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Abstract: Frequently, noise-induced hearing loss is associated with the symptom of tinnitus.
Preliminary results in the animal model after noise exposure suggest that the calpain inhibitor
leupeptin may protect against noise-induced hearing loss. A final common pathway for cell
destruction and cell death (i.e., apoptosis) is the calpain hypothesis. Calpain is a normal, intra-
cellular, cytosolic protease activated by excess intracellular calcium. Calpain inhibitors
(AK275, AK295) have been shown to provide neuroprotection in the central nervous system.
A collaboration of basic science and clinical research efforts focusing on calpain antagonists
and inhibitors was established in New York in 1997, the initiators are attempting to develop
neuroprotective drug therapy regimens for hearing and balance system complaints, particular-
ly hearing loss, tinnitus, and vertigo. Both calpain inhibitors and antagonists are being devel-
oped and are being investigated with perfusion techniques of the inner ear, in vitro and in vivo,
for their effects on peripheral and central portions of the cochleovestibular system.

Keywords: calpain, intratympanic drug therapy, leupeptin, neurodegeneration, neuroprotec-

tion, protease

r I Yhe goal of this study is to introduce otologists,
neurootologists, and other professionals at-
tempting tinnitus control to a group of proteases

called calpains and to neuroprotective agents called

calpain antagonists and inhibitors and to cite their ap-
plication to attempts to control tinnitus with intratym-
panic drug therapy (ITDT). The innovative application
of calpain antagonists and inhibitors for the treatment
of cochleovestibular complaints of hearing loss, tinni-
tus, and vertigo, highlighted by attempts for tinnitus
control, was initiated in New York in 1997 and contin-
ues to be supported by the Martha Entenmann Tinnitus

Research Center, Inc., as part of an ongoing effort di-

rected at the development of a neuropharmacology for

tinnitus control. A collaboration was established in
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1997 among Drs. Alfred Stracher and Abraham Shul-
man of the State University of New York Health Sci-
ences Center at Brooklyn, NY, and Dr. Richard J. Salvi
of the State University at Buffalo, NY, the goal being to
develop neuroprotective drug therapy regimens for
hearing and balance system complaints, particularly
hearing loss, tinnitus, and vertigo. The researchers em-
barked on conducting in vitro and in vivo studies of the
neuroprotective effects of calpain antagonists and in-
hibitors in the inner ear [1-3].

Frequently, noise exposure is accompanied by loss
of hearing and the associated complaint of tinnitus.
Neuroprotective drug therapy regimens have been ap-
plied to such central nervous system (CNS) pathologi-
cal processes as ischemia, trauma, hemorrhage, and
neurodegeneration. Such etiologies are hypothesized to
affect the inner ear [3]. The innovative application of
such therapeutic regimens for treating the symptom of
tinnitus of the severe disabling type and for treating in-
ner ear complaints of hearing loss, vertigo, and ear
blockage has been the basis for development of neuro-
chemistry protocols for tinnitus control, including ITDT
via the round window. One such category of drugs be-
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ing investigated for noise protection are the calpain an-
tagonists and inhibitors.

This study provides (1) a brief introduction of the
group of proteases called calpains and their antagonists
and inhibitors; (2) a preliminary report of results of
neuroprotection with leupeptin, a calpain inhibitor, in
an animal model for noise exposure and hearing; and
(3) the clinical application of calpain as an innovative
treatment method. These antagonists and inhibitors can
provide neuroprotection for complaints of the cochle-
ovestibular system. highlighted by attempts for tinnitus
control with ITDT for a predominantly cochlear-type
tinnitus.

CALPAINS AND CALPAIN ANTAGONISTS
General Information

Neuroprotective drugs are hypothesized possibly to
provide neuroprotection to the hearing and balance sys-
tem for complaint of hearing loss, tinnitus, and vertigo
[3]. Support for this hypothesis is provided by basic
scientific research efforts with neurotrophic factors [4]
and calpain, a cellular protease important in modulating
cellular activity of biological phenomena, including
cellular pathogenesis, learning and memory immune
modulation, mitosis, and apoptosis [5,6].

A pharmacological basis for the efficacy of calpain
antagonists includes a property described as neuropro-
tection [3], a term that refers to processes that protect
neuronal function from injury or that improve such
function after injury. Common etiological agents that
cause injury to the CNS have been hypothesized to
have similar effects on the inner ear. The chief etiolo-
gies to be considered include ischemia, trauma, or hem-
orrhage and neurodegenerative disease. For the inner
ear, such injury is reflected in interference in function
secondary to cellular and neuronal death. Clinical com-
plaints include hearing loss, tinnitus, vertigo, and other
abnormal auditory and vestibular sensations. Among
the clinical neurootological syndromes are Meniere’s
disease, endolymphatic hydrops, fluctuating hearing
loss syndrome, sudden hearing loss syndrome, and sud-
den tinnitus syndrome.

Pharmacological agents considered to be neuropro-
tective have been identified: calcium channel blockers,
free radical scavengers, corticosteroids, antagonists of
glutamate N-methyl-D-aspartate (NMDA) and non-
NMDA receptors, various thrombolytic agents, and
calpain antagonists. Neuroprotective agents are pro-
posed for pharmacological therapeutic management for
the symptom of tinnitus, particularly of the severe dis-
abling type. Such drugs for the CNS have been devel-
oped on the basis of what is known of the neuroexcito-

International Tinnitus Journal, Vol. 4, No. 2, 1998

toxic theory of tissue damage. Possibly, interventions
aimed at reducing cellular calcium overload can help to
protect against excitotoxic death [7].

A class of drugs—protease inhibitors (and specifi-
cally the protease inhibitor LXIC)—may provide neu-
roprotection for noise exposure and associated com-
plaints about the hearing and balance system (e.g.,
hearing loss, tinnitus, and vertigo) [1, 2].

Proteases and Proteolysis

Proteases are enzymes that attack peptide bonds either
in proteins or in polypeptides. They include protein-
ases, which attack large protein molecules (e.g., albu-
min, myosin, peptidase [proteases that act on smaller
peptide molecules]). Proteases are divided into exopep-
tidases and endopeptidases. The exopeptidases attack
the outer portion of the protein, and the endopeptidases
attack the inner portion of the protein molecule [8, 9].

Proteolysis is an extensive process that results in
degradation of proteins to amino acids [10-13]. Sub-
strates (e.g., proteins and peptides) contain information
that determines their proteolytic susceptibility [6]. Cel-
lular proteolysis is a complex process that occurs in all
compartments of cells. Compartments of mammalian
cells (e.g., lysosomes, endosomes, secretory granules,
membrane formations, transport vesicles, and mito-
chondria) interact and have multiple ways of control-
ling proteolytic processes.

The proteases are classified by the nature of the ac-
tive site in which proteolysis occurs. Four distinct
classes of proteases have been identified on this basis:
(1) serine, (2) cysteine, (3) aspartic, and (4) metallic
[6]. The metalloprotein proteases contain metal ions
(e.g., usually zinc) at the active center [14, 15].

The functions of cellular proteases are diverse [6].
Essentially, proteases function to create biologically
active molecules or to destroy biologically active pro-
teins and peptides. The second (destructive) group are
catabolic proteases that have a role in removing defec-
tive or abnormal or normal polypeptides from cells.
These two general types of protease functions do not in-
terfere with the multiple processes in which the cellular
proteases participate. Such processes include reorgani-
zation of cytoskeleton, myoblast fusion and differentia-
tion, memory, protein synthesis, hormone activation
and inactivation, fertilization, growth and aging, and
creation of immunologically recognizable molecules
and degradation of endocytized material and necrosis.
Furthermore, cellular proteases play an important role
in such diseases as muscular dystrophy, diabetes,
cachexia, cancer, and multiple sclerosis [2, 16-20]. The
proteases produce irreversible modifications that influ-
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ence physiological processes involved in essential bio-
logical systems.

The term protease is synonymous with peptide hy-
drolase. These terms include all enzymes that cleave
peptide bonds. Proteases can be subdivided into ex-
opeptidases and endopeptidases. Exopeptidase action is
directed at the amino or carboxyl termini of the peptide.
Endopeptidase enzymes cleave peptide bonds inter-
nally in peptides and usually cannot accommodate the
charge the amino or carboxyl termini amino acids at the
active site. The term endopeptidases has been recom-
mended to be used synonymously with protease.

A further classification of proteases is based on the
effects of protease inhibitors on enzyme activity [6].
Serine proteases are inhibited by diisopropyl fluoro-
phosphate. Cysteine proteases are inhibited by low con-
centrations of P-hydroxy mercuribenzoate and alco-
lating reagents. Aspartic proteases are inhibited by
pepstatins. Metalloproteases are inhibited by chelating
agents (e.g., ethylenediaminetetraacetic acid). Metal
chelators may inhibit metal-activated proteases in addi-
tion to metalloproteases. Metal-activated proteases bind
metals loosely and usually contain cysteine or serine as
the catalytic residues. Often, metals have to be added
during purification procedures for metal-activated en-
zymes.

In general, the cysteine proteases are true intracellu-
lar proteases usually found in the cytosol or in lysos-
omes. The highly reducing environment in cells is im-
portant for their function. Lysosomes enzymes from
macrophages are released at sites of inflammation and
may damage normal tissue and structural proteins in the
area.

The metal dependence of the metalloproteases is not
clear. Most are inhibited by metal chelators and are
termed metal-dependent proteases. Zinc, manganese,
and cobalt (but not calcium) prevent inactivation by
metallochelators [21].

Calpains

The calpains (calcium-dependent papain-like protein-
ases) are a group of cysteine endopeptidases that re-
quire calcium ions for activity [2, 6, 16, 17, 20-22].
Calpains may be related more closely to one of the
other families of cysteine proteases.

The calpains are a homologous family of calcium-
activated proteases, the two most common forms of
which are termed calpain I and calpain II. They also
are called micromolar calpain and millimolar calpain.
Microcalpain is activated at micromolar concentrations
(i.e., 1-20 uM of calcium) and calpain II at millimolar
concentrations intracellularly (250-750 mM). The
small subunit is the same in both enzymes, whereas the
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larger subunits are the products of different genes [23,
24]. A tissue may contain either or both forms of the
enzymes. Calpain exists in most tissues in the body,
particularly in rigid muscle, where calpain was discov-
ered. The two isoforms vary among different tissues.

In the CNS, at least 95% of calpain exists as the
m-form. It is similar in most tissues except in the ery-
throcyte, which contains exclusively microcalpain, and
the platelet, which contains 90% microcalpain.

The calpains do not appear to have general pro-
teolytic activity but rather provide specific limited
cleavage of substrates, giving rise to specific physio-
logical responses. For example, calpains have been im-
plicated in myloblast fusion. In brain membrane, asso-
ciated calpain II will degrade fodrin when stimulated
by an influx of calcium into a neuron [25, 26]. This re-
sults in a disruption between the cytoskeleton and the
membrane, causing reorganization of the cell structure.
Such changes are thought to be involved ultimately in
establishing long-term memory.

Regulation of cellular protease activity is affected in
many ways. Among these are compartmentalization,
synthesis, and degradation of proteases; inhibitors and
activators; metabolite concentration; and substrate sus-
ceptibility. Endogenous intracellular inhibitors are con-
sidered to be important for the control of cellular pro-
teases. Fluctuation in protease activities in cells can be
due to changes in inhibitor rather than protease concen-
trations and also to induction of proteolytic activities.
Two types of polypeptide inhibitors recently discov-
ered in cells are cystatins and stefins [27], which inhibit
lysosomal cathepsins, and calpastatin, an inhibitor of
calpains.

Calpain is a normal, intracellular, cytosolic pro-
tease activated by excess intracellular calcium. Is-
chemic injury damages calcium homeostasis. Increased
glutamate results in excessive calcium entry into the
cell by NMDA and a-methyl-propionic acid receptors,
voltage-gaited ion channels, or activated intracellular
calcium pods.

The precise biological role of calpain is not known.
Current evidence indicates that calpain activity is di-
rected preferentially to proteolytic modification of cy-
toskeletal membrane proteins and other proteins lo-
cated at the inner surface of the plasma membrane. In
vitro studies have shown that calpain can produce spe-
cific limited proteolysis of myofibrillar proteins, cy-
toskeletal proteins, hormone receptors, protein kinases,
and several other proteins, such as neurofilament pro-
tein, vimentin, and hormone receptors.

Calpain initiates intracellular proteolysis and de-
stroys intracellular and membrane proteins. A final
common pathway for cell destruction and cell death
(i.e., apoptosis) is the calpain hypothesis [22, 29].
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Regulation of calpain activity is controlled tightly
by the intracellular concentration of calcium. Calpain
activation in most tissues occurs by calcium concentra-
tions that exceed intracellular levels under normal ho-
meostasis. Phospholipids and glycolipids have been
found to reduce the calcium requirement in vitro, sug-
gesting a possible activation mechanism by association
with the membrane. The activity of calpain appears to
be limited, resulting in partial degradation rather than
destruction of a protein [2]. This type of action has
been suggested by Stracher [2] to reflect calpain activa-
tion by calcium, and to be more in the capacity of a
modulator of biological processes as a result of calcium
flux. Limited proteolysis by calpain may signal initia-
tion of more extensive degrading processes by invading
cells. This effect is suggested by work on muscular
dystrophy and in the normal course of events in turn-
over of tissue protein. Calpain is presumed to be inac-
tive inside the cell. Exposure of the cell to different ag-
onists that increase intracellular calcium levels activates
calpain’s proteolytic activity.

Another regulation outside of calcium for calpain
activity is its natural endogenous inhibitor, calpastatin
[30]. Calpastatin is a protein containing repetitive pep-
tide domains. Each domain is capable of binding and
activating one molecule of calpain. The specific in-
teraction of calpain-calpastatin and its importance for
biological activity of calpain in physiological and
pathological conditions at a cellular level is under in-
vestigation. Calpastatin is a specific protein inhibitor
of the calpains. It is equally effective in inhibiting
calpain I and calpain II and does not inhibit any other
type of protease [30]. Calpastatin binds to the large
subunit of calpain in the presence of high concentra-
tions of calcium and is not broken up by the protease.
The mechanism of action of the inhibitor is not under-
stood. An activator of calpain has been isolated from
brain [31].

Several calpain antagonists have been shown to be
neuroprotective both in vitro and in vivo during is-
chemia in brain, spinal cord, and peripheral nerve in-
jury. Stracher [2] demonstrated that oral administration
of leupeptin, a calpain inhibitor, improved muscle re-
covery and neuron recovery after median nerve section
and repair. Long-term administration of leupeptin did
not cause any adverse effects [16, 17].

CALPAIN FINAL PATHWAY
AND APOPTOSIS

The calpain final common pathway for apoptosis is the-
orized to underlie basic processes of ischemia, trauma,
hemorrhage, neurodegeneration, and protein modifica-
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tion—all of which affect membrane permeability by in-
creasing such permeability, producing glutamate, and
increasing calcium entry into the cell [22, 29, 32]. Pro-
cesses involved in apoptosis, initiated by the underly-
ing etiologies of ischemia, trauma, hemorrhage, and
neurodegeneration in the inner ear, are hypothesized to
became clinically manifest by complaints highlighted
by the symptom of tinnitus [3].

Calcium is required for the function of all cells in
the body. Precise calcium homeostasis at intracellular
levels is critical for many neuronal processes. The
glutamate neurotoxicity theory involves calcium hemo-
stasis. It is modeled as a three-stage process analogous
to long-term potentiation [7]. In the induction stage, ex-
tracellular glutamate initiates cell death by activating
neuronal membrane receptors and triggering a set of
defined intracellular derangements, particularly intra-
cellular calcium overload. In the amplification stage,
modulatory events amplify the derangements, increase
their intensity, and recruit additional neurons into the
injury process. In the expression stage, death is ex-
pressed when these derangements set in motion the fi-
nal cascade directly responsible for neuronal disinte-
gration, described as calcium cascade neurotoxicity.

Calpain activation results from an increased cytoso-
lic concentration with consequent widespread degrada-
tion of multiple substrates (e.g., receptors, kinases, cy-
toskeleton) resulting in multiple cellular dysfunction,
instability, and cell death [2]. An interaction may be
considered to take place between protein synthesis and
protein degradation. This dynamic interaction is contin-
uous. An imbalance leads to dysfunction involving all
tissues. Amino acids are the building blocks for protein
synthesis on which protein degradation is superim-
posed. An imbalance between protein synthesis and
protein degradation leads to dysfunction. When synthe-
sis is greater than degradation, hypertrophy results.
When degradation is greater than protein synthesis, at-
rophy results.

Products of protein degradation can be classified as
extracellular or intracellular [2]. Extracellular protein
degradation products include the digestive proteases.
Intracellular protein degradation products can be subdi-
vided into lysosomal or cytoplasmic. For example, ly-
sosomal intracellular products of degradation include
proteases, cathepsins, and the like. Nonlysosomal pro-
tein degradation is manifested by proteosomes, calpains,
metalloproteases, and caspases.

Caspases are a family of proteases containing the
amino acid cysteine in their active site. Target proteins
are cleaved at specific aspartic acids and so are called
caspases [33]. The caspases have been identified as
critical mediators of apoptosis in mammals. Multiple
protein substrates of caspases have been found. The
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functional significance of the substrates is poorly un-
derstood, though they are involved in cleavage of mul-
tiple proteins. None are known to have direct physio-
logical significance in the morphological changes and
nuclear degradation that are hallmarks of apoptosis.
The actin-modulating protein gelsolin is the most
prominent direct substrate of caspase 3 in murine em-
bryos [22, 34]. Data indicate that the gelsolin fragment
mediates in part the morphological changes of apopto-
sis. Blockage or enhancement of gelsolin cleavage may
retard or increase apoptosis (or do both) in multiple cell
types. Gelsolin is found widely in adult mammalian tis-
sues. It is downregulated in many human neoplastic
lesions. Observations suggest that gelsolin downregula-
tion in tumors may be a mechanism by which tumors
escape apoptosis.

ANIMAL MODEL NOISE-INDUCED
HEARING LOSS AND EAR PROTECTION

Several calpain antagonists have been shown to be neu-
roprotective in vitro and in vivo during ischemia and
brain, spinal cord, and peripheral nerve injury [17, 35, 36].
Stracher [2] demonstrated a neuroprotective action af-
ter oral administration of leupeptin, a calpain inhibitor,
in the recovery of muscles and neurons after median
nerve transection and repair [16, 17]. No long-term ad-
verse side effects were reported with leupeptin. Its lim-
itation is difficulty in crossing the blood-brain barrier.
Initially, leupeptin was investigated for its neuroprotec-
tive activity against noise-induced hearing loss [1].

In an experimental setting, leupeptin was introduced
into directly the inner ear using an osmotic pump [37].
First, investigation determined whether leupeptin, the
carrier solution, or surgery had any negative effects on
normal auditory function. The implantation of the
pump and perfusion of leupeptin in the chinchilla had
no effect on auditory evoked response threshold. This
finding suggests that leupeptin has no short-term ad-
verse effect on auditory function.

Second, researchers investigated whether leupeptin
could protect cochlear sensory cells from acoustic over-
stimulation. The leupeptin was administered 4 days
prior to the start of noise exposure to optimize its ef-
fect. After exposure, hearing loss was assessed at regu-
lar intervals. The test animals were sacrificed approxi-
mately 4 weeks later and right and left cochleas
removed, stained with succinate dehydrogenase his-
tochemistry, fixed, and dissected as a flat-surface prep-
aration [38, 39]. A threshold shift was demonstrated as
a function of frequency at O days and 7 days after expo-
sure. The preliminary results suggest that leupeptin
may protect the ear from acoustic overstimulation.
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The anatomical data obtained from the animal in
which the thresholds have been demonstrated revealed
hair-cell loss in the untreated control ear near the 4-kHz
region of the cochlea. However, little evidence of dam-
age was found in the leupeptin-treated ear.

Figure 1A is a surface preparation view of the organ
of Corti taken from the untreated ear in the region of
maximum damage. Most of the outer hair cells are miss-
ing from all three rows of outer hair cells; however,
the inner hair cells still are present. Figure 1B shows
the same region of the organ of Corti in the leupeptin-
treated ear. The inner hair cells and nearly all the outer
hair cells were present in the leupeptin-treated ear.

Preliminary results similar to these have been ob-
tained from other animals exposed to the same noise or
a high level of noise. Some deterioration in auditory
thresholds has been noted when the osmotic pumps
were running for more than 14 days. The cause is now
under investigation (to determine whether it is due to
the depletion of the pump, to degradation of leupeptin
maintained in the pump, or to other factors).

Preliminary studies suggest that leupeptin may pro-
tect hair cells in the inner ear from acoustic trauma.

Figure 1. Surface preparation of the organ of Corti in the
4-kHz region of the cochlea. (A) Normal control ear. (B) Leu-
peptin-treated ear. OHC = outer hair cells; /HC = inner hair
cells.
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Histological results to date suggest that leupeptin can
reduce significantly the amount of hair cell loss from
acoustic overstimulation. Functional measures demon-
strate that leupeptin may reduce the amount of hearing
loss during the early stage of recovery from acoustic
trauma. Its long-term effectiveness requires further in-
vestigation. Future investigation will attempt to identify
the mechanism underlying neuroprotection and acoustic
trauma (i.e., protection against both short-duration,
high-level exposure and long-duration, moderate-level
exposure). This preliminary report will be followed by
both in vivo and in vitro experimentation.

INTRATYMPANIC DRUG THERAPY

Neuroprotective agents have been investigated for vari-
ous injuries to the CNS (i.e., ischemic stroke, aneurys-
mal rupture, and traumatic brain and spinal cord injury)
[29]. ITDT experience in patients with a predominantly
cochlear-type tinnitus were initiated in 1997 and have
continued since, with application of the technique as re-
ported by Sakata et al. [40] since 1982. Patient selec-
tion is based on completion of the Medical Audiologic
Tinnitus Patient Protocol and identification of a pre-
dominantly cochlear-type tinnitus.

Patients who have a predominantly cochlear-type
tinnitus and report no significant degree of tinnitus con-
trol with instrumentation or perfusion (or both) of the
inner ear after ITDT with steroids are being recom-
mended for a follow-up attempt at tinnitus control us-
ing the microcatheter as developed by Arenberg et al.
with a minipump. The pump ensures control of the drug
to be delivered (i.e., amount, rate of delivery, and dura-
tion of use). Significant improvement was reported with
associated complaints of hearing loss, ear blockage, and
tinnitus. Originally, Meniere’s disease patients were
treated with this technique for control of vertigo. The
application of this technique using dexamethasone spe-
cifically for tinnitus has been reported [40]. The effi-
cacy of dexamethasone for tinnitus control is hypothesized
possibly to reflect its neuroprotective activity. Calpain
inhibitors and antagonists are being developed and should
be investigated with perfusion techniques into the inner
ear, to observe the effects on the peripheral or central
(or both) portions of the cochleovestibular system.

The development of the noise-induced hearing loss
model and ear protection using calpain antagonists is
considered an innovative application for attempting to
develop a neuropharmacology for a predominantly co-
chlear-type tinnitus. The approach melds both basic
scientific and clinical research. Preliminary data in the
noise-induced animal model protected by the calpain
antagonist leupeptin are encouraging. Processes in-

International Tinnitus Journal, Vol. 4, No. 2, 1998

volved in apoptosis initiated by the underlying etiolo-
gies of ischemia, trauma, hemorrhage, and neurodegen-
eration are hypothesized to result in a series of inner-
ear complaints highlighted by tinnitus.

Neuroprotective drug therapy directed at the calpain
protease final common pathway for cell destruction is
now being investigated. The clinical application of
calpain inhibitors and antagonists highlighted by the
calpain antagonist LX1C is part of an investigation for
control of a predominantly cochlear-type tinnitus (un-
published proposal) This approach reflects new neuro-
chemistry protocols in attempting tinnitus control [3].

CONCLUSIONS

Neuroprotective drug therapies for CNS etiologies of
ischemia, hemorrhage, and trauma are hypothesized to
have innovative applications for control of the symp-
tom of tinnitus, particularly of the severe disabling type.
Such neuroprotective drug therapy should be consid-
ered for attempts at tinnitus control, for prevention and
prophylaxis, and for short- and long-term treatment.

Preliminary data in the noise-induced hearing loss
animal model with the calpain antagonist leupeptin sug-
gest neuroprotection and that underlying mechanisms
of tinnitus production may be influenced in both the pe-
ripheral and the central portions of the cochleovestibu-
lar system. ITDT for inner ear disease treatment and
particularly for tinnitus control is recommended. Tinni-
tus control for a predominantly cochlear-type tinnitus
may be achieved by intratympanic application of drugs
for perfusion of the inner ear. This modality of therapy
method is hypothesized to produce secondary plastic
changes within the central auditory system.
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