and interference at this site would be detri-
mental to hearing.

Thus, whether a drug acts on a specific active transport mechanism at one of these
cochlear sites or simply interferes with the other metabolic machinery of the tissues,
the end result would be a reduction in auditory input to the CNS and, consequently,
a loss of hearing.
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Experimental Approaches Used in Cochlear Studies

The whole animal, anatomical, physiological, and biochemical approaches are the
four basic experimental approaches used in cochlear studies. The whole animal
approach involves a behavioral or reflex response of an unanesthetized animal to a
sound stimulus. The anatomical approach utilizes histologic techniques to deter-
mine whether any damage is sustained by the different cochlear structures after
ototoxic drug administration. This approach is of value in demonstrating the end
result of drug action but does not necessarily give any idea of the sequence of events
leading to the damage. Physiological changes produced by ototoxic agents provide
a functional approach to the study of drug-cochlea interactions. Since there is a
consensus of opinion on the generation sites of the various cochlear potentials and
the cochlear fluids, inferences about specific cochlear sites of action of a drug can
be made when a deleterious effect on a potential or alteration of a cochlear fluid is
produced. However, it should be noted that functional alterations cannot be directly
correlated with hearing loss without complementary whole animal studies. Finally,
biochemical methods have recently become available to allow the micromeasure-
ment of drug effects on energy metabolism in discrete cochlear structures and to
determine the activity of enzymes involved in fluid and electrolyte transport. The
biochemical approach usually succeeds the anatomical and functional approaches.

OTOTOXIC DRUGS

In a comprehensive, prospective study of hospitalized patients, ototoxicity? was
commonly attributed to the administration of aspirin, the aminoglycoside antibiot-
ics, and the loop diuretic, ethacrynic acid (23). In other studies of hearing loss in
patients with dialysis and renal transplants (24) and chronic renal failure (25-27),
the drugs implicated were the loop diuretics (ethacrynic acid and furosemide), the
aminoglycoside antibiotics, and combinations of these two drug groups. These
therapeutic agents are most commonly associated with ototoxicity and are discussed
in detail here; however, other ototoxic agents are also described.

Loop Diuretics

It is well recognized that ethacrynic acid (EA) and furosemide (FUR) are associated
with occasional manifestations of ototoxicity. Impaired renal function, total amount
of drug administered, and interaction with other ototoxic agents appear to be the
most important factors predisposing a patient to this side effect. It has been known
for a number of years that EA can produce permanent deafness, even after oral
administration (8, 28-29). While the first reports on FUR ototoxicity emphasized
its transient character, permanent deafness has recently been found to occur (30).
The newest of this class of drugs in clinical usage, bumetanide (BUM), apparently

2In this review, the term ofotoxicity denotes cochlear ototoxicity and the terms hearing loss
or deafhess should be read as sensorineural or perceptual hearing loss in contrast to conductive
hearing loss.
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has less otoxic liability than FUR or EA (31-35) and it has been shown to be
tolerated by patients in whom FUR produced ototoxicity (36).

ETHACRYNIC ACID?} Administration of EA causes elevation of high frequency
hearing thresholds in conditioned animals and depression of the amplitudes of
auditory evoked cortical potentials and CM responses to these higher frequencies
(8). N, is also reduced, probably as a result of the changes in CM (8, 29, 37). The
cochlear structures affected are the SV and the OHC of the basal portion of the
cochlea (8, 38-39). Thus the morphological changes are compatible with the physio-
logical findings since high frequency response is localized in the basal part of the
cochlea (40).

One change seen in SV function after i.v. EA is a rapid decline of the EP from
normally positive to negative values in the cat, rat, and guinea pig (8). In contrast,
one investigator has failed to detect this change in guinea pigs and in dogs (9).
However, EP is dependent on the pO, (41) and increasing the pO; renders the EP
less susceptible to EA (42). Thus, differences in experimental design could account
for the one negative report in the dog and in the guinea pig.

