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Abstract

The etiology of sudden deafness or idiopathic sudden
sensorineural hearing loss (ISSHL) remains unclear.
Over the past 15 years, we have investigated the
mechanisms of ischemic-induced hearing loss using
a gerbil model of transient cochlear ischemia. In the
gerbil, cochlear ischemia can be induced by occluding
the bilateral vertebral arteries simultaneously at the
neck, because the posterior communicating arteries of
the Circle of Willis close spontaneously around 1 mo
after birth. When 15 min ischemia was loaded on this
animal, permanent hearing loss of about 25 dB and
the death of hair cells, especially inner hair cells were
induced. These pathological changes were mainly due
to lack of an energy source, glutamate excitotoxicity,
and the production of free radicals, especially superox-
ide and nitrous oxide species. Ischemic damage could
be prevented by various procedures, such as cooling
the cochlea, intratympanic administration of insulin-like
growth factor 1 or AM-111 (an anti-apoptotic agent),
and systemic administration of prednisolone (steroid),
edarabone (free radical scavenger), ginsenoside Rb1
(Kanpo), hematopoietic stem cells, glia-cell derived
neurotrophic factor, and liposome-encapsulated hemo-
globin (artificial red blood cells). We also found that the
cochlea was protected by the ischemic tolerance, indi-
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cating that minor cochlear ischemia alleviates or pre-
vents inner ear damage in subsequent severe cochlear
ischemia. As ISSHL usually occurs suddenly, with no
preceding sign or symptom, we suggest that most IS-
SHL cases are caused by circulatory disturbance, prob-
ably at the stria vascularis.

© 2013 Baishideng. All rights reserved.

Key words: Sudden deafness; Occlusion of vertebral ar-
tery; Mongolian gerbil; Loss of inner hair cell; Ischemic
tolerance; Cochlear hypothermia

Gyo K. Experimental study of transient cochlear ischemia as a
cause of sudden deafness. World J Otorhinolaryngol 2013; 3(1):
1-15 Available from: URL: http://www.wjgnet.com/2218-6247/
full/v3/il/1.htm DOT: http://dx.doi.org/10.5319/wjo.v3.il.1

INTRODUCTION

Sudden deafness, also called idiopathic sudden sensorineural
hearing loss (ISSHL), is a disease of inner ear causing acute
hearing loss of unknown etiology. It occurs in approxi-
mately 30 cases per 100 000 people a year in Japan, most
frequently involving those 50-60 years of age. Presently,
ISSHL is considered a symptom of vatious diseases, in-
cluding circulatory disturbances, viral infection, endolym-
phatic hydrops/labyrinthine membrane rupture, and dis-
ruption of endolymphatic homeostasis triggered by stress
hormones and other hormones as well. As such hearing
loss usually occurs suddenly, with no preceding sign or
symptom, many investigators have suggested that ISSHL
is caused by acute interruption of cochlear blood flow,
and steroids and vasodilator agents are often prescribed
for the treatment of this disease. Recently, many scientific
papers have been published supporting this vascular theo-
ry, including circulatory disturbances, as a cause of ISSHL.
Suckfiill” reported that plasma fibrinogen was raised in
patients with ISSHL, suggesting increased blood coagula-
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tion. Fortunately, their hearing impairment improved fol-
lowing low-density lipoprotein apheresis. De Felice e a/”
reported a strong correlation between a non-functioning
posterior communicating artery (PCA) of the Circle of
Willis and the incidence of ISSHIL.. Because the inner ear
is nourished solely by the labyrinthine artery, a branch of
the basilar artery, a non-functioning PCA may increase
the risk of disturbing the continuous blood supply to the
cochlea. Large-scale statistical analyses have demonstrated
that ISSHL is a strong risk factor for stroke™ and cardio-
vascular disease”. Due to recent advances in gene analysis
technology, various single nucleotide polymorphisms
have been found to be closely associated with ISSHL inci-
dence™®. Tn Japan, Hato” showed that the PRKCH gene,
an expression gene of protein kinase C, was associated
with the incidence of ISSHL as well as stroke!". The allele
ratio of G—A in the RPKCH gene is 2.0 in ISSHL and 1.7
in lacunar stroke. Using three-dimensional fluid-attenuated
inversion recovery magnetic resonance imaging, Yoshida
et al"" reported high signal areas in the cochlea of 31 of
48 patients with ISSHL, suggesting a high concentration
of protein or hemorrhage in the cochlea. They noted that
hearing prognoses of such patients were poor compared
to those without a high signal. These findings are all con-
sistent with the vascular theory of the etiology of ISSHL.

Over the past 15 years, we have investigated the mech-
anism(s) of ischemia-induced hearing loss using a gerbil
model of transient cochlear ischemia. Because this animal
can live long after the induction of transient ischemia,
experimental studies were undertaken to assess cochlear
histopathology, the mechanism(s) of ischemic cochlear
damage, and responses to various treatment modalities.
We also found that the cochlea was protected by the
mechanism known as ischemic tolerance. In this phenom-
enon, minor cochlear ischemia alleviates or prevents inner
ear damage in subsequent severe cochlear ischemia. Here,
we present our experimental data concerning transient co-
chlear ischemia, report the findings of ischemic tolerance
in the cochlea, and demonstrate the therapeutic effects of
various treatment modalities.

ANIMAL MODEL OF TRANSIENT
COCHLEAR ISCHEMIA

Because the noutishing artery of the cochlea comes from
the basilar artery, transient cochlea ischemia is difficult to
induce without damaging the brain and other neuronal
tissues. Indeed, such experiments were previously consid-
ered not feasible in small animals because of technical dif-
ficulties. Using a technique called expetimental hindbrain
% we succeeded in making a chronic animal
model of transient cochlear ischemia using the Mongolian
gerbil. In this animal, the posterior communicating arter-
ies of the Circle of Willis characteristically close sponta-
neously around 1 mo after birth. As the cochleae receive
their blood supply solely from the vertebral arteries in the
adult, transient cochlear ischemia is readily induced by

ischemia
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Figure 1 Brain arteries in the gerbil. The posterior communicating arteries
of the Circle of Willis close at around 1 mo after birth. Thus, cochlear ischemia
can be induced by occluding the bilateral vertebral arteries at the neck in adult
animals.

obstructing the bilateral vertebral arteries at the neck™
(Figure 1).

Under general anesthesia, the vertebral arteries were
exposed bilaterally and dissected free from the surround-
ing connective tissue through a ventral transverse incision
of the neck. Silk threads (4-0) were loosely looped around
each artery, and ischemia was induced in the bilateral co-
chleae by pulling the ligatures with weights of 5 g for 5 or
15 min. The threads were subsequently removed to allow
reperfusion, which was confirmed by observation using an
operating microscope (Figure 2). As cochlear damage was
minor with 5 min ischemia”, we used 15 min ischemia in
the following studies (Figure 3). The hearing of the animal
was assessed by recording electrocochleogram, auditory
brainstem responses (ABR), or distortion product oto-
acoustic emission, depending on the purpose of the study.

ISCHEMIC DAMAGE IN THE COCHLEA

Blood supply to three regions of the cochlea and their
ischemic damages

Ischemic damage of the cochlea can be divided into three
regions: the lateral, middle, and modiolar regions (Figure 4).
The lateral region includes the stria vascularis and spiral
licament, while the middle region is composed of the
hair cells and supporting cells in the organ of Corti. The
modiolar region is located in the center of the cochlea,
and includes the spiral ganglion. The three regions of the
inner ear receive arterial blood supply from the labyrin-
thine artery, sa the spiral modiolar artery. According to
rabbit experiments using microspheres, 82% of cochlear
blood flow distributes to the lateral region, 9% to the
middle region, and 9% to the modiolar region. In rats, the
distribution is 57%, 19%, and 24%, respectively”. These
findings suggest that blood supply to the lateral region is
the largest among the three regions, although the distribu-
tion ratio differs by animal species.

February 28,2013 | Volume 3 | Issuel |
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Figure 2 Transient interruption of cochlear blood flow. A: Exposure of the vertebral artery; B: Interruption of cochlear blood flow by pulling the silk thread looped
, with permission.

around the artery; C: After inducing transient ischemia, the thread was released and removed to allow recirculation. Originated from

Stimulus sound = tone pip at 8 kHz

@ 15 min ischemia (7 = 6)
O 5 min ischemia (7 = 6)

Changes in ABR threshold (dB)
Cochlear ischemia

Before 30 min Day 1 Day 4 Day 7

Figure 3 Changes in auditory brainstem response threshold after tran-
sient cochlear ischemia. Auditory brainstem response (ABR) threshold before
vertebral artery occlusion was defined as 0 dB. With 5 min ischemia, the ABR
threshold at 8 kHz recovered almost completely on days 1 and 4, but became
slightly worse on day 7, likely due to delayed neural cell death. With 15 min
ischemia, the ABR threshold was almost constant after day 1. It remained
constant in the range of 20-30 dB. The vertical scale indicates grade of hearing
loss, expressed as change in ABR threshold.

Lateral region (stria vascularis and spiral ligament): The
main function of the stria vascularis is to constantly sup-
ply K" into the scala media through an ion channel that
consumes ATP as an energy source. According to the K
recycling theory, K" in the scala media is absorbed by hair
cells through mechanical ion channels on the surface of
stereocilia called tip links or side links. The channels open
and close corresponding to the vibration of the basilar
membrane. Once absorbed, K facilitates Ca”"
from stores into the cytoplasm and causes depolarization
of the hair cell. Following firing of the hair cells, K re-
leased to the outside is then absorbed by the surrounding
support cells. It flows laterally, through a gap junction
between the supporting cells in the direction of the stria
vascularis, where it is again released to the scala media
via ATP. Because the ion channel at the stria vascularis
needs a large amount of ATP, interruption of the blood
supply to this area impairs ATP production, resulting in
failure of K transport into the scala media. In this way,
transient ischemia causes an energy shortage at the stria

release

K
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133]

Lateral portion

Stria vascularis
Spiral ligament

?
a,_. Middle portion

- "\- Organ of Corti) ./ *

Figure 4 Blood supply to the cochlea. Blood supply to the cochlea via mo-
diolar artery can be divided into three regions: the lateral, middle, and modiolar
regions. Blood supply to the lateral region, consisting of the stria vascularis and
spiral ligament, was the largest among the three regions, supplying more than
80% of total cochlear blood in the rabbit.
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Figure 5 Sequential changes in endocochlear potential after transient cochle-
ar ischemia. Each point indicates the mean voltage of the endocochlear potential.
Vertical bars show one standard deviation. Originated from'™, with permission.

vascularis and induces decreased endocochlear potential
(EP).

As shown in Figure 5, the decrease in EP following
15 min ischemia was reversible. In normal conditions, the
EP value was 80.0 mV (z = 22). With ischemia, EP was
markedly decreased, to around -20 mV. On the following
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Figure 6 Immunostaining of Na"-K" ATPase in the stria vascularis before and
1, 4, and 7 d after ischemic insult. Immunostaining of Na'-K" ATPase decreased
markedly on day 1, and improved slightly on day 4. It recovered to preischemic
levels on day 7.

day, it recovered to about 60 mV. It returned to normal by
day 7. This indicates that disturbed function of the lateral
region returns to normal by day 7%

To investigate what happened in and around the stria
vascularis, we performed histological staining with he-
matoxylin and eosin, which revealed no apparent change
during the course of recovery. However, immunostaining
of Na'-K" ATPase, a marker of the Na/K-pump, and of
connexin 20, a marker of gap junctions, showed that the
levels of these markers were reduced on days 1 and 4, but
recovered to preischemic levels on day 7 (Figure 6). Trans-
mission electron microscope (TEM) studies demonstrated
that water retention was prominent in the interstitial layer
of the scala tympani on day 1, which became milder on
day 4, and almost disappeared on day 7"'" (Figure 7).
These histological findings were consistent with the se-
quential changes in the EP value that recovered on day 7.

Middle region (otgan of Corti): In the otgan of Corti,
ischemic damage was mote severe in the inner hair cells
(IHCs) than in the outer hair cells (OHCs): the cochlear
pathology differed from that of other inner ear diseases,
such as acoustic trauma and aminoglycoside ototoxicity,
that cause severe damage mainly to the OHCs. Figure 8
shows a typical finding at the basal turn 7 d after ischemia,
stained with rhodamine-phalloidin and Hoechst 33342.
IHC-predominant damage was also seen by scanning
electron microscopy as shown in Figure 9. Percentages
of IHC and OHC losses at the three turns of the cochlea
are summarized in Figure 10. Loss of IHC was extensive
at the basal and second turns, but not at the apical turn.
In contrast, no such difference, by turn, was observed in
OHGCs. This indicates that the underlying mechanisms of
ischemic damage apparently differ somewhat between
IHCs and OHCs.

TUNEL staining (Figure 11) and TEM studies showed
that the loss of IHCs was due to apoptosis, triggered by
ischemic insult. Sequential counting of IHCs showed that
the rate of IHC loss increased gradually until day 3. Then
it remained constant"” (Figure 12).
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Modiolar region (spiral ganglion): HE findings in the
spiral ganglion are shown in Figure 13. Loss of the gan-
glion neurons started on day 4 and progressed until day
7. Figure 14 shows immunofluorescent findings for Bax,
an apoptosis-promoting protein, in the spiral ganglion. It
was expressed on day 1, but not on day 7. TEM obser-
vations indicated that nuclei of the spiral ganglion cells
(SGCs) underwent condensation or segmentation, sug-
gesting cell death by apoptosis (Figure 15). The number
of SGCs after transient ischemia is shown in Figure 16.
A cell decrease was prominent between day 4 and day 7,
suggesting delayed cell death in the spiral ganglionm‘m.