Changes in endolymph ionic composition produced by EA are also variable, but
this appears to be a species-specific effect. In the dog, there is complete reversal
of the high K, low Na* concentration in endolymph in response to low doses (9,
43). However, in the cat and rat there are only minimal changes in the endo-
lymph (44—45) while in the guinea pig there is no change after treatment with
EA 9).

Since strial edema can be seen within minutes after i.v. EA (8, 38-39), it is
generally accepted that the initial action of the drug is on the SV. These changes
are often reversible and do not give rise to a permanent injury to the hair cell (39,
46).

Three enzymes have been implicated in the action of EA on the SV: carbonic
anhydrase, Na*-K* ATPase, and adenylate cyclase. While cochlear carbonic anhy-
drase is involved in the formation of endolymph (8, 47), there is no evidence to
suggest that it has any functional role in the maintenance of EP. It was proposed
that EA-induced ototoxicity was due to inhibition of strial Nat-K* ATPase activity
(48-49); however, recent evidence indicates this is not the case (50-51). On the other
hand, strial adenylate cyclase is inhibited in vitro at concentrations that produce EP
changes in vivo (52). Thus, interference with strial adenylate cyclase, the enzyme
responsible for cyclic AMP production, appears to be an important cochlear mode
of action of EA.

The OHC damage that is sometimes produced by EA may be the result of
alteration of function of the SV or of a direct action of EA on the OHC. When given
in high doses, EA produces suppression of respiratory enzyme activity (succinic
dehydrogenase and reduced diphosphopyridine nucleotide diaphorase) in the OHC

3There is experimental evidence to suggest that EA is first converted to its cysteine adduct
before exerting an ototoxic effect. Thus, the ensuing discussion may deal with the ototoxicity
of the cysteine adduct of EA rather than with EA itself.
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but has no effect on OHC ATPase activity (53) or ATP and P-creatine levels in the
organ of Corti (49). However, chloramphenicol also causes suppression of cochlear
respiratory enzyme activity (54), but our review of the literature reveals no well-
documented clinical cases of ototoxicity subsequent to systemic administration.
Therefore, it is unlikely that this would be the primary mechanism by which EA.
acted on the OHC.

Since the upper part of the OHC appears to be initially, affected by EA (8) and
it is suggested that there is a specialized membrane located between the basal ends
of the cilia and the hair cell cytoplasm, interference with active ion transport across
this membrane could be occurring. The subsequent loss of membrane integrity
would result in destruction of the OHC.

Thus, EA appears to exert an initial effect on the SV, resulting in a reduction of
EP and a species-dependent alteration of endolymph ionic composition, either of
which could be responsible for the transient deafness. that is the most frequent
ototoxic sequela of EA administration. Permanent deafness could be the result of
an EA effect on both the SV and the OHC.

FUROSEMIDE AND BUMETANIDE When administered alone, FUR does not
produce permanent cochlear damage in the guinea pig at doses up-to 200 mg/kg
body weight i.v. (55). However, in all species studied, it does produce reduction of
EP, changes in endolymph ionic composition, CM and N, depression, loss of sharp-
ness of tuning in individual cochlear nerve fibers having the lowest thresholds in'the
higher frequency ranges, and depression of auditory evoked cortical responses (29,
56-60). In addition, the dose-ototoxic response (N, depression) curves of EA and
FUR are parallel, indicating that EA and FUR share similar cochlear sites and
mechanisms of action (29).

Although BUM does appear to be the safest of the three loop diuretics presently
in clinical use (36), it has been shown to produce depression of CM and N, and
reduction of EP (31-35). The dose-ototoxic response curve of BUM parallels those
of EA and FUR (31), indicating that this loop diuretic shares similar cochlear sites
and mechanisms of action.

The Aminoglycoside Antibiotics

The vestibular ototoxicity produced by aminoglycoside antibiotics and their early.
clinical history has been reviewed recently (38, 61). Of the aminoglycosides that
have been used extensively, streptomycin is predominantly vestibulo-toxic. A deriv-
ative of streptomycin, dihydrostreptomycin, possesses a severe cochlear toxicity and
was, for this reason, withdrawn from clinical use. Neomycin is primarily toxic to
the cochlea and is no longer used systemically; however, deafness also occurs after
topical application and other routes of administration (62). The newer aminoglyco-
sides, gentamicin and tobramycin, are structurally related and show both cochlear
and vestibular ototoxicity, with vestibular toxicity occurring more often (63). Kana-
mycin and its congener amikacin, the aminoglycoside most recently. approved for
clinical use, are toxic primarily to the cochlea (63—-64). In a recent survey of the

‘clinical literature, the incidence at which cochlear ototoxicity was observed
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four commonly used aminoglycosides was kanamycin > amikacin >>> gentami-

cin == tobramycin; the incidence of -overall ototoxicity (cochlear + vestibular) ob-

served was kanamycin > amikacin >>> gentamicin > tobramycin (63).
Appropriate changes in the therapeutic regimen based on monitoring serum levels

can reduce aminoglycoside ototoxicity. For example, it appears that the toxicity of

amikacin can be reduced by this approach (65).

Experimental and clinical investigations are presently under way on a number of
new semisynthetic aminoglycosides. Perhaps the most promising of these is netilmi-
cin (Schering 20569). It has been demonstrated to have very little ototoxic and
nephrotoxic liability in experimental animals (66~67). In addition, “preliminary
results indicate that netilmicin is an effective agent in treatment of serious gram-
negative bacillary infections and can be used safely in patients with previous amino-
glycoside toxicity” (68).

MORPHOLOGICAL CHANGES PRODUCED BY AMINOGLYCOSIDES The initial
cochlear lesion produced by the aminoglycoside antibiotics in man and most experi-
mental animals is found in the OHC of the basal turn. Depending on the dosage
of the antibiotic and duration of treatment, the lesion spreads to include the IHC
of the basal turn followed by progressive destructon of the upper cochlear turns
(69-73). Degeneration of the afferent nerve endings follows IHC destruction (71,
74). Strial damage has also been associated with aminoglycoside -ototoxicity and
appears to follow the initial damage to the OHC (69, 75-76).

FUNCTIONAL CHANGES PRODUCED BY AMINOGLYCOSIDES Physiological
changes are seen in CM and N, subsequent to aminoglycoside administration. The
higher frequency CM responses are affected most and a concomitant reduction is
seen in N, (69, 77). This would be expected since the initial damage is to the OHC
of the basal turn. In addition, recordings of individual nerve fibers from the auditory
division of the eighth cranial nerve(78).and threshold studies in conditioned animals
(79) show alterations in the expected direction.

Reduction in EP occurs subsequent to changes in CM and N; (77). The effects
of aminoglycosides on endolymph ionic composition are not known.

POSSIBLE MECHANISMS OF: ACTION OF THE AMINOGLYCOSIDES Amino-
glycoside-induced ototoxicity was originally thought to be due to interference with
protein synthesis in the OHC; however, this theory has been discounted (72).
Neomycin has been shown to inhibit phosphoinositide metabolism of the organ of
Corti and SV, with the predominant effect being exerted toward the organ of Corti
(80-82). This has been proposed to cause derangement of selective membrane
permeability of the OHC (82). In vitro studies have shown that interference with
phosphoinositide metabolism in the organ .of Corti requires a concentration of at
least 2 X 10~ M neomycin (82). Cochlear concentrations of 10~ to 10-°M (100--10
pg/ml) can be obtained with an i.v. injection of 50 mg/kg of the different amino-
glycosides in experimental animals (83-86). Since the pharmacokinetics of the
aminoglycosides in animals are such that their elimination from perilymph is much
slower than from blood (83-86), accumulation would occur on repeated administra-
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tion. However, whether perilymph and tissue concentrations of this magnitude
could be accumulated in patients receiving doses of drug one log)o less than these
experimental doses is unknown.

A more general mechanism by which the aminoglycosides may exert their ototox-
icity is related to their effect on carbohydrate metabolism and energy utilization by
the OHC. Kanamycin administration suppresses respiratory enzyme activity in the
OHC, and enzyme inhibition is more pronounced in the basal than in the apical
turns (53-54). Furthermore, kanamycin selectively inhibits the activity of the Emb-
den-Meyerhof pathway in the organ of Corti (and in the kidney) without altering
that of the hexose monophosphate pathway, but neither pathway is affected in the
SV (87). This interference with carbohydrate metabolism and the inhibition of the
organ of Corti ATPase, which can also be produced by aminoglycosides (53), would
lead to inefficient use of glucose and to glycogen depletion. The energy requirements
of the affected OHC would then exceed readily available supplies and cell death
would ensue. A possible corollary finding is that in certain animal species, there is
an inverse relationship between the amount of glycogen storage granules in the OHC
of the various turns of the cochlea and their susceptibility to the aminoglycosides
(88-91). Depletion of these granules occurs in the OHC as they are affected by the
drugs (90-91). The IHC are probably destroyed as a consequence of loss of the OHC
since they do appear to be modulated by them (92).

Damage to the SV could be due to two factors: suppression of strial respiratory
enzyme and/or ATPase activity. Inhibition of strial ATPase occurs only at doses
of the aminoglycoside that are higher than those that inhibit OHC ATPase and
those that suppress OHC and strial respiratory enzyme activity (53-54). However,
cochlear drug accumulation could cause this to be a factor in patients receiving
prolonged therapy with the aminoglycosides.

In a recent study designed to investigate the possibility that aminoglycosides
produce their ototoxicity by reducing glucose transport into the cochlear fluids
and/or the organ of Corti, it was found that the OHC of animals made diabetic with
alloxan are protected from kanamycin toxicity (93). Since the extent of protection
was correlated with the blood glucose concentration obtained in the diabetic ani-
mals, the protective effect could be due to glucose interfering with the transport of
the aminoglycoside into the cochlea. This action would complement aminoglycoside
interference with carbohydrate metabolism in the OHC. However, the protective
effect of hyperglycemia could also be due to glycosuria causing an increased urinary
excretion of the aminoglycoside, thereby preventing accumulation of the drug in the
cochlea.

Interaction of the Loop Diuretics with the Ototoxic Antibiotics

The risk factors associated with increased incidences of ototoxicity in patients
receiving aminoglycosides are renal impairment, treatment with a high dose over
an extended period of time, advanced age, heredity, exposure to high intensity noise,
and exposure to other possibly ototoxic drugs (63, 94, 95). In particular, it has been
found that hearing loss has occurred when a loop diuretic and an aminoglycoside
antibiotic were used simultaneously in doses that would not be expected to cause
ototoxicity if either was used alone (24, 27, 96).
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Ethacrynic acid and furosemide have been demonstrated, in experimental ani-
mals, to produce both morphological and functional indications of cochlear hair cell
damage when individually combined with kanamycin in doses at which little ototox-
icity is produced if any of the three drugs is administered alone (97-99). It appears
that the initial site of action in this case is within the SV, as changes in EP occur
simultaneously with or before changes in CM or N, (98).

It has been known for some time that prior exposure of a patient to one of the
aminoglycosides enhances the ototoxicity observed after subsequent exposure to the
same or a different aminoglycoside (63). Observations in animals indicate that
sequential exposure may also create a treatment hazard if ethacrynic acid is given
following prior exposure to an ototoxic antibiotic (98).

Other Ototoxic Agents

NONSTEROIDAL ANTIINFLAMMATORY AGENTS, QUININE, AND QUINIDINE
Tinnitus, vertigo, and, in some cases, temporary hearing loss have been reported to
occur with the clinical use of salicylates and other nonsteroidal antiinflammatory
agents, such as indomethacin, naproxen, fenoprofen, and ibuprofen (100-104). Simi-
lar transient ototoxicity is sometimes observed during treatment with the cinchona
alkaloids, quinine and quinidine. Despite extensive clinical use of the salicylates and
cinchona alkaloids, for over a century, only a few reports exist of permanent deaf-
ness resulting from their use (38), and there are no published reports of permanent
deafness being produced by the other nonsteroidal antiinflammatory agents. Perma-
nent damage to the cochlea has not been observed after salicylate intoxication in
experimental animals (105). However, quinine will produce permanent damage but
only after injection of a saturated solution into the middle ear cavity (54, 106).

Postmortem and in vivo studies of animals acutely intoxicated with these drugs
support earlier postulates that their production of vasoconstriction causes a tran-
sient inner ear ischemia (38). The pathophysiological changes seen after acute
salicylate or quinine intoxication are an initial depression of N, followed by reduc-
tion in the CM responses (38, 105, 107). These changes are consistent with the
postulated mechanism of inner ear ischemia as N is more susceptible to anoxia than
is CM (13).

Since the salicylates block prostaglandin synthetase and the prostaglandins can
produce vasodilation (and vasoconstriction), it has been speculated *“that the effect
of salicylates on hearing is a reflection of their action on local prostaglandin synthe-
sis and hence on the cochlear microvasculature” (38). It was also speculated that
quinine may act by a similar mechanism and that the rare cases of permanent
deafness produced by these drugs resulted from anoxic necrosis of cochlear struc-
tures. It should be noted that, in addition to the salicylates, other nonsteroidal
antiinlammatory agents (indomethacin, naproxen, fenoprofen, and ibuprofen)
cause transient ototoxicity and inhibit prostaglandin synthetase (108). However,
recent studies of transport across the intestinal mucosa (109) and of cerebrospinal
fluid production (A. M. Feldman, unpublished observations) have demonstrated
that indomethacin has significant effects on fluid movement. Therefore, ototoxicity
produced by the nonsteroidal antiinflammatory agents could also be due to changes
produced in the endolymphatic or perilymphatic fluids.
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CHEMOTHERAPEUTIC AGENTS Tinnitus and, in some cases, deafness has oc-
curred in patients undergoing treatment with a number of anticancer drugs includ-
ing nitrogen mustard (110-112), 6-aminonicotinamide (113), and cis-diammine-
dichloroplatinum (II) (114). Audiometric findings reveal high frequency hearing
loss which may reverse if the drug is stopped.

Animal studies indicate morphological changes similar to those observed after
aminoglycoside administration (115-117). Instillation of another anticancer drug,
bleomycin, into the middle ear cavity produced a comparable lesion in animals,
although no cochlear ototoxicity was observed in humans (118). Since these drugs
do not appear to share a common anticancer mechanism (114, 116) and only scanty
experimental data are available, no speculation on the.cochlear mechanisms of these
drugs can be made.

ERYTHROMYCIN Six cases of hearing loss have occurred during high dose
therapy with erythromycin, five occurring during i.v. erythromycin lactobionate
therapy (119, 120) and one, during oral erythromycin therapy [(121) the salt was
not specified]. In one of the studies (120), a patient incurred no ototoxicity from
thirty grams of i.v. erythromycin, gluceptate, over four times the amount of erythro-
mycin lactobionate which was ototoxic to the other patients. As all these hearing

‘losses had a sudden onset and returned toward normal after the drug was reduced

or withdrawn, it seems reasonable to add erythromycin to the list of cochlear
ototoxic agents.

INDUSTRIAL AND ENVIRONMENTAL POLLUTANTS Ingestion of seed grains
or fish contaminated with high levels of alkylmercurials or occupational exposure
from inhalation.or cutaneous contact with alkylmercury compounds produces clini-
cal signs and symptoms associated with the Hunter Russell or Minamata disease
(122). Ataxia and hearing loss are characteristic findings. The morphological picture
obtained after acute methylmercury intoxication in experimental animals is very
different from that obtained with aminoglycosides in that the outer hair cells of the
middle coil of the cochlea are selectively damaged (122-124). However, the mecha-
nism responsible for these changes has not been elucidated.

A recent review (5) indicated that, in Europe, occupational or accidental exposure
to benzene, ethanol, gasoline, methanol, and propanol can produce cochlear lesions
as well as perceptive deafness, and laboratory investigations confirmed these
findings. Similar effects have not been reported in the American literature. However;
tinnitus is one of the symptoms of the acute toxicity of methyl alcohol (125-126)
and of the acute and chronic toxicity of benzene (127). Although nystagmus, ver-
tigo, and ataxia are not as suggestive of inner ear involvement as tinnitus, the acute
toxicities of ethyl alcohol (128-129) and benzene (130-132) have been associated
with at least two of the less suggestive symptoms. Furthermore, nystagmus due to
alcohol is apparently a specific vestibulo-toxic effect (133). Thus, ototoxicity pro-
duced by organic solvents requires further investigation.

MISCELLANEOUS Because space does not permit a discussion of all the drugs that
can produce cochlear ototoxicity, the reader is referred to comprehensive listings
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in other reviews (5, 38, 134-136). However, attention should be called to the fact
that intratympanic instillation of drugs or application of drugs to the outer ear
where a perforation of the tympanic membrane exists is fraught with hazard as a
number of drugs are ototoxic by this route. When injudiciously used, topical applica-
tion of the local anesthetics (137), antiseptics (138), polymyxin B (139), chloram-
phenicol (140), erythromycin and tetracycline (84), and chromic acid (141) can
produce ototoxicity. Even cornstarch glove powder can function as a toxic agent to
the ear (142). Apparently, the toxicity of the antiseptics and antibiotics is not related
to the pH of the solutions used (143), although the solvent in some of the antibiotic
preparations may be ototoxic itself (140). In order to minimize the toxicity of the
antiseptic and antibiotic preparations, “‘ear drops should seldom be prescribed,
especially in the presence of large perforations, where there is a history of ear
surgery, or for preoperative prophylaxis” (144). To minimize the ototoxicity of the
local anesthetics, it is recommended that they be iontophoretically applied (145).

PHARMACOLOGICAL AGENTS USED AS RESEARCH TOOLS

The arsenicals are primarily of historical importance as ototoxic agents (38). How-
ever, sodium arsenilate (atoxyl) is a potentially useful tool in the study of cochlear
function. It produces very severe damage to the SV and Reissner’s membrane as well
as to the outer and inner hair cells and afferent and efferent nerve endings (146-148).
Unlike the previously discussed drugs, atoxyl produces initial damage to the SV,
Reissner’s membrane, and the OHC of the apex of the cochlea. Proper dosage of
the drug may allow an investigator to interfere selectively with function of the SV
and Reissnér’s membrane (38).

Another ototoxic agent of potential value in studying cochlear function is the
fluorocitrate anion. Fluorocitrate perfusion of isolated cochleas causes selective
degeneration of the afferent and efferent nerve endings (149). Perfusion of intact co-
chleas would be valuable in order to determine what effect this chemical denervation
has on other parameters of cochlear function.

The injection of cholera toxin, a potent adenylate cyclase stimulant, into the scala
media results in increased endolymph production (10) and increased endolymphatic
pressure (A. M. Feldman, unpublished observations). This provides a model for the
study of such pathological entities as Méniére’s disease. Use of this agent also
provides a means by which to study the cochlear adenylate cyclase-cyclic AMP
system in vivo.

AUDIOGENIC SEIZURE

Stimulation of the cochlea by sound will result in seizure in genetically susceptible
animals. The mechanism of susceptibility to sound-induced seizure has not been
fully elucidated; however, in rats, seizures can be induced in nonsusceptible progeny
of susceptible parents after monoaminergic depletion with Ro 4-1284, but not in
suitable controls (150). Furthermore, an inverse relationship has been demonstrated
between brain norepinephrine and/or 5-hydroxytryptamine levels and audiogenic
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seizure intensity (151-153). Noradrenergic neurons projecting into the central audi-
tory pathway may be involved in the regulation of the seizure intensity (P. C. Jobe,
personal communication). Two independent observations support this speculation.
First, radiofrequency lesions of the locus cereleus cause a marked enhancement of
seizure activity (154) and, second, noradrenergic fibers arising from the locus cere-
leus project into the posterior colliculi and perhaps into the geniculate bodies (155).

THE ENDOCRINES AND HEARING
Thyroid

Hypothyroidism has been known to produce hearing loss for over 700 years. This
is apparently due to an effect on the cochlea; however, its specific mechanism of
action is unclear (156-157). Replacement therapy will return the hearing toward
normal in some of these cases in both humans and experimental animals (156, 157).
The thyroid also appears to be involved in some forms of congenital deafness (158).

Adrenal Gland

Patients with untreated adrenal cortical insufficiency (Addison’s disease or pan-
hypopituitarism) exhibit a more acute auditory detection sensitivity than normal
(159), but their speech discrimination ability is significantly impaired (160). Gluco-
corticoid administration returns their auditory detection sensitivities and speech
discrimination abilities to normal whereas mineralocorticoid administration has no
effect (160). Since these patients also exhibit a marked increase in detection sen-
sitivity for taste and smell (161-162), it was postulated that there is a generalized
increase in sensitivity to all sensory stimuli and that it is due to inhibition of a
negative feedback mechanism which normally operates on sensory stimuli coming
into the nervous system to allow maximum integration of the sensory impulses
(160).

Ovary

Whether there is a causal relationship between perceptual deafness and ovarian
dysfunction is unknown. However, in certain families, ovarian agenesis, both with
and without nephritis, has been reported to be associated with perceptual deafness
(163-164).

Vertigo with a rotary component often occurs in the menopausal and post-
menopausal female and as a part of the posthysterectomy syndrome (165,166).
However, the mechanism for this is thought to be the vasomotor instability of this
pathophysiologic state (166).

A sensation of fullness in the ears is often noted during pregnancy or when a
woman is on oral contraceptive medication (166). This sensation is apparently due
to abnormal patency of the eustachian tube (167).

A much more serious side effect of steroidal contraceptive therapy is that of acute,
severe vertigo as well as perceptual hearing loss. This is thought to be due to a
thromboembolism of the internal auditory artery (168-170), and at least one investi-
gator recommends considering this as a medical emergency, including in the treat-
ment regimen i.v. infusions of large doses of a vasodilator (170).
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THE KIDNEY AND THE COCHLEA

The kidney and the cochlea are each composed of highly specialized tissues whose
function is the efficient transport of water and electrolytes across cellular barriers.
Because of this, numerous investigators have speculated that similarities between the
various tissues of the two organs may exist and have found that agents that produce
functional or pathologic changes in one organ also affect the other.

There is no question that there is antigenic similarity between the SV of the
cochlea on the one hand and the glomerulus and distal convoluted tubules and
collecting ducts of the kidney (171, 172). In several hereditary syndromes, including
Alport’s syndrome and some families with diabetes mellitus, sensorineural deafness
and pathology of the kidney occur (163, 171, 173, 174). In these cases, an immuno-
logical mechanism could be tying the kidney and cochlear pathology together,
because of their antigenic similarities. Of course, a number of syndromes that have
an associated hereditary sensorineural hearing loss lack an associated renal pathol-
ogy (175-180).

Furthermore, an interesting finding is that production of chronic uremia in ani-
mals is associated with pathological changes in the SV (181). However, the damage
could be due to toxic substances in the blood that would normally be excreted.
Additionally, studies in humans have not as yet confirmed these findings (24-27).

There are also correlations between the ototoxicity produced by certain drugs and
their renal toxicity or site of action. As examples, cis-diamminedichloroplatinum
(II) and the aminoglycosides are both ototoxic and nephrotoxic (114, 182); potas-
sium bromate poisoning produces deafness and renal failure (183); and the loop
diuretics are ototoxic and exert their primary pharmacological action on the kidney.
Although not ototoxic when used clinically, two other classes of diuretics, the
carbonic anhydrase inhibitor acetazolamide and the mercurials, also produce func-
tional changes in the cochlea (SV) of experimental animals (50, 184, 185). However,
there are differences in the functional and morphological changes in the cochlea
produced by these various drugs.

These curious and inadequately defined relationships between the kidney and the
cochlea deserve further attention.
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