Time course of ischemic damage in the three regions
of the cochlea: As shown in Figure 3, the ABR thresh-
old at 8 kHz increased 20-30 dB on the next day after
15 min ischemia. The increase remained unchanged or
changed a little thereafter. This indicated that hearing
loss of an experimental animal became stable after 1 d
of ischemia. Meanwhile, time course of ischemic dam-
age was somewhat different among cochlear regions
(Figure 17). In the lateral region, severe ischemic damage
occurred immediately after the insult, which recovered
gradually to a preischemic level within a week. In the
middle region, loss of hair cells progressed slowly until
day 3, then the decrease stopped. Ischemic damage was
more severe in IHCs than in OHCs. Death of THCs was
due to activation of the apoptotic process; it was maxi-
mal 12 h after the insult. In the modiolar region, neuronal
damage progressed more slowly and steadily. The num-
ber of SGCs decreased most prominently between days 4
and 7. Degeneration of the SGCs occurred initially from
the ischemic insult, but later by secondary degeneration,
corresponding to IHC death.

These findings suggest that when hearing loss is un-
changed or slightly recovered after ischemic insult, the
degenerating site gradually shifts to other regions.

Mechanisms of ischemic cochlear damage

Although the blood supply to the cochlea was stopped
only for 15 min, the effects were much larger than ex-
pected. At least three mechanisms were thought to be
related to the cochlear damage.

Energy supply deletion: The energy source of the co-
chlea is ATP, produced from glucose and oxygen iz the
process of glycolysis. Thus, transient cochlear ischemia
causes depletion of the energy supply, which induces co-
chlear damage. According to Thalmann ¢z 2/, the ATP
concentration decreases rapidly in the stria vascularis
and the spiral ganglion, but the decrease is gradual in the
organ of Corti. This is probably because glucose and oxy-
gen dissolved in the endolymph are used slowly by hair
cells and supporting cells of the organ of Corti. The time
needed to decrease the ATP concentration from normal
(16 mmol/kg) to a low level (below 2 mmol/kg) after
death takes 3 min in the stria vascularis, 15 min in the spi-
ral ganglion, and 60 min in the Corti organ.
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Before Day 1 Day 4

Figure 7 Transmission electron microscopy findings in the stria vascularis before and 1, 4, and 7 d after ischemic insult. A: Marginal cells on the medial
aspect of the stria vascularis showed extensive branching processes with intermediate cells. The basal cells, located on the lateral aspect of the stria vascularis, con-
nected to the intermediate cells and type 1 fibrocytes of the spiral ligament by means of gap junctions; B: Vacuoles were seen in marginal cells. The intercellular space
increased and intermediate cells seemed to have shrunk; C: Vacuoles persisted in marginal cells. The intermediate cells were still shrunken, although the intercellular
space was smaller than that on day 1; D: The intercellular space was no longer enlarged, although a few small vacuoles were found in marginal cells. The extensive
branching processes appeared to have a normal shape. m: Marginal cell; i: Intermediate cell; b: Basal cell; f: Type 1 fibrocyte.
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Figure 10 Percentages of hair cell loss at three turns 7 d after ischemic
insult. Loss of inner hair cells (IHC) was more severe at the basal and second
turn than at the apical turn. No such difference by turn was recognized in the
loss of outer hair cell (OHC).

Figure 8 Fluorescence microscopic findings of the organ of Corti 7 d af-
ter ischemic insult. The specimen was stained with rhodamine-phalloidin and
Hoechst 33342. Three rows of outer hair cells (OHC) and a single row of inner
hair cells (IHC) could be observed, and the cell loss was more severe in IHC
than OHC. Arrowheads indicate loss of hair cells.

-

Figure 11 TUNEL staining of inner hair cells. TUNEL staining was positive
in inner hair cells (IHC), suggesting cell death due to apoptosis. The arrowhead
indicates TUNEL-positive IHC. Originated from"®, with permission.

Figure 9 Scanning electron microscopy findings of the organ of Corti 7 d

. . o . ; ischemia/reperfusion processes. They induce destruction
after ischemic insult. Arrowheads indicate damaged inner hair cells. / P p Y

of cell membranes. As superoxide disappears so quickly
after production, direct measurement of its concentra-
Free radicals: Free radicals such as superoxide and ni- tion in the inner ear is not feasible. We investigated the
trous oxide (NO) species are produced in the course of production of superoxide and oxygen free radicals using
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Figure 12 Daily incidence of inner hair cell apoptosis and its cumulative
sum after ischemic insult. Incidence of inner hair cells (IHCs) apoptosis was
maximal 12 h after ischemic insult. It did not occur after day 3. Vertical bars
indicate one standard deviation. Originated from™, with permission.

edarabone, a free radical scavenger, originally developed
as an anti-stroke agent. If free radicals are present, ad-
ministration of edarabone alleviates their toxic effects
dose-dependently. According to our previous study”’, ad-
ministration of edarabone 1 h after ischemia significantly
prevented the increase in the ABR threshold (Figure 18);
hair cell loss was also prevented (Figure 19). These find-
ings suggest that free radicals were produced after isch-
emic insult, and administration of edaravone prevented
the toxic effects on the cochlea. Edaravone inhibits activa-
tion of the lipoxygenase pathway in the arachidonic acid
cascade, which in turn prevents overproduction of super-
oxide anions. In addition, it scavenges NO directly in a
dose-dependent manner.

NO plays an important role regulating vasodilatation
and protecting neuronal tissues (Figure 20). When physi-
cal stress such as transient ischemia occurs, NO is pro-
duced in excess, due to the enzymatic activity of inducible
NO synthase (INOS). On the other hand, large amounts
of superoxide are produced in the process of reperfusion
after transient arterial occlusion. When NO reacts with su-
peroxide, harmful free radicals such as nitrite (NOz2) and
peroxynitrite (NO3) are produced. Peroxynitrite causes
cell membrane disintegration through lipid peroxidation.
Figure 21 shows NO:2 and NOs concentrations in the
perilymph at the scala tympani of the basal turn. Concen-
trations increased markedly on days 1 and 4, and returned
to normal levels on day 7. Immunostaining showed that
iNOS expression was prominent at the stria vascularis,
spiral ligament, organ of Corti, and the spiral ganglion.
The iINOS expression decreased gradually after ischemic
insult but was still evident on day 7 (Figures 22 and 23).

Glutamate: Glutamate is a neurotransmitter at the syn-
apse between IHCs and the primary afferent auditory
nerve. When sound comes into the inner ear, K enters
and accumulates in IHCs, causing depolarization of the
IHCs. Glutamate is released into the synaptic cleft in
response to the firing of IHCs. After depolarization of
IHCs, glutamate is absorbed by the surrounding support-
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ing cells and IHCs, and is transformed into glutamine by
enzymatic activity of the glutamate-aspartate transporter.
Then glutamine is transferred to IHCs and encapsulated
by vesicles, where it is transformed again into glutamate
(Figure 24). In this way, glutamate is recycled around the
synapses of IHCs™*,

When transient cochlear ischemia is induced, the glu-
tamate recycling system is disturbed because ATP is not
produced. In that situation, glutamate in the synaptic cleft
is not absorbed, but flows out to the extracellular space.
Figure 25 shows sequential changes in the glutamate con-
centration in the scala tympani after ischemic insult. The
increase in glutamate concentration was marked but soon
subsided after reperfusion. Histological findings revealed
vacuolar formation in the synaptic cleft of IHCs as a result
of the transient cochlear ischemia™ (Figure 26). Further-
more, administration of AMPA (glutamate agonist) caused
vesicle formation around synapses of IHCs, resembling
the histological findings for transient cochlear ischemia®”,
Vesicle formation was more prominent when higher con-
centrations of AMPA were administered (Figure 27). A
glutamate antagonist, DNQX, prevented IHC damage
induced by cochlear ischemia. Such ischemic damage was
not seen in OHCs.

Interactions of various mechanisms in ischemic co-
chlear damage: When blood supply to the cochlea is
stopped completely, all structures in the inner ear are des-
tined to die as a result of energy depletion. If the isch-
emia is transient, superoxide is produced in excess fol-
lowing recovery of the blood supply. Furthermore, iNOS
is induced at the site of the lesion and facilitates excessive
production of NO. By reacting with superoxide, NO is
transformed into NO2 or NOs'. These are strongly toxic
and damage cell membranes. Ischemic insult also induces
glutamate ototoxicity, which is considered a major cause
of IHC death. Figure 28 shows the proposed interacting
mechanisms of ischemic cochlear damage.

ISCHEMIC TOLERANCE IN THE COCHLEA

Ischemic tolerance is a preconditioning phenomenon that
is activated by mild stressors, and allows survival when
exposed to subsequent potentially lethal stressors. After
first being reported in the brain®” this cytoprotection
phenomenon has been found in other organs, such as the
heart, liver, and spinal cord. It became widely recognized
as a pertinent and important process in understanding
how the brain protects itself against ischemia. At pres-
ent, the underlying mechanism(s) of ischemic tolerance
remain(s) unclear. According to Kirino™, there are two
main mechanisms of ischemic tolerance. First, there is
a cellular defense mechanism that arises by posttransla-
tional modification of proteins or by expression of new
proteins zia a signal transduction system. These cascades
of events may strengthen the influence of survival fac-
tors or may inhibit apoptosis. Second, there is a cellular
stress response and the synthesis of stress proteins, lead-
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Figure 13 Histological findings of the organ of Corti and the spiral ganglion before and 1, 4, and 7 d after ischemic insult (hematoxylin and eosin staining). Origi-
, with permission.

nated from™®

Figure 14 Immunostaining of Bax at the spiral ganglion before and after ischemic insult. Bax was expressed on day 1, but disappeared by day 7. Originated
from!™, with permission.
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Figure 16 Sequential changes in the number of spiral ganglion neurons
after ischemic insult. The number of spiral ganglion cells decreased gradually

Figure 15 Transmission electron microscopy findings of spiral ganglion after ischemic insult. It did not change on day 1, but decreased on days 4 and 7.
cells 1 dafter ischemic insult. A: Nucleus of the spiral ganglion cell underwent Each point indicates the mean number of the spiral ganglion neurons per 10° mm?
chromatin condensation (arrow) and segmentation, suggesting cell death due to before and 1, 4, and 7 d after ischemia. Vertical bars indicate one standard devia-
an apoptotic process; B: The spiral ganglion cells appeared shrunken (arrows). tion. °P < 0.01 vs the control group.
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Figure 17 Sequential progression of ischemic damage in three regions of
the cochlea. In the lateral region, including the stria vascularis and spiral liga-
ment, ischemic damage occurred immediately after the insult, which recovered
gradually to be almost normal on day 7. In the middle region, loss of inner hair
cells progressed for the first 2-3 d; thereafter, no further deterioration occurred.
In the modiolar region, damage to the spiral ganglion cell was minor for a few
days, but became prominent thereafter. The vertical scale indicates grade of
damage.
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Figure 18 Edaravone ameliorates elevation of auditory brainstem re-
sponses threshold after ischemic insult. Originated from™", with permission.
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Figure 19 Edaravone prevents inner hair cell loss after ischemic insult. IHCs:
Inner hair cells. Originated from™", with permission.

ing to an increased capacity for health maintenance inside
the cell. These proteins work as cellular chaperones by
unfolding misfolded cellular proteins.

Presently, the greatest drawback of the vascular theory
as an etiology of ISSHL is that it does not explain why
recurrence and bilateral incidence of ISSHL are very rare.
This issue may be resolved by studying ischemic tolet-
ance in the cochlea. Using an animal model of transient
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Figure 20 Mechanisms of nitrous oxide and free radical production. In a
normal environment, nitrous oxide (NO) not only improves blood circulation by
dilating blood vessels, but also protects neural cells against ischemic damage.
Production of NO is regulated by enzyme activities of endothelial NO synthase
(eNOS) and neuronal NO synthase (nNOS). When transient ischemia occurs,
production of NO is facilitated by the expression of inducible NO synthase
(INOS). As superoxide species increase in response to reperfusion, the exces-
sive amounts of NO react with superoxide, resulting in the production of nitrite
(NO2) and peroxynitrite (NO3). Free radicals are strong toxins that cause de-
struction of the cell membrane, resulting in cell death.
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Figure 21 Concentration of nitride and peroxynitride in the scala tympani
after ischemic insult. The levels of nitrogen oxides (NO2), especially peroxyni-
tride (NOs), increased significantly on day 1 after ischemia, and then decreased
gradually thereafter. Originated from™, with permission.
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Figure 22 Immunostaining of the lateral wall of the cochlea for inducible
nitrous oxide synthase before (A) and 1 (B), 4 (C), and 7 d (D) after ischemia.
The stria vascularis and the spiral ligament showed marked immunostaining of
inducible nitrous oxide synthase on days 1 and 4, which decreased by day 7.
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Figure 23 Immunostaining of the organ of Corti and the spiral ganglion for inducible nitrous oxide synthase before and 1, 4, and 7 d after ischemia. Im-
munostaining for inducible nitrous oxide synthase was observed in the inner hair cells, spiral ganglion cells, and spiral limbus on days 1 and 4. It was obviously de-
creased on day 7, but the synaptic area undemeath the outer hair cells and the spiral ganglion cells was still positively stained. Originated from'™, with permission.
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Figure 24 Schematic drawing of glutamate recycle system as a neurotransmitter between inner hair cells and the primary auditory neuron. Glutamate is an
excitatory neurotransmitter between inner hair cells (IHCs) and primary auditory neurons. It is released into the synaptic cleft in response to depolarization of IHCs. Af-
ter stimulating a primary auditory neuron by binding to a glutamate receptor (Glu-R), it is absorbed by the surrounding supporting cells (inner phalangeal cell and inner
pillar cells) by means of glutamate-aspartate transporter (GLAST). It is transformed into glutamine, and then transported to IHCs and stored in a vesicle until the next
depolarization of the IHC. In this way, the glutamate is recycled.

cochlear ischemia, we investigated whether ischemic tol- into two groups: the single ischemia group and the dou-
. . 78 . - . . . . . .
erance existed in the cochlea™. The animals were divided ble ischemia group. In the single ischemia group, animals
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Figure 25 Glutamate concentration in the scala tympani after transient
cochlear ischemia. Originated from™, with permission.

Figure 26 Transmission electron microscopy findings for inner hair cells

after exposure to ischemia. Many vesicles formed at the synaptic cleft (arrows).
(301

Originated from™”, with permission.
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Figure 27 Dendritic terminals in synaptic contact with inner hair cells at the
basal turn following administration of (A) artificial perilymph, (B) 50 mmol/L
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionate, or (C) 200 mmol/L
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionate. Swelling of the dendritic
terminals was not observed after injection of artificial perilymph. Although swelling of
the dendritic terminals was observed at both concentrations of ai-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate (AMPA), the extent of swelling was more pronounced
with 200 pmol/L than with 50 pmol/L AMPA. Originated from®™, with permission.

were subjected to 15 min ischemia. In the double isch-
emia group, animals were subjected to 2 min ischemia 2 d
before 15 min ischemia. Figure 29 shows the sequential
changes in ABR thresholds in the two groups. There was
no change in ABR threshold on day 1 in the single isch-
emia group. On day 3, 15 min ischemia was induced in
both groups. As shown in this figure, hearing loss on days
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Thrombus, embolus, vasospasm, sludge formation, bleeding,
venous compression at the site of artery-vein crossing

Cochlear ischemia
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Figure 28 Suggested mechanism of cell death after transient cochlear
ischemia. Cell death is considered to result from energy failure, production of

free radical species, and glutamate excitotoxicity. Cell death is prevented, to
some extent, by the mechanism of ischemic tolerance.
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Figure 29 Auditory brainstem responses threshold shifts after single and
double cochlear ischemia. Temporal profiles of the shift in the mean auditory
brainstem responses (ABR) threshold in the single ischemia group (n = 16) and
the double ischemia group (n = 12). All values are presented as mean + SD. Pre-
conditioning sublethal ischemia for 2 min significantly suppressed the elevation of
the ABR threshold with subsequent lethal ischemia for 15 min. Originated from™,
with permission.

4 and 7 was more severe in the single ischemia group
than in the double ischemia group (P < 0.05). Figure 30
summarizes the ratios of degenerated IHCs in the single
and double ischemia groups. IHC loss was more severe
in the single ischemia group, whereas fewer cells died in
the double ischemia group. These findings suggest that
ischemic preconditioning ameliorated ischemia-induced
hearing impairment and loss of IHCs.

These results suggest that the rare recurrence of ISSHL
might be due to ischemic tolerance in the cochlea. Unlike
the immune system generally, this phenomenon does not
wotk for long; the effect persists at most 7 d in brain isch-
emia. To assess whether this effect could be extended for
longer periods, repeated minor ischemia would be neces-
sary. If long-persisting ischemic tolerance can be induced
by repeated minor ischemia, this phenomenon might be
useful as a method for protecting the cochlea from isch-
emic damage.

TREATMENT OF ISCHEMIC HEARING LOSS

We have investigated vatious treatment modalities using
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Figure 30 Loss of inner and outer hair cells after single and double co-
chlear ischemia. Pretreatment with sublethal cochlear ischemia reduced inner
hair cell (IHC) damage 7 d after lethal cochlear ischemia. In the double isch-
emia group (n = 12), the proregion of defects in IHCs was significantly lower
than that in the single ischemia group (n = 16). On the other hand, there was no
statistically significant difference in the amount of outer hair cell loss between
the two groups.

the animal model, including hypothermia and topical or
general administration of test agents. Therapeutic hypo-
thermia is already used as a medical treatment for isch-
emic brain injuries. Topical administration of test agents
by placing them on the round window membrane is an
effective way to deliver a medicine into the inner ear. As
the amount of agent absorbed from the middle ear is
limited, the incidence of possible side effects may also be
minimized. We have investigated two agents, insulin-like
growth factor 1 (IGF-1) and AM-111, using this method.
Systemic administration was performed by administering
the various test agents intravenously or intraperitoneally
to investigate their protective effects in ischemic damage.
Agents tested were prednisolone (steroid hormone), edar-
abone (antioxidant), prosaposine-derived synthetic peptide
(saposine), ginsenoside Rb1 (gRb1) (Kanpo), liposome-
encapsulated hemoglobin (LEH), glial cell-derived neu-
rotrophic factor (GDNF), and hematopoietic and neural
stem cells.

Hypothermia

The effects of post-ischemic mild hypothermia on isch-
emic cochlear damage were investigated by changing the
timing and duration of cooling”). Animals were sub-
jected to mild hypothermia (32 'C) following transient
cochlear ischemia. They were divided into six groups,
based on the start and end of hypothermia after reper-
fusion (7 = 16 for each group). As shown in Figure 31,
post-ischemic mild hypothermia effectively alleviated
hearing impairment and hair cell loss when it was applied
1-7 h after reperfusion”"!. The protective effects were
more prominent with earlier and longer application of
hypothermia. Mild hypothermia 6-9 h after reperfusion
did not prevent ischemic damage to the cochlea.

Intratympanic administration

IGF-1: We tested the protective effects of recombinant
human IGF-1, applied locally with a gelatin-hydrogel,
against ischemic cochlear damage in gerbils. IGF-1 or
distilled water (control) immersed in gelatin-hydrogel was
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Figure 31 Sequential changes in auditory brainstem responses thresh-
olds after ischemic insult in normothermic and mildly hypothermic ani-
mals. Mild hypothermia (32 °C) from 1 to 7 h after ischemic insult prevented
elevations in auditory brainstem responses threshold. The differences between
the two groups were statistically significant (P < 0.05).

applied to the round window membrane through the otic
bulla 30 min after ischemic insult (# = 6 for each group).
Local administration of IGF-1 significantly reduced the
elevation of ABR threshold at 8 kHz on days 1, 4, and
7 after ischemic insult. A histological study also showed
that the survival rate of IHCs 7 d after ischemia increased
after administration of IGF-1 with the hydrogel. As the
gelatin hydrogel dissolved slowly in the body, IGF-1 was
released continuously and transported into the inner ear.
These findings suggest that local application of IGF-1,
in gelatin hydrogel, may prevent ischemic damage to the
cochlea'™,

AM-111 (anti-apoptotic agent): AM-111, a cell-perme-
able peptide inhibitor of c-Jun N-terminal kinase, was
investigated for its protective effects against ischemic
damage of the cochlea. After induction of transient co-
chlear ischemia, 10 pl. AM-111 at a concentration of 1,
10, or 100 “mol/ L in a hyaluronic acid gel formulation
was applied to the round window 30 min after the insult
(n = 6 for each group). Treatment effects were evaluated
by ABR and histology of the inner ear. In controls, tran-
sient cochlear ischemia caused a 25.0 = 5.0 dB increase in
the ABR threshold at 8 kHz, and a decrease of 13.3% =%
2.3% in THCs at the basal turn on day 7. Ischemic dam-
age was mild at 2 and 4 kHz. When the animals were
treated with AM-111 at 100 pmol/L, cochlear damage
was significantly reduced: the increase in ABR threshold
was 3.3 + 2.4 dB at 8 kHz, and the THC loss was 3.1% =+
0.6% at the basal turn on day 7. The effects of AM-111
wete concentration-dependent: 100 pmol/L was more
effective than 1 umol/L or 10 pmol/L. Direct applica-
tion of AM-111 in a gel formulation to the round window
effectively prevented acute hearing loss due to transient
cochlear ischemia®”.

Systemic administration

Prednisolone (steroid): The effects of prednisolone on
ischemia-induced cochlear damage were investigated. After
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Figure 32 Effects of prednisolone on the shift of auditory brainstem re-
sponses threshold after transient cochlear ischemia. Hearing was assessed
before and 1, 4, and 7 d after ischemic injury. An increase in auditory brainstem
responses threshold that was observed on day 7 was lower in the prednisolone-
treated group than in the control group, although the difference was not statisti-
cally significant. Originated from™, with permission.

inducing 15 min ischemia, animals were treated by intraperi-
toneal injection of prednisolone (1 mg/kg) or physiological
saline (control) (7 = 6 for each group). Sequential changes
in hearing were evaluated by recording ABR before and 1,
4, and 7 d after treatment. The increase in ABR threshold
on day 7 was 24.2 + 8.6 dB in control animals but 14.2 *
9.2 dB in prednisolone-treated animals (Figure 32). Histo-
logical staining for hair cells using rhodamine-phalloidin
and Hoechst 33342 showed that the percentage of THC
loss at the basal turn was 26.5% * 11.4% in the control
and 5.3% % 3.0% in the prednisolone-treated group.
These results indicate that prednisolone protects against
inner ear damage caused by ischemic insult, even when

.. . 34
administered after the insult™".

Edarabone (antioxidant agent): Edaravone, a free radi-
cal scavenger, has potent protective effects on ischemic
damage. Edaravone (1 mg/kg, ) or saline was admin-
istered 1 h after ischemia (# = 6 for each group). In ani-
mals treated with saline, the ABR threshold shift was 24.1
1 4.2 dB and there was a 26.5% * 11.4% decrease in the
number of THCs. In contrast, in animals treated with
edaravone, the threshold shift was 7.5 = 4.2 dB and only
8.8% £ 3.5% of IHCs were lost. These results suggest
that edaravone protects against ischemic damage of the
inner ear following transient ischemia™".

Prosaposin-derived synthetic peptide: A peptide re-
sembling the neurotrophic region of prosaposin (18-mer
peptide, PS-pep) was synthesized artificially and admin-
istered subcutaneously four times: immediately and 1, 2
and 3 d after induction of transient cochlear ischemia (#
= 6 for each group). On day 7, the ABR threshold shift
was 33.3 £ 16.3 dB in animals treated with saline, while it
was 12.5 + 8.2 dB in animals treated with 2.0 mg/kg PS-
pep. This alleviation was not seen in animals treated with
0.2 mg/kg PS-pep or saline. Histological examinations
conducted on day 7 showed that higher doses of PS-pep
significantly alleviated IHC loss, whereas a low dose did
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not. In addition, an increase in the anti-apoptotic factor
bcl-2 was also noted in the IHCs of animals treated with
higher doses of PS-pep. These findings suggest that PS-
pep prevents hearing loss and cochlear damage due to
transient cochlear ischemia by activating an anti-apoptotic
pathwayiss].

gRb1 (Kanpo): gRb1 is a Kanpo medicine that has pro-
tective effects on ischemic brain damage, in addition to
other various effects such as regeneration of blood ves-
sels, activation of plasmins, and release of corticosteroids.
Using this agent, on day 7 after ischemia, the percentage
of SGCs decreased to 67.5% from the preischemic base-
line in the basal turn in the control group, whereas it was
90.2% in the gRb1-treated group. Immunohistochemical
staining showed TUNEL-positive reactions in the SGCs,
with fragmented nuclei. We also investigated the protective
effects of gRb1 against ischemic injury in the cochlea. On
day 7, the ABR threshold shift in the gRb1-treated group
was 14.2 = 3.8 dB and that in the control group was 22.5
+ 2.9 dB. Furthermore, loss of IHCs in the gRb1-treated
group was 8.6% £ 2.6% and that in the control group was
26.5% £ 11.4%. These differences were statistically signif-
icant. These findings indicate that gRb1 prevents hearing

loss caused by ischemic insult™,

LEH: LEH was originally developed as an artificial red
blood cell (RBC). The experimental animals wete ran-
domly assigned to receive 2 mL/kg of low-affinity LEH
(-LEH, Pso = 40 mmHg), high-affinity LEH (h-LEH,
Pso = 10 mmHg), homologous RBCs, or saline 30 min
before transient cochlear ischemia (# = 6 for each group).
Sequential changes in hearing were assessed by recording
ABR at 8, 16, and 32 kHz 1, 4, and 7 d after ischemic in-
sult, and then the animals were sacrificed for histological
studies. The ABR study showed that h-LEH was more
protective than I-LEH in suppressing hearing loss, in con-
trast to RBCs or saline treatment. In the morphological
study, loss of IHCs was most effectively protected against
by h-LEH. These findings suggest that pretreatment with
h-LEH is significantly more protective than I-LEH in
mitigating hearing loss and underlying pathological dam-
age, in contrast to transfusion or saline infusion 7 d after

. . - [36]
transient cochlear ischemia®™.

GDNEF: GDNF promotes the survival and differentiation
of dopaminergic neurons, and is able to prevent apoptosis
of motor neurons induced by axotomy. We assessed the
utility of an adenoviral vector expressing GDNF (Ad-
GDNF) in ischemia-reperfusion injury of the gerbil co-
chlea. The vector was injected through the round window
4 d before ischemic insult. The distribution of a reporter
transgene was confirmed throughout the cochlea, from
the basal to the apical turn, and Western blot analysis in-
dicated significant upregulation of GDNF protein 11 d
following virus inoculation. Hearing ability was assessed
by sequentially recording electrocochleogram, and the
degree of hair cell loss was evaluated in specimens stained
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with rhodamine-phalloidin and Hoechst 33342. On day
7 after ischemia, the shift in compound action potentials
threshold in electrocochleogram and IHC loss were mark-
edly suppressed in the Ad-GDNF group, compared to
the control group. These results suggest that adenovirus-
mediated overexpression of GDNF may be useful for
protection against hair cell damage, which otherwise even-
tually occurs after transient ischemia in the cochlea™

Hematopoietic stem cells: Transplantation of hemato-
poietic stem cells (HSCs) is considered a potential ap-
proach for promoting the repair of damaged organs. We
investigated the influence of HSCs on progtressive hair
cell degeneration after transient cochlear ischemia. After
induction of ischemia, animals were treated with an in-
tramuscular injection of HSCs. This procedure prevented
degeneration of IHCs and ameliorated hearing impait-
ment. In addition, the protein level of GDNF in the
organ of Corti was upregulated after cochlear ischemia
and treatment with HSCs augmented this upregulation
of GDNE Furthermore, HSCs injected into the cochlea
remained in the perilymphatic space, although they did
not transdifferentiate into cochlear cell types or fuse with
injured hair cells after ischemia. This suggests that HSCs
have therapeutic potential, possibly through paracrine
effects. Based on these findings, we concluded that in-
tramuscular injection of HSCs may be a potential new
therapeutic strategy for heating loss™.

Neural stem cells: Neural stem cells are multipotent pro-
genitor cells that show self-renewal activity. We assessed
the use of neural stem cells for ameliorating ischemia-
reperfusion injury in the gerbil cochlea. Neural stem cells
were injected into the inner ear through the round win-
dow 1 d after ischemic insult. Immunostaining for nestin
showed that the distribution of neural stem cells was
concentrated within the organ of Corti. Seven days after
ischemia, the injury-induced shift in ABR and progres-
sive IHC damage were markedly reduced on the neural
stem cell-transplanted side. These results suggest that
the transplantation of neural stem cells is therapeutically
useful for preventing the damage to hair cells that occurs

after transient ischemia of the cochlea™.

CAUSES OF ISSHL

Presently, vascular theory as an etiology of ISSHL re-
mains speculative, because cochlear pathology is difficult
to assess in live humans. Figure 33 illustrates the possible
causes of ischemic damage in the cochlea. Many risk
factors, such as hyperlipoproteinemia, hyperglycemia,
obesity, smoking, and stress, have been correlated with
the incidence of ISSHL. However, the real cause(s) of
this disease remain(s) unknown, primarily because of
technical difficulties. As 30%-40% of ISSHL patients
heal spontaneously, permanent occlusion of the major
nourishing artery would not seem to be a major cause
of ISSHL. Instead, we believe that ISSHL is caused by
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Table 1 Clinical features of idiopathic sudden sensorineural

hearing loss and those of branch retinal vein occlusion

ISSHL Branch retinal
vein occlusion
Annual incidence in Japan 35 000 30 000-50 000
Age preponderance (yr) 50-60 60
Sex difference No No
Incidence Sudden Sudden
Background disease Unknown Arteriosclerosis,

diabetes mellitus

Involved site Stria vascularis? Retinal vein

Bilateral incidence Rare 2%-4%
Recurrence Rare Rare
Spontaneous healing 30%-50% 30%-50%
Effects of steroid Effective Effective

ISSHL: Idiopathic sudden sensorineural hearing loss.

Arteritis, sludge
formation

[ Embos Je——
Vasospasm | —> (@Oee | L@ IES

——(Tvorins )
<——| Bleeding, edema

Stress and autonomy Increase in inner Venous compression
disturbance ear pressure at crossing point

Figure 33 Possible mechanisms of cochlear ischemia that might result in idio-
pathic sudden sensorineural hearing loss.

transient or local ischemia, caused by microcirculatory
disturbances in the stria vascularis.

Arterial-venous compression is a known cause of
branch retinal vein occlusion, which is the second most
common cause of blindness in America. ISSHL has simi-
lar clinical charactetistics to BRVC, as shown in Table 1.
If arterial-venous compression is a cause of ISSHL, the
capillary network in the stria vascularis would be the most
likely site of the lesion. As ATP production occurs mainly
in the lateral region, even a minor circulatory disturbance
could cause ischemic damage in the cochlea.

CONCLUSION

Using adult gerbils, we induced transient cochlear isch-
emia without a craniotomy. Ischemic insult caused mild
hearing loss and sporadic loss of hair cells, especially
IHCs. Mechanisms of induced cochlear damage included
depletion of the energy supply, production of free radi-
cals, and glutamate ototoxicity. We found that the cochlea
shows ischemic tolerance, which may explain why recur-
rence is rare in ISSHL. We also reported the results of
various treatment modalities, such as hypothermia and
the topical and general administration of test agents.
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Abstract

AIM: To investigate the rate of occult lymph node
disease in elective parotidectomy and neck dissection
specimens in patients with advanced auricular cutane-
ous squamous cell carcinoma (cSCC).

METHODS: At a single institution, from 2000 to 2010,
17 patients with advanced auricular cSCC were consid-
ered high risk for occult regional parotid and/or neck
nodal metastases and, thus, underwent an auriculec-
tomy and elective regional lymphadenectomy (paroti-
dectomy and/or neck dissection). Indications for elec-
tive regional lymphadenectomy were large tumor size,
locally invasive tumors, post-surgical and post-radiation
recurrence, and being an immunosuppressed patient.
We determined the presence of microscopic disease in
the regional (parotid and neck dissection) pathology
specimens.

RESULTS: There were 17 advanced auricular cSCC
patients analyzed for this study. Fifteen (88%) patients
were men. The average age was 69 (range: 33 to 86).
Ten (59%) patients presented with post-surgical re-
currence. Five (29%) patients presented with post-
radiation recurrence. Four (24%) patients presented
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with both post-surgical and post-radiation recurrence.
Four (24%) patients were immunosuppressed (2
(12%) were liver transplant patients, 2 (12%) were
chronic lymphocytic leukemia patients, and 1 (6%) was
both). The subsite distribution of cSCC included helix
(3, 18%), antihelix (2, 12%), conchal bowl (7, 41%),
tragus (2, 12%), and postauricular sulcus (3, 18%).
Four (24%) patients presented with multifocal auricu-
lar cSCC. No patients had bilateral disease. All patients
were confirmed to have cSCC on final pathology. The
tumors were well (5, 29%), moderately (10, 59%), and
poorly (2, 12%) differentiated SCC. The average size of
the ¢SCC tumor was 2.9 cm (range: 1.7 to 7 cm). Twelve
(70%) tumors were greater than 2 cm. Six (35%) pa-
tients underwent partial auriculectomy. Eleven (65%)
patients underwent total auriculectomy. Eight (47%)
patients underwent elective parotidectomy and elec-
tive neck dissections; 3 (18%) underwent only elective
parotidectomy; 3 (18%) underwent only an elective
neck dissection; 2 (12%) underwent an elective paroti-
dectomy and therapeutic neck dissection; and 1 (6%)
underwent a therapeutic parotidectomy and an elective
neck dissection. None of the elective parotidectomy or
neck dissection specimens were found to contain any
malignant disease. All therapeutic parotidectomy and
neck dissection specimens contained metastatic SCC.
Fourteen (82%) underwent parotidectomy. Of these, 10
(71%) underwent superficial parotidectomy whereas 4
(29%) underwent total parotidectomy. Fourteen (82%)
underwent neck dissections [levels 1I/Va (1, 7%), lev-
els I/M/Va (2, 14%), levels 1/11/10/Va (2, 14%), and
complete levels 1 -V (9, 64%)]. Three (18%) under-
went concurrent temporal bone resections for tumor ex-
tension from the auricle. The average follow-up for our
patients was 44 mo (range: 4 to 123 mo). At the time
of the review, 6 (35%) patients were alive and 11 (65%)
had passed away.

CONCLUSION: This study suggests that, in patients

with advanced auricular cutaneous SCC, elective re-
gional lymphadenectomy is not necessary. However,
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furtherprospective studies are necessary to assess the
necessity.

© 2013 Baishideng. All rights reserved.
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INTRODUCTION

Advanced auricular cutaneous squamous cell carcinoma
(cSCC) has conventionally been treated with partial or
total auriculectomy accompanied by a regional lymphad-
enectomy, which often includes a parotidectomy and/or
a neck lymph node dissection for clinically apparent or
occult lymph node disease. However, this treatment para-
digm is controversial and without solid data". Auricular
cSCC is generally defined as advanced when it has one or
more of the following features: large tumor size, increased
depth, locally invasive tumors (cartilage and beyond),
multifocal disease, clinically apparent lymph node me-
tastases, post-surgical recurrence, post-radiation recut-
rence, and when the patient is immunosuppressed””. Tn
patients with auricular cSCC, the practice of performing
therapeutic lymphadenectomy follows the logical reason-
ing of excising known disease whereas the practice of
performing elective lymphadenectomy is done out of per-
ceived increased tisk of occult nodal disease and a known
higher mortality rate associated with advanced auricular
cSCCH,

The skin of the auricle has lymph drainage that flows to
the pre-auricular/parotid, infra-auricular/neck, and post-au-
ricular nodal basins™”. Several studies claim a higher rate of
metastasis with auricular cSCC compared to other sites on
the head and neck""". Studies show that, for external audi-
tory canal and auricular cSCC, the range of involvement in
the parotid or neck lymph nodes is 7.9% to 17.5%>"*",
The rate of regional metastases for other sun exposed skin
sites (including the head and neck) ranges from 2% to 5%,
The 5 years mortality rate directly attributable to regional
metastases from c¢SCC can be as high as 56.6% to 66.7%
even after combined surgical and radiation therapy™”.

With advanced auricular ¢SCC, elective lymphadenec-
tomy is performed in these cases in an effort to maximize
therapy, increase the chance of cure, and reduce the
chance of locoregional recurrence. However, the inci-
dence of occult parotid and neck lymph node malignant
disease is currently unknown. Thus, we developed a study
of patients with advanced auricular ¢SCC and clinically
negative parotid and neck lymph nodes to determine the
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rate of occult microscopic lymph node disease in the
elective parotidectomy and neck dissection.

MATERIALS AND METHODS

The Committee on Human Research at University of
California, San Francisco approved this study. All patients
gave informed consent for the operation they underwent.

We performed a retrospective chart review at our
single institution from a database of all non-melanoma
skin cancer patients treated surgically from 1997 to 2010.
We found 17 patients with auricular ¢cSCC and no suspi-
cious regional (parotid or neck) lymphadenopathy on
physical exam or imaging [by computed tomography
(CT) or magnetic resonance imaging (MRI)] who under-
went auriculectomy (partial or total) and elective regional
lymphadenectomy (superficial or total parotidectomy
and/or neck dissection to any extent) from 2000 to 2010.
We included only patients with auricular cSCC confined
to or originating from the helix, antihelix, conchal bowl,
tragus, antitragus, postauricular sulcus, or lobule and those
extending from these areas to the external auditory canal
or temporal bone. We excluded patients who had isolated
external auditory canal or temporal bone cSCC without
auricular involvement or ¢SCC from other head and neck

subsites.

Indications for elective regional lymphadenectomy
retrospectively appeared to be large tumor size, locally
invasive tumors (into cartilage, the external auditory ca-
nal, parotid, or the temporal bone), multifocal auricular
disease (multiple lesions involving nonadjacent auricular
subunits), recurrence after previous surgery, recurrence
after previous radiation, and being immunosuppressed
(including transplant or chronic lymphocytic leukemia
patients). Additionally, we found elective neck dissections
performed for suspicious parotid lymphadenopathy and
elective parotidectomy performed for suspicious neck
lymphadenopathy.

For each patient, we determined the following factors:
gender, age, prior surgical or radiation treatment, immu-
nosuppression, the preoperative radiology performed (CT
or MRI) to determine lymph node disease, the extent of
a surgical resection they underwent (partial 2s total auricu-
lectomy, superficial »s total parotidectomy, extent of neck
dissections (levels 1, 2, 3, 4, and/or 5), temporal bone
resection, and other procedures performed), the final
surgical pathology results for the auricle tumor excision,
the parotidectomy, and the neck lymphadenectomy, the
size of the primary auricular tumor, the grade of the ma-
lignancy, if they subsequently underwent post-operative
radiation treatment, and the length of follow-up from the
surgical treatment, and their mortality/survival.

RESULTS

Table 1 displays the characteristics and treatment experi-
ence in the 17 advanced auricular cSCC patients analyzed
for this study.
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Table 1 Characteristics and treatment experience of the 17 advanced auricular cutaneous squamous cell carcinoma patients

Pt. Age (yr) Sex Tumor  Sub-site Prior Rx Auriculx type  Parotidx type Neck diss. Parotid, neck Post-op F/u (mo)
size (cm) extent diss. path XRT
1 71 M 3.0 AH S, XRT Total Elective - Neg, - 28
Superficial -
2 86 M 25 AH - Partial - Elective - - 61
(1/1/Va) Neg D)
3 69 M 41 P S, XRT Total Elective Elective Neg, - 80
Superficial (complete) Neg (D)
4 69 M 1.6 C S Total Elective Elective Neg, - 43
Superficial (1/10/1m) Neg (L)
5 56 M 13 C S Total Elective Elective Neg, Yes 48
Superficial (complete) Neg (L)
6 68 M 7.0 P - Total Elective Elective Neg, Yes 70
Total (complete) Neg (D)
7 78 M 6.0 T S, XRT Total Elective Elective Neg, = 10
Total (complete) Neg (D)
8 33 F 1.9 C - Total Elective Therapeutic Neg, - 61
Total (complete) Pos (D)
9 70 M 1.7 H S Partial Therapeutic Elective Pos, Yes 96
Total (complete) Neg (L)
10 71 M 1.7 C - Partial Elective Therapeutic Neg, Yes 123
Superficial (complete) Pos (L)
11 86 M 2.0 P S, XRT Total Elective - Neg, - 53
Superficial - (D)
12 69 F 25 T - Partial Elective Elective Neg, Yes 5
Superficial (1/1/1) Neg (D)
13 61 M 3.0 H S Partial Elective Elective Neg, Yes LTF
Superficial (complete) Neg
14 65 F 24 C XRT Total - Elective - - 10
(complete) Neg (D)
15 78 M 42 C S Total Elective Elective Neg, Yes 5
Superficial (I/1/ Va) Neg (L)
16 84 M 2.0 H - Total - Elective - - 11
(1/Va) Neg D)
17 65 M 3.0 C - Total Elective - Neg, Yes 4
Superficial - (L)

M: Male; F: Female; AH: Antihelix; P: Posterior sulcus; C: Concha bowl;

Deceased; L: Live; LTF: Lost to follow-up.

Fifteen (88%) patients were men. The average age was
69 years (range: 33 to 86 years). Ten (59%) patients pre-
sented with post-surgical recurrence. Five (29%) patients
presented with post-radiation recurrence. Four (24%) pa-
tients presented with both post-surgical and post-radiation
recurrence. Four (24%) patients were immunosuppressed
2 (12%) were liver transplant patients, 2 (12%) were
chronic lymphocytic leukemia patients, and 1 (6%) was
both). Six (35%) patients had preoperative CT; 6 (35%)
had preoperative MRI; and 5 (29%) had no preoperative
imaging. The subsite distribution of ¢SCC included helix
(3, 18%), antihelix (2, 12%), conchal bowl (7, 41%), tragus
(2, 12%), and postauricular sulcus (3, 18%). Four (24%)
patients presented with multifocal auricular cSCC. No pa-
tients had bilateral disease.

All patients were confirmed to have ¢SCC on final pa-
thology. The tumors were well (5, 29%), moderately (10,
59%), and poorly (2, 12%) differentiated SCC. The average
size of the cSCC tumor was 2.9 cm (range: 1.7 to 7 cm).
Twelve (70%) tumors were greater than 2 cm. Six (35%)
patients underwent partial auriculectomy. Eleven (65%0)
patients underwent total auriculectomy.

K

;gua;:i‘.,g@ WJO | www.wjgnet.com

18

T: Tragus; H: Helix; Rx: Treatment; S: Surgery; XRT: Radiation treatment; D:

Eight (47%) patients underwent elective parotidec-
tomy and elective neck dissections; 3 (18%) underwent
only elective parotidectomy; 3 (18%) underwent only an
elective neck dissection; 2 (12%) underwent an elective
parotidectomy and therapeutic neck dissection; and 1 (6%)
underwent a therapeutic parotidectomy and an elective
neck dissection. Six surgeons including Ryan WR, Wang
S] petformed the operations (along with 3 different tem-
poral bone surgeons).

None of the elective parotidectomy or neck dissection
specimens were found to contain any malignant disease.
All therapeutic parotidectomy and neck dissection speci-
mens contained metastatic SCC.

Fourteen (82%) underwent parotidectomy. Of these,
10 (71%) underwent superficial parotidectomy whereas
4 (29%) underwent total parotidectomy. Fourteen (82%0)
underwent neck dissections [levels 11 /Va (1, 7%), levels
0/1/Va (2, 14%), levels I /I /I/Va (2, 14%), and
complete levels -V (9, 64%)]. Three (18%) underwent
concurtrent temporal bone resections for tumor extension
from the auricle. One (6%) patients underwent a concur-
rent condyle resection and infratemporal lymph node dis-
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section (for therapeutic purposes).

Eight (47%) underwent post-operative radiation.

The average follow-up for our patients was 44 mo (4
to 123 mo). At the time of the review, 6 (35%) patients
were alive and 11 (65%) had passed away.

DISCUSSION

This study shows a 10-year experience by 6 different sur-

geons at one institution of 17 patients with advanced au-
ricular ¢SCC all of whom had negative elective lymphad-
enectomy specimens on final surgical pathologic analysis.
This absolute result calls into the question the need for
clective parotidectomy and neck dissection in the cases
of advanced auricular cSCC.

This study was partly inspired by and corroborates
Osborne et /' in their study of advanced auricular
¢SCC and elective parotidectomy. Osborne ¢ /' found
that, in 19 patients, none of the elective parotidectomy
specimens performed for advanced auricular ¢cSCC had
any positive final surgical pathology. We found the same
results with elective parotidectomy and, uniquely, the
same results for the elective neck dissections.

Elective lymphadenectomy is performed for any can-
cer of the head and neck when the predicted risk of oc-
cult nodal disease reaches a certain threshold of 15% to
20%. An elective lymphadenectomy is performed to avoid
unsalvageable neck disease and improve survival accepting
the fact that some unnecessary surgery will be performed.
However, our data showing no nodal metastases in 12
patients who underwent elective neck dissection suggests
that elective regional lymphadenectomy for auricular cSCC
may not necessarily be beneficial.

Limiting the use of elective parotidectomy and neck
dissection could reduce the cost, time, and potential moz-
bidity associated with these operations. The total time
associated with the parotidectomy and neck dissection in-
cludes operating time, hospital stay, and recovery at home.
Both procedures require drain placement and a hospi-
talization of one to several days. Parotidectomy surgery
carries the risks of temporary or permanent facial nerve
injury (with possible corneal keratitis, facial droop, asym-
metric smile, and oral incompetence), hematoma, seroma,
salivoma, cellulitis, abscess, skin flap loss, gustatory sweat-
ing (Frey’s Syndrome), unwanted indentation in the face,
unwanted incision, and perincisional, great auricular, and
auriculotemporal nerve injury-associated numbness. Neck
dissection, depending on the extent performed, carries
the addition risks of unwanted neck sensory dysfunction,
neck soft tissue defect if the sternocleidomastoid muscle
is removed, chylous fistula/leak, and motor nerve injury
to the spinal accessory, marginal mandibular, hypoglos-
sal, vagus, superior laryngeal, phrenic, sympathetic, and
brachial plexus nerves. In addition, conceivably, a total
auriculectomy could be performed under local anesthesia
preventing the need for a general anesthetic and intuba-
tion all together in select cases.

The data on ¢SCC in this study correlates with the
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body of evidence showing the lack of benefit for elective
lymphadenectomy for higher stage malignant melanoma.
Several studies show with different thicknesses of malig-
nant melanoma in different parts of the body that elec-
tive lymphadenectomy (including parotidectomy and neck
dissections in some studies) brought no measurable in-
crease in locoregional control, disease-specific survival, or
overall survival ™", Thus, possibly a similar management
protocol could be relevant to advanced cases of ¢SCC with
regards to the use of sentinel lymph node biopsy for as-
sessing the need for elective lymphadenectomy™”.

This study is by no means a complete denouncement
on the use of elective lymphadenectomy for advanced au-
ricular or head and neck ¢SCC. There is the risk of leaving
occult disease in a patient when a regional lymph node bed
is left untreated. Subclinical neck malignancy lymphade-
nopathy rates in head and neck ¢SCC are reported as being
as high as 35% in 2 studies™. Two other studies show
rates being lower: at 16%“*. Freedlander showed that, in
auricular cSCC, 85% of the metastases to the parotid or
neck occurred within 1 year of initial auricular excision'”
Nonetheless, Byers ef al” found no difference in survival
between elective and therapeutic neck dissection but did
not report the numbers of patients in each category.

A more thorough analysis of the primary tumor final
pathology may be the deciding factor for the need for
elective lymphadenectomy in auricular cSCC and possibly
¢SCC for other head and neck sites. In a recent study, Clark
et al” showed that tumors with a depth of invasion >
8 mm had a 56.2% risk of metastatic spread and those
with a depth of invasion between 2 and 8 mm and with
evidence of cartilage destruction, lymphovascular inva-
sion or a non-cohesive invasive front have a 24.2% risk
of metastatic spread. In a meta-analysis, Rowe ef al”
showed an increased likelihood of regional metastases
with tumor size over 2 cm, depth of invasion over 4 mm,
poorly-differentiated grade, perineural invasion, and lo-
cal recurrence. Given the higher percentages (being over
15%-20%) in auricular ¢SCC with these features, we
agree that elective regional lymphadenectomy is tempting,
However, the retrospective nature of these studies calls
into question the time relationship between the develop-
ment of the primary cancer and regional metastases.

The withholding of elective lymphadenectomy for
¢SCC does not remove the need for close observation. In
a patient with poor prognostic risk factors, more frequent
follow-up with careful evaluation of the regional lymph
node basins is certainly important if an observational
strategy is to be implemented. Ultrasound in particular is
a promising and accurate method for surveillance of the
parotid and neck in these patients which may be used in
conjunction or possibly in lieu of the cross-sectional im-
aging of CT and MRI®?,

Our study has limitations. This is a retrospective series
at only one institution involving multiple surgeons with
different treatment philosophies over a 10-year period
with a small sample size. With heterogenous operations
being performed and no standard surgical treatment
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regimen (superficial or total parotidectomy and differ-
ent extents of neck dissections being performed), occult
lymph nodes could have been missed. The sample size is
small reducing its generalizability but does reflect the rare
character of this particular clinical scenario. There is no
control group to compare regional recurrence or survival
rates. However, the use of a compatison untreated group
is beyond the scope of the goal of determining the rate
of regional nodal basin occult disease.

A prospective randomized controlled trial of advanced
cSCC with concern for occult regional metastases would
be ideal but difficult to carry out given the multiple sub-
sites of the head and neck and the rare presentation of
the disease in this setting. Nevertheless, further studies
are necessary to further clarify the extent of occult lymph
node involvement in advanced auricular c¢SCC and other
sites in the head and neck and a process by which to ap-
propriately risk stratify patients into undergoing elective
lymphadenectomy.

This small sample suggests that, in patients with ad-
vanced auricular ¢SCC, elective regional lymphadenectomy
may not be necessary. Larger multi-institutional prospective
studies are necessary to assess the necessity of elective re-
gional lymphadenectomy for advanced auricular squamous
cell carcinoma.
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Background

Advanced auricular cutaneous squamous cell carcinoma (cSCC) has con-
ventionally been treated with partial or total auriculectomy accompanied by a
regional lymphadenectomy, which often includes a parotidectomy and/or a neck
lymph node dissection for clinically apparent or occult lymph node disease. With
advanced auricular cSCC, elective lymphadenectomy is performed in these
cases in an effort to maximize therapy, increase the chance of cure, and reduce
the chance of locoregional recurrence. However, the incidence of occult parotid
and neck lymph node malignant disease is currently unknown. Thus, authors de-
veloped a study of patients with advanced auricular cSCC and clinically negative
parotid and neck lymph nodes to determine the rate of occult microscopic lymph
node disease in the elective parotidectomy and neck dissection.

Research frontiers

Several studies claim a higher rate of metastasis with auricular cSCC compared
to other sites on the head and neck. Studies show that, for external auditory
canal and auricular cSCC, the range of involvement in the parotid or neck
lymph nodes is 7.9% to 17.5%. The 5 years mortality rate directly attributable to
regional metastases from ¢SCC can be as high as 56.6% to 66.7% even after
combined surgical and radiation therapy. Current research is attempting to fur-
ther delineate what surgical management is needed in this disease process.
Innovations and breakthroughs

Very little research has been done in evaluating the incidence of occult nodal
disease in advanced auricular cutaneous SCC. Historically, regional lymphad-
enectomy has been performed electively in these cases. This study concludes
that regional lymphadenectomy may not be necessary and hopes to spawn
further larger prospective trials.

Applications

This small sample suggests that, in patients with advanced auricular cSCC,
elective regional lymphadenectomy may not be necessary. Larger multi-insti-
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tutional prospective studies are necessary to assess the necessity of elective
regional lymphadenectomy for advanced auricular squamous cell carcinoma.

Terminology

Advanced auricular SCC is defined as advanced when it has one or more of
the following features: large tumor size, increased depth, locally invasive tu-
mors (cartilage and beyond), multifocal disease, clinically apparent lymph node
metastases, post-surgical recurrence, post-radiation recurrence, and when the
patient is immunosuppressed.

Peer review

This retrospective study focuses on 17 patients with auricular squamous cell
carcinoma. Authors determined the rate of occult lymph node disease in elec-
tive parotidectomy and neck dissection specimens. Manuscript is well written.
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Abstract

Aimed to test the hypothesis that endolymphatic hy-
drops in Meniere’s disease (MD) may be secondary to
otitis media, history of a patient who developed MD INTRODUCTION
as a complication of otitis media was reviewed. The
inner ear was imaged using a 3.0 Tesla MR system
post-intravenous injection of gadolinium-tetraazacy-
clododecane-tetraacetic acid (Gd-DOTA) in a standard

Endolymphatic hydrops is the typical pathological finding
in Meniere’s disease (MD) and has been observed post
mortem'"’. Gadolinium-enhanced magnetic resonance im-

single dosage (0.1 mmol/kg). Both t2-spc-rst-tra-iso ~ 2&ing (MRI) can deﬁ[r;]idvely diagnose MD and assess en-
(T2-weighted) and heavily T2-weighted 3-dimensional ~ dolymphatic hydrops™. The etiology of MD is unknown,
fluid-attenuated inversion recovery magnetic resonance but immune reactions, viral infections, mﬂamrpanon, ar}d
imaging [hT(2)W-3D-FLAIR] sequences were applied. vascular insufficiency are suspected to contribute to its
As a result, in the T2-weighted images, the perilymph ~ Progression. In some cases, MD may be secondary to
and endolymph, cerebrospinal fluid surrounding the  chronic otitis @edia[]. We speculate that MD cases that
eighth nerve (N8), and middle ear granulation tissue ~ are caused by inflammation might have the same mecha-

showed intense signals. In the hT(2)W-3D-FLAIR im- nisms as immune-mediated inflammation in experimental
ages, evident enhancement by Gd-DOTA was observed animals, particularly in the middle eat stimulation that
in the middle ear cavity and the perilymphatic compart- ~ causes endolymphatic hydrops. In guinea pigs, stimula-

ments of the cochlea. Cochlear endolymphatic hydrops tion by keyhole limpet hemocyanin through the middle
was implicated by the enlarged scala media in the basal ear caused endolymphatic hydrops as a result of increased
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permeability in the blood-inner ear bartier'. However,
endolymphatic hydrops in MD that is suspected to be sec-
ondary to otitis media has not been observed 7 vivo. The
present article describes a patient who developed MD as a
complication of otitis media and in whom endolymphatic
hydrops was visualized #iz gadolinium-enhanced MRI.

CASE REPORT

In 2008, a 45-year-old man in the outpatient otolaryngolo-
gy department presented with vertigo, tinnitus, and hearing
loss in the right ear. The patient had diabetes, obstructive
sleep apnea, unilateral hydronephrosis, and hypertension.
In 2000, the patient awoke with vertigo that was provoked
by positional changes. In a detailed examination, spontane-
ous left-beating nystagmus was noted. After performing
Epley’s maneuver, the vertigo was resolved. The patient did
not complain of hearing loss or tinnitus. In 2007, the pa-
tient experienced rotary vertigo and vomiting without any
noticeable hearing loss after strenuous carpentry work. In
a clinical evaluation, the patient showed spontaneous left-
beating nystagmus and was diagnosed with right-sided ves-
tibular neuritis. The vertigo faded slowly over the course
of several weeks. At the beginning of 2008, the patient
experienced tinnitus and hearing loss in the right ear. A
closer evaluation detected glue ear on the diseased side. An
audiogram showed conductive high frequency hearing loss
of 40 dB (Figure 1A). After paracentesis, a tympanostomy
tube was inserted and the patient was followed more close-
ly. The hearing loss prevailed (Figure 1B and C), and the
spiral CT showed a fluid-filled cellular system in the middle
ear. A mastoidectomy was petformed, but the middle ear
problems did not subside, and the middle ear ventilation
did not improve. In an endoscopy of the Eustachian tube,
the posterior cushion and the torus tubarius was swollen
in a cherry-like manner. The vertigo symptoms worsened,
and the patient experienced several weekly vertigo attacks.
In February 2011, an inner ear MRI was performed us-
ing a 3 Tesla MR System with a 32-channel head coil and
an additional ear coil (Siemens Trio-Tim, Erlangen, Get-
many) with 4 h post-intravenous injections of gadolinium-
tetraazacyclododecane-tetraacetic acid (Gd-DOTA). The
vertigo attacks continued at the same level of severity. In
September 2011, laser Eustachian tuboplasty and explorato-
ry tympanostomy with installment of tympanostomy tube
were performed. After the surgery, the patient was neatly
asymptomatic except for one mild vertigo attack. Subjec-
tively, the patient’s hearing also improved (Figure 1D). At
present (June 2012), the patient has no vertigo symptoms.
The MRI measurement was performed on April 5, 2011.
Gd-DOTA (500 mmol/1, Guerbet, France) was injected
intravenously in a standard single dosage (0.1 mmol/kg).
After 4 h, the patient was evaluated with both t2-spc-rst-
tra-iso (T2-weighted) and heavily T2-weighted 3-dimen-
sional fluid-attenuated inversion recovery MRI [hT(2)W-
3D-FLAIR] sequences. The t2-spc-rst-tra-iso parameters
were as follows: SL 0.5, echo time (TE) 132 ms, repetition
time (TR) 1610 ms, field of view (FOV) 199 X 199, 380
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px 384 s, W 754, C 320, and NEX 2. The hT(2)W-3D-
FLAIR images were acquired using the following param-
eters™: SL 0.8, TE 538 ms, TR 10 700 ms, TI 2350, FOV
150 % 180, 270 px 320 s, W 214, C 74, NEX 2. The imag-
es were displayed using syngo Fastview software (Siemens
Germany) combined with the CS3 program.

In the T2-weighted images, the perilymph and en-
dolymph of the inner ear, cerebrospinal fluid (CSF) sut-
rounding the eighth nerve (N8), and middle ear granula-
tion tissue showed intense signals (Figure 2A-E). There
were slightly signal intensity differences between the left
[224.5 arbitrary unit (AU)] and right cochlear basal turn
(216.5 AU) and the left (239.3 AU) and right vestibulum
(236.5 AU). In the hT(2)W-3D-FLAIR images, evident
enhancement by Gd-DOTA was observed in the middle
ear cavity and the perilymphatic compartments of the co-
chlea. Cochlear endolymphatic hydrops was implicated by
the enlarged scala media in the basal turn (Figure 2B). In
general, the Gd-DOTA uptake in the vestibule was weak,
and signs of vestibular endolymphatic hydrops were ob-
vious (Figure 2B). The N8 on the diseased side was also
significantly enhanced (Figutre 2F).

DISCUSSION

This is the first case to show endolymphatic hydrops 7 vivo
in a patient with MD secondary to otitis media. In the
literature, vestibular pathology secondary to otitis media

has been shown by objective measurement of the ves-
tibular function™. A potential pathway for inflammatory
cytokines and even pathogens to enter the vestibular
system through the annular ligament across the stapedio-
vestibular joint has been hypothesized by Zou et al™ in an
in vivo MRI study. In the present case, the severity of en-
dolymphatic hydrops was greater in the vestibulum than
in the cochlea, which supports the Zou et al’ hypothesis.

One ultrastructural study has shown that the middle
ear side of the footplate of the stapes had histopatho-
logical changes in patients with otitis media, although
the vestibular side remained essentially unchangedm. Al-
though involvement of the stapes in otitis media is likely
common, the possibility that infection agents or products
of inflammation may cross the porous annular ligament
into the vestibule must be considered.

Cochlear endolymphatic hydrops located at the basal
turn suggested that the round window membrane may
also be involved in the passage of pathogens or inflam-
matory agents into the cochlea. Papp e7 al"" have reported
that chronic suppurative otitis media induced sensorineu-
ral hearing loss related to high frequencies. Sensorineural
hearing loss at 4 kHz gradually increased according to the
duration of the chronic suppurative otitis media and was
greater than that of speech frequencies. This result was
explained by the closer location of the hair cells that are
responsible for high frequency hearing at the base of the
cochlea and the round window. According to the pres-
ent case study and a previous animal study, we further
hypothesize that cochlear endolymphatic hydrops in MD
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Figure 1 Audiogram showing dynamic change in the hearing thresholds. A: Hearing thresholds at the glue ear diagnosis (8 years post-Benign paroxysmal posi-
tional vertigo); B: Hearing thresholds one year after the tympanostomy tube insertion; C: Hearing recovery 2 years after the tympanostomy tube insertion; D: Hearing
thresholds at the magnetic resonance imaging study.

Figure 2 Magnetic resonance imaging of the inner ear acquired with a 3 Tesla machine. In the T2-weighted images (A, C, E), intense signals in the perilymph and
endolymph of the inner ear and cerebrospinal fluid (CSF) surrounding the eighth nerve (N8) and the middle ear cavity (ME) were demonstrated. In the heavily T2-weighted
3-dimensional fluid-attenuated inversion recovery magnetic resonance images, evident enhancement by gadolinium-tetraazacyclododecane-tetraacetic acid (Gd-DOTA)
was detected in the middle ear cavity and the perilymphatic compartments of the cochlea. Suspected endolymphatic hydrops was indicated by the enlarged scala media at
the basal turn [arrowhead in the enlarged window of (B)]. In general, the Gd-DOTA uptake in the vestibule was weak, and endolymphatic hydrops became obvious in the
vestibulum (V) and ampulla of the semicircular canal (Am) [enlarged window of (B)]. Gd-DOTA uptake in the perilymph of superficial semicircular canal was detected in the
diseased ear (D). No uptake of Gd-DOTA was demonstrated neither in the lateral semicircular canal nor in the posterior semicircular canal. The N8 (in F) on the diseased
side showed significant enhancement. LSCC: Lateral semicircular canal; PSCC: Posterior semicircular canal; SSCC: Superior semicircular canal.
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secondary to otitis media may not follow the classical
pattern and spread from the apex to the basal turn and
vestibulum'’,

The observed enhancement of the N8 indicates a local
injury of the blood-brain bartier. It has been reported that
activated neuritogenic T-cells alter the blood-nerve barrier
when entering into the peripheral nerves, which provides
circulating demyelinating antibodies access to the endo-
neurium'"", Similarly, this process may occur in the N8 if
immune reactions overreact.
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to the reader. Permissible abbreviations are listed in Units, Symbols
and Abbreviations: A Guide for Biological and Medical Editors and
Authors (Ed. Baron DN, 1988) published by The Royal Society of
Medicine, London. Certain commonly used abbreviations, such as
DNA, RNA, HIV, LD50, PCR, HBV, ECG, WBC, RBC, CT, ESR,
CSE, IgG, ELISA, PBS, ATP, EDTA, mAb, can be used directly
without further explanation.

Italics

Quantities: # time or temperature, ¢ concentration, 4 area, /length,
m mass, 17 volume.

Genotypes: gyrA, arg 1, ¢ mye, ¢ fos, ete.

Restriction enzymes: EcwRI, Hind1, BanHI, Kbo 1, Kpn 1, et.

Biology: H. pylori, E coli ete.

Examples for paper writing
All types of articles’ writing style and requirement will be found in the
link: http:/ /www.wignet.com/esps/NavigatonInfo.aspxrid=15

(49

Boichideng>  WJO | www.wjgnet.com

Instructions to authors

RESUBMISSION OF THE REVISED
MANUSCRIPTS

Authors must revise their manuscript carefully according to the
revision policies of Baishideng Publishing Group Co., Limited. The
revised version, along with the signed copyright transfer agreement,
responses to the reviewers, and English language Grade A certifi-
cate (for non-native speakers of English), should be submitted to
the online system zia the link contained in the e-mail sent by the edi-
tor. If you have any questions about the tevision, please send e-mail
to esps@wjgnet.com.

Language evaluation

The language of a manuscript will be graded before it is sent for
revision. (1) Grade A: priority publishing; (2) Grade B: minor lan-
guage polishing; (3) Grade C: a great deal of language polishing
needed; and (4) Grade D: rejected. Revised articles should reach
Grade A.

Copyright assignment form
Please download a Copyright assignment form from http://www.
wjgnet.com/2218-6247/g_info_20100724224507.htm.

Responses to reviewers

Please tevise your article according to the comments/suggestions
provided by the reviewers. The format for responses to the reviewers’
comments can be found at: http://www.wignet.com/2218-6247/
g _info_20100724224317 htm.

Proof of financial support
For papers supported by a foundation, authors should provide a copy
of the approval document and serial number of the foundation.

Links to documents related to the manuscript

I7JO will be initiating a platform to promote dynamic interactions be-
tween the editors, peer reviewers, readers and authors. After a manu-
script is published online, links to the PDF version of the submitted
manuscript, the peer-reviewers’ report and the revised manuscript will
be put on-line. Readers can make comments on the peer reviewer’s
report, authors’ responses to peer reviewers, and the revised manu-
script. We hope that authors will benefit from this feedback and be
able to revise the manusctipt accordingly in a timely manner.

Publication fee

IVJO is an international, peer-reviewed, OA online journal. Articles
published by this journal are distributed under the terms of the Cre-
ative Commons Attribution Non-commercial License, which permits
use, distribution, and reproduction in any medium and format, pro-
vided the original work is propetly cited. The use is non-commercial
and is otherwise in compliance with the license. Authors of accepted
articles must pay a publication fee. Publication fee: 600 USD per
article. All invited articles are published free of charge.

February 28,2013 | Volume 3 | Issuel |



World Jo
laryngology

World | Otorhinolaryngol 2013

L » O 4 ) £ y
;,/J(l{.s/u(/e,?y _L/IIJ/I.sllllgy < //‘01¢J

L2 1
Boienidenge WWW.Wjgnet.com



/{/ (]‘ ﬁ World Journal of
Otorhinolaryngology

Contents Quarterly Volume 3 Number 2 May 28, 2013

REVIEW 26 SLC26A4 mutation testing for hearing loss associated with enlargement of
the vestibular aqueduct
Ito T, Muskett J, Chattaraj P, Choi BY, Lee KY, Zalewski CK, King KA, Li X, Wangemann P,
Shawker T, Brewer CC, Alper SL, Griffith AJ

BRIEF ARTICLE 35

Surface electromyography for diagnosing dysphagia in patients with cerebral
palsy
Tseng FF, Tseng SF, Huang YH, Liu CC, Chiang TH

(49

Jg,,;;:fe,.g@ WJO | www.wjgnet.com I May 28,2013 | Volume 3 | Issue2 |



World Journal of Otorhinolaryngology

Contents
Volume 3 Number 2 May 28, 2013

APPENDIX -V Instructions to authors

ABOUT COVER Editorial Board Member of World Journal of Otorhinolaryngology, Tsutomu
Nakashima, MD, PhD, Professor, Department of Otorhinolaryngology, Nagoya
University Graduate School of Medicine, 65, Tsurumai-cho, Showa-ku, Nagoya
466-8550, Japan

AIM AND SCOPE World Journal of Otorbinolaryngology (World | Otorhinolaryngol, WJO, online ISSN 2218-6247,
DOI: 10.5319) is a peer-reviewed open access academic journal that aims to guide clinical
practice and improve diagnostic and therapeutic skills of clinicians.

IWJO covers topics concerning endoscopy, rhinology, pharyngology, laryngology, tra-
cheo-esophagology, otology, tracheology, cancer, nasal symptomatology, congenital nasal
diseases, inflammatory diseases of the external nose, rhinitis, allergic rhinitis, nasal polyps,
nasal septal diseases, nasal bleeding, nasal or sinus foreign bodies, sinusitis, rhinogenic
complications, diagnostic imaging, evidence-based medicine, epidemiology and nursing.
Priority publication will be given to articles concerning diagnosis and treatment of otorhi-
nolaryngologic diseases. The following aspects are covered: Clinical diagnosis, laboratory
diagnosis, differential diagnosis, imaging tests, pathological diagnosis, molecular biological
diagnosis, immunological diagnosis, genetic diagnosis, functional diagnostics, and physical
diagnosis; and comprehensive therapy, drug therapy, surgical therapy, interventional treat-
ment, minimally invasive therapy, and robot-assisted therapy.

We encourage authors to submit their manuscripts to WJO. We will give priority to
manuscripts that are supported by major national and international foundations and those
that are of great basic and clinical significance.

INDEXING/ABSTRACTING World Journal of Otorbinolaryngology is now indexed in Digital Object Identifier.
FLYLEAF I-IT  Editorial Board
EDITORS FOR Responsfble Assistant. Edit.or: Xiﬂ-.Xiﬂ C.IM Responsible Science Editor: Xin-Xia Song
Responsible Electronic Editor: Xiao-Mei Zheng
TH IS ISSUE Proofing Editor-in-Chief: Lian-Sheng Ma
NAME OF JOURNAL EDITORIAL OFFICE PUBLICATION DATE
World Journal of Otorhinolaryngology Jin-Lei Wang, Director May 28, 2013
Xiu-Xia Song, Vice Director
ISSN . World Journal of Otorhinolaryngology COPYRIGHT' . . )
ISSN 2218-6247 (online) Room 903, Building D, Ocean International Center, © 2013 .Bmshldeng. Arn(?les published by this Open
No. 62 Donesihuan Zhonelu. Chaovane District Access journal are distributed under the terms of
LAUNCH DATE . & . gl yang > the Creative Commons Attribution Non-commercial
December 28, 2011 Beijing 100025, China License, which permits use, distribution, and repro-
Telephone: +86-10-85381891 duction in any medium, provided the original work is
FREQUENCY Fax: +86-10-85381893 properly cited, the use is non commercial and is other-
Quarterly E-mail: wjotorhinolaryngol@wjgnet.com wise in compliance with the license.

EDITORS-IN-CHIEF
Tsutomu Nakashima, MD, PhD, Professor, Depart-
ment of Otorhinolaryngology, Nagoya University Grad-
uate School of Medicine, 65, Tsurumai-cho, Showa-ku,
Nagoya 466-8550, Japan

Steven ] Wang, MD, FACS, Associate Professor in
Residence, Department of Otolaryngology-Head and
Neck Surgery, University of California, San Francisco,
2233 Post St, 3rd Floor-Box 1225, San Francisco, CA

http:/ /www.wjgnet.com
SPECIAL STATEMENT

All articles published in this journal represent the
viewpoints of the authors except where indicated oth-
erwise.

PUBLISHER

Baishideng Publishing Group Co., Limited
Flat C, 23/E, Lucky Plaza,

315-321 Lockhart Road, Wan Chai,

Hong Kong, China

Fax: +852-6555-7188

Telephone: +852-3177-9906

E-mail: bpgoffice@wignet.com

INSTRUCTIONS TO AUTHORS
Full instructions are available online at http://www.
wignet.com/2218-6247 /¢_info_20100722180338.htm

ONLINE SUBMISSION

94115, United States http:/ /www.wjgnet.com http:/ /www.wignet.com/esps/
3;;;;::;"9@ WJO | www.wjgnet.com 1T May 28,2013 | Volume 3 | Issue2 |




wdJ 0

World Journal of
Otorhinolaryngology

Online Submissions: http:/ /www.wjgnet.com/esps/
wjotorhinolaryngol@wjgnet.com
doi:10.5319/wjo.v3.i2.26

World ] Otorhinolaryngol 2013 May 28; 3(2): 26-34
ISSN 2218-6247 (online)
© 2013 Baishideng. All rights reserved.

REVIEW

SLC26A4 mutation testing for hearing loss associated with
enlargement of the vestibular aqueduct

Taku Ito, Julie Muskett, Parna Chattaraj, Byung Yoon Choi, Kyu Yup Lee, Christopher K Zalewski, Kelly A King,
Xiangming Li, Philine Wangemann, Thomas Shawker, Carmen C Brewer, Seth L Alper, Andrew J Griffith

Taku Ito, Julie Muskett, Parna Chattaraj, Kyu Yup Lee,
Christopher K Zalewski, Kelly A King, Carmen C Brewer,
Andrew ] Griffith, Otolaryngology Branch, National Institute on
Deafness and Other Communication Disorders, National Insti-
tutes of Health, Rockville, MD 20850, United States

Byung Yoon Choi, Laboratory of Molecular Genetics, National
Institute on Deafness and Other Communication Disorders, Na-
tional Institutes of Health, Rockville, MD 20850, United States
Xiangming Li, Philine Wangemann, Anatomy and Physiology
Department, Kansas State University, Manhattan, KS 66506,
United States

Thomas Shawker, Diagnostic Radiology Department, War-
ren G. Magnuson Clinical Center, National Institutes of Health,
Bethesda, MD 20892, United States

Seth L Alper, Renal Division, Beth Isracl Deaconess Medical
Center, Harvard Medical School, Boston, MA 02215, United States
Author contributions: Ito T and Griffith AJ reviewed the lit-
erature and wrote the initial draft of the manuscript; Muskett
J, Chattaraj P, Choi BY, Lee KY, Zalewski CK, King KA, Li X,
Wangemann P, Shawker T, Brewer CC and Alper SL critically
reviewed and contributed to content and revision of the article.
Supported by NIH intramural research funds Z01-DC-000039,
Z01-DC-000060 and Z01-DC-000064, NIH grants R01-DK43495
and P30-DK34854, Kansas State University CVM-SMILE and the
Kansas City Area Life Science Institute

Correspondence to: Andrew ] Griffith, MD, PhD, Otolaryn-
gology Branch, National Institute on Deafness and Other Com-
munication Disorders, National Institutes of Health, 5 Research
Court, Rockville, MD 20850-3320,

United States. griffita@nidcd.nih.gov

Telephone: +1-301-4022829  Fax: +1-301-4027580
Received: December 21,2012 Revised: April 25, 2013
Accepted: May 8, 2013

Published online: May 28, 2013

Abstract

Pendred syndrome (PS) is characterized by autosomal
recessive inheritance of goiter associated with a defect
of iodide organification, hearing loss, enlargement of
the vestibular aqueduct (EVA), and mutations of the
SLC26A4 gene. However, not all EVA patients have PS
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or SLC26A4 mutations. Two mutant alleles of SLC2644
are detected in 1/4 of North American or European EVA
populations, one mutant allele is detected in another
1/4 of patient populations, and no mutations are de-
tected in the other 1/2. The presence of two mutant al-
leles of SLC26A4 is associated with abnormal iodide or-
ganification, increased thyroid gland volume, increased
severity of hearing loss, and bilateral EVA. The pres-
ence of a single mutant allele of SLC26A4 is associated
with normal iodide organification, normal thyroid gland
volume, less severe hearing loss and either bilateral or
unilateral EVA. When other underlying correlations are
accounted for, the presence of a cochlear malformation
or the size of EVA does not have an effect on hearing
thresholds. This is consistent with observations of an
Slc26a4 mutant mouse model of EVA in which hearing
loss is independent of endolymphatic hydrops or in-
ner ear malformations. Segregation analyses of EVA in
families suggest that the patients carrying one mutant
allele of SL.C26A4 have a second, undetected mutant
allele of SLC26A4, and the probability of a sibling hav-
ing EVA is consistent with its segregation as an autoso-
mal recessive trait. Patients without any mutations are
an etiologically heterogeneous group in which siblings
have a lower probability of having EVA. SLC26A4 muta-
tion testing can provide prognostic information to guide
clinical surveillance and management, as well as the
probability of EVA affecting a sibling.

© 2013 Baishideng. All rights reserved.
Key words: SLC26A4; Pendred syndrome; Genetic test-

ing; Goiter; Hearing loss; Vestibular aqueduct; Geno-
type-phenotype correlation

Core tip: Enlargement of the vestibular aqueduct (EVA)
is @ common inner ear anomaly. We review the correla-
tion of phenotype with genotype of SLC26A4. SLC26A4
mutations are the most prevalent known cause of hear-
ing loss associated with EVA. The number of mutated
alleles is correlated with the presence or absence of a
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thyroid iodination defect, thyroid gland volume, severity
of hearing loss, laterality (bilateral vs unilateral) of the
inner ear anomaly, and probability of recurrence of EVA
in a sibling. We discuss the risks and benefits of genetic
testing and counseling for affected patients. These
concepts may be of broad interest to otolaryngologists,
audiologists and other clinicians.

Ito T, Muskett J, Chattaraj P, Choi BY, Lee KY, Zalewski CK,
King KA, Li X, Wangemann P, Shawker T, Brewer CC, Alper
SL, Griffith AJ. SLC2644 mutation testing for hearing loss as-
sociated with enlargement of the vestibular aqueduct. World
J Otorhinolaryngol 2013; 3(2): 26-34 Available from: URL:
http://www.wjgnet.com/2218-6247/full/v3/i2/26.htm DOI: http://
dx.doi.org/10.5319/wjo.v3.i2.26

PENDRED SYNDROME AND
NONSYNDROMIC HEARING LOSS WITH
ENLARGEMENT OF THE VESTIBULAR
AQUEDUCT

Pendred syndrome (PS) is characterized by autosomal
recessive inheritance of goiter and hearing loss, first re-
ported in two sisters by Pendred" in 1896. Fraser™ esti-
mated this syndrome accounted for 5.6% of congenital
hearing loss in his series of 2355 children. The causative
gene for PS was mapped to chromosome 7q in 1996
and identified as ST.C26.44 in 1997". Molecular testing
for S1.C26.414 mutations and temporal bone imaging have
established that PS is always accompanied by inner ear
deformities, with enlargement of the vestibular aqueduct
(EVA) as the most penetrant feature” (Figure 1). The
identification of SI1.C26.44 mutations associated with PS
suggested a possible association of nonsyndromic hear-
ing loss with EVA (NSEVA) with mutations of this gene.
Usami e a/* identified SI.C26.44 mutations in sporadic
and familial cases of NSEVA, showing that SL.C26.14
mutations are commonly associated with NSEVA. These
observations were confirmed in numerous studies of large
cohorts of PS and NSEVA patients from different ethnic
populations'™"",

Most clinicians now rely upon molecular testing of
SL.C26.A4 for the etiologic diagnosis of PS and NSEVA.
There are over 200 reported mutations in SL.C26.44 as-
sociated with sporadic and familial forms of PS and
NSEVA. Furthermore, a large-scale study demonstrated
mutations of ST.C26.44 in approximately 5%-10% of indi-
viduals with childhood deafness among several large global
populationsm]. This percentage is coincident with Fraser’s
phenotypic estimate of the prevalence of PS”. However,
in North American and European populations, SL.C26.44
mutations cannot be detected in up to one half of patients
with hearing loss and EVA, while only one mutant SL-
C26A4 allele is identified in one fourth of patients” "',
EVA has also been detected in a subset of patients with
branchio-oto-renal or branchio-oto syndrome" ", Waarden-
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Enlarged vestibular aqueduct

Enlarged endolymphatic sac

Figure 1 Schematic illustration of the relationship of the vestibular aque-
duct with the endolymphatic sac and duct. Normal anatomy of the inner ear
structures is shown above. Pathologic enlargement of the endolymphatic sac
and abnormal enlargement of the vestibular aqueduct are shown below. Some
ears with enlargement of the vestibular aqueduct also have a reduced number
of cochlear turns. Reproduced from http://www.nidcd.nih.gov/health/hearing/
vestAque.htm.

burg syndrome'"”, and deafness associated with the re-

cessive form of distal renal tubular acidosis"®. However,
there is no published evidence that mutations of the genes
underlying these syndromes cause PS or NSEVA.
SL.C26.A44 encodes a transmembrane protein, called
pendrin, comprised of 780 amino acids and 12 or more
predicted membrane-spanning domains™'"*". Mouse
Sk26a4 is expressed in a restricted tissue distribution that
includes the inner ear, thyroid, kidney, lung, and several
other organs'. Pendrin has been shown to exchange an-
ions across the plasma membrane in several heterologous
expression systems. Physiologically predominant func-
tional modes are thought to include Cl'/T exchange in
the thyroid[22J and CI'/HCO:s exchange in the inner ear™,
This anion exchange activity is critical during late embry-
onic and early postnatal development of the inner ear”"
A variety of cellular details of the pathogenic events have
been described® ™. Here we summarize the clinical phe-
notypes, genetics, and a novel mouse model of EVA.

CORRELATION OF SLC26A4 GENOTYPE

WITH THYROID PHENOTYPE

The pathogenesis of goiter in PS is thought to be a thyroi-
dal iodine organification defect™. The goiter tends to be
diffuse at first, but later becomes nodular. The organifi-
cation defect can be detected by measuring the discharge
of inorganic radioiodide from the thyroid after adminis-
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tration of potassium perchlorate. Potassium perchlorate is
a competitive inhibitor of the sodium-iodide symporter,
which transports iodide into thyroid folliculocytes across
their basolateral membrane. An abnormally high discharge
of iodide from the thyroid gland in response to perchlo-
rate administration is a relatively specific finding for the
clinical diagnosis of PS. For decades, it was the gold stan-
dard for the diagnosis of PS. Goiter, an abnormal per-
chlorate discharge, or both is identified in one third to one
fourth of patients with hearing loss and EVAP™. Goiter
is an incompletely penetrant feature of PS. Furthermore,
an onset during adolescence is ty*pical[2’32]. The distinc-
tion between PS and NSEVA can therefore be difficult to
make during childhood. This problem is exacerbated by
the insensitivity of the physical examination for detection
of goiter. While ultrasound examination with volume de-
terminations may be helpful, normal gland size varies with
age, and volume determinations have typically not been
reported in a normalized fashion. In addition, goiter of
other etiologies is common in some regions and popula-
tions, leading to phenocopies that increase the potential
for rnisdiagnosis[33].

SL.C26.A4 mutations ate responsible for both PS and
some cases of NSEVA, which suggested a possible coz-
relation between particular types of mutations and the
presence of the goiter™. Scott ez a/” concluded that
normal thyroid function in NSEVA patients is the conse-
quence of residual pendrin activity encoded by hypofunc-
tional SI.C26.44 variants as compared to functional null
alleles in PS patients. However, subsequent studies of
cohorts with EVA and hearing loss failed to support this
hypothesis™”. Alternatively, a correlation between clini-
cal phenotype and the number of mutant alleles of SL-
C26.A4 has been suggested. With a definition of PS as >
15% discharge of iodide 2 to 3 h after administration of
perchlorate, there was strong correlation between PS and
the presence of two (M2) mutant SL.C26.44 alleles, while
NSEVA was associated with either one (M1) or zero (MO)
mutant alleles™. Moreover, a multivariate analysis con-
cluded that thyroid gland volume is primatily dependent
on the presence of two mutant alleles of SL.C26.44, at

least in pediatric (< 10 years old) EVA patients"™”.

CORRELATION OF SLC26A4 GENOTYPE
WITH AUDITORY PHENOTYPE

Radiologically detectable inner ear deformities are often
considered to be pathologic changes that contribute directly
to congenital deafness. Inner ear deformities were first re-
ported by Mondini™ in a temporal bone histopathological
study in 1791. For centuries afterwards, the term “Mondini
dysplasia” was often used for any inner ear malformation.

Over many years, the classification and interpretation of
inner ear anomalies, especially cochlear deformities, were
based on a linear developmental model in which a develop-
mental arrest occurred during embryogenesis” .
However, certain observations do not support the de-

velopmental arrest model for all inner ear malformations.

K
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Figure 2 Right temporal bone of a patient with enlargement of the vestib-
ular aqueduct. A: Axial computer tomography image of a right temporal bone
with an enlarged vestibular aqueduct (arrow); B: Equivalent magnetic reso-
nance image of the same temporal bone showing an enlarged endolymphatic
duct (arrow). Reproduced from http://www.nidcd.nih.gov/health/hearing/Pages/
eva.aspx.

The vestibular aqueduct (VA) is a narrow bony canal that
opens onto the medial surface of the temporal bone and
contains the endolymphatic sac and duct (Figure 1). The
VA continues to grow throughout fetal life, but does not
reach its full mature size before birth™. Some temporal
bone studies indicate that the VA continues to grow post-
natally in size until 3 years of agem’“]. These observations
were inconsistent with the hypothesis of arrested devel-
opmentpg]. Kim et a/* reported that EVA and scala media
expansion occurred at embryonic day 14 in the S/k26a4-
null mouse model. Their model postulated that enlarge-
ment depends on disruption of the normal balance
between endolymph secretion and absorption in the laby-
rinth and endolymphatic sac. They speculated that lumen
enlargement might be a form of hydrops caused by in-
creased endolymphatic osmotic pressure due to impaired
resorptive ion transport. This observation suggested that
a developmental distortion, as well as arrest, occurs during
fetal embryogenesis, thus explaining the concomitance of
EVA and Mondini dysplasia.

EVA in humans is conventionally defined as a VA diam-
eter exceeding 1.5 mm, measured at the midpoint between
the common crus and external aperture (Figure 2). This
original radiologic criterion was proposed by Valvassori
et al™ in 1978. A recent study demonstrated that 1.0 mm
is 2 more sensitive criterion for EVA™. EVA can occur as
an isolated anomaly, as well as in combination with other
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inner ear deformities”™*". Tnner ear deformities have been

detected in 20%-30% of patients with congenital deaf-
ness"*. EVA is the most common inner ear deformity,
recognized in approximately 5%-15% of cars of deaf
children™?.,

No significant association has been reported between
the type or number of mutant alleles of ST.C26.44 and
the presence of cochlear anomalies' ™. In contrast, two
mutant alleles of SLC26.44 (M2) are tightly correlated
with bilateral EVA, while unilateral EVA is correlated with
only one (M1) or zero (M0) mutant allele of SL.C26.A44".
Unilateral EVA is found with and without other inner
car deformities and is two to six times less frequent than
bilateral EVA in North American and European popula-
fions™#+50

The hearing loss associated with SL.C26.44 mutations
is predominantly sensorineural or mixed, asymmetric,
with an onset in the first few years of life. The degree of
hearing loss can vary from mild to profound” "™, The
hearing loss often shows fluctuation and overall down-
ward progression that can be precipitated by minor head
trauma or barotrauma. Hearing loss progtression has been
observed in 36%-88% of eats and fluctuation has been
observed in 30%-92% of ears associated with ST.C26.44
mutations . Almost one half of the ears with fluctu-
ating hearing loss eventually showed overall progressive
loss of hearing. Even in the ears with normal to moder-
ate hearing loss, hearing loss could progtess at the rate of
about 1 dB/year, with no apparent effect of environment
factors'™.

No significant relationship has been reported between
the degree of hearing loss and the type of mutation or the
presence of cochlear deformities, whereas the degree of
hearing loss associates significantly with the number of
mutant alleles of ST.C26.44™"%*™ The presence of two
mutant alleles (M2) is associated with more severe hearing
loss than only one (M1) or zero (M0) mutant alleles. Most
reports have failed to reveal significant effects of number
of mutant alleles of SL.C26.44 or the presence or absence
of cochlear anomalies on longitudinal hearing[lo’45]. The
degree of hearing loss does not correlate with the degree
of enlargement of the VA or its contents, the endolym-
phatic duct™. This strongly suggests that endolymphatic
hydrops is not a direct cause of hearing loss. Although
others have reported potential correlations of radiologic
findings with hearing loss phenotypes[sg], these conclu-
sions were based upon univariate analyses that did not
account for underlying factors and correlations such as
SLC26.14 genotype, age, and other genetic diagnoses.

PATHOGENESIS OF HEARING LOSS
ASSOCIATED WITH EVA

Although hearing loss is often sensorineural, bone con-
duction threshold testing can reveal a mixed (conduc-
tive plus sensorineural) hearing loss at low frequencies
associated with normal tympanometry and middle ear
ﬁndingslw’ﬁzj, and an abnormal vestibular evoked myo-
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genic potential result™”. These findings are thought to be
due to a “third window” effect upon sound transmission
within the labyrinth®,

The pathogenesis of sensorineural component in hear-
ing loss ears with EVA has been enigmatic. It was initially
believed that trauma or barotrauma increases intracranial
pressure with reflux of the contents of the endolymphatic
sac and duct into the scala media through the enlarged en-
dolymphatic duct. However, there is little evidence to sup-
port this theory, as obliteration of the endolymphatic sac
and duct does not reverse or even prevent further hearing
loss in patients with EVAPY, Tt has also been suggested
that sudden drops of hearing might be caused by rupture
of Reissner’s membrane®, hemorrhage in the endolym-
phatic sac™ or a fistulous round window membrane®.
There may be occasional examples of these pathogenic
mechanisms, but recent research indicates that the under-
lying mechanism is more often attributable to an intrinsic
disruption of endolymphatic homeostasis.

Studies of an S426a4-null mouse model suggested sca-
la media expansion and endolymphatic acidosis are eatly
consequences of a lack of pendrin expression””™. Subse-
quently, oxidative stress, abnormal cell stretching, impaired
cell-to-cell communication, and loss of KCNJ10 expres-
sion occur in the stria vascularis, associated with a reduced
endocochlear potential (EP) and hearing loss™ ",

Sk26a4 is expressed in multiple non-sensory cell popu-
lations of the cochlea, vestibular labyrinth, and endolym-
phatic sac and duct”"™*™. The Fixi7 gene encodes a fork-
head transcription factor, which regulates transcription
of Sk26a4 in the endolymphatic sac and duct’”™"", but not
in the cochlea or vestibular labyrinth. The observation of
EVA and deafness in a Foxi7-null mouse, in which pen-
drin is expressed in the cochlea and vestibular labyrinth
but not in the endolymphatic sac, suggested that pendrin
expression in the endolymphatic sac is essential for the
acquisition of normal hearing[75].

Sk26a4- and Foxi7-null mice ate profoundly deaf with
severe inner ear malformations and degenerative changes
that do not model the less severe human phenotype. Choi
et al”” reported a binary transgenic mouse line with dox-
yeycline-inducible pendrin expression, in which pendrin
expression during embryonic day 16.5 to postnatal day 2
was necessary and sufficient to acquire normal hearing at
1 mo of age. Lack of pendrin during this period could lead
to endolymphatic acidification, loss of the EP and mild to
severe hearing loss, even without significant scala media ex-
pansion or EVA. The timing of pendrin expression could
be manipulated to generate mice with unilateral or asym-
metric hearing loss associated with minimal, if any, EVA
and no other morphogenetic anomalies (Figure 3). Since
this latter model more closely approximated the human
phenotype, endolymphatic acidification appears to be mote
important than scala media expansion for the pathogenesis
of hearing loss. Although there are no histopathological
specimens from patients with isolated EVA to corroborate
these observations in mouse models, it seems doubtful that
endolymphatic hydrops plays a ditect causative role in the
heating loss associated with EVA"™,
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Stc26a4"* Binary transgenic; Sic26a4"” Slc26a4™*

|

Figure 3 Morphology of the endolymphatic sac and duct and vestibular aqueduct in Sic26a4 mutant mouse models of enlargement of the vestibular
aqueduct. Sic26a4"" normal control (A and E), binary transgenic;Slc26a4* (B, C, F and G), or Slc26a4"® mutant control mice (D and H) were sacrificed at P3 for
paint-fill analysis (A-D) or between P28 and P109 for cross-sectional histopathology of the vestibular aqueduct (VA, shaded pink) adjacent to the common crus (CC,
shaded blue; E-H). Scale bars: 500 pm (A, applies to A-D; E, applies to E-H). Manipulating pendrin expression in binary transgenic; Slc26a4™" mice results in less
enlargement of the endolymphatic duct and sac and vestibular aqueduct (B, C, F and G). ES: Endolymphatic sac; ED: Endolymphatic duct; S: Saccule; U: Utricle; CO:
Cochlea. Reproduced with modification from Choi et af*.

mineda . Furthermore, -linke olymorphic
ETIOLOGY OF EVA IN PATIENTS WITH ined"™*”. Furth SLC26A4-linked polymorphi
DNA markers co—segregated with EVA in M1 families.

NON-DIAGNOSTIC SLC26A4 GENOTYPES This result is consistent with the hypothesis that current

A single mutant allele of SL.C26.44 is unlikely to be suf- mutation analyses are failing to detect mutations that af-
ficient to cause hearing loss and EVA. There are no pub- fect SL.C26A44 or its expression on Fhe apparently wild
lished reports of vertical co-segregation of EVA with a type allele of SLC26.44 1n.M1 families. Taken together,
single mutant allele of SI.C26.44 or of sporadic cases as- the data suggest that there is a second, undetected muta-
sociated with a single de #ov0 mutant allele of SL.C26.A447, tion of SL.C26.44 that alters a promoter or enhancer or
To elucidate the genetic causes and recurrence probability cre.ates a .cryptic .SPMCC. site within an intron. Alternatively,
of EVA in families of probands with non-diagnostic epigenetic modifications of 5LC26/8164 such as DNA
SLC26A4 genotypes (M1 or M0), Choi ¢ al™ compared methylation might repress tramscriptionf I and account for
segtegation ratios of EVA in M1 and MO families with M2 the observed co-segregation of EVA and SL.C2644 in

families. A segregation ratio is a measure of the frequency M1 families. The correlation of the absence of goiter, and
of the phenotype among a proband’s siblings and, thus, less severe inner ear deformities and hearing loss with M1
provides an estimate of recurrence probability in siblings. ~ genotypes may reflect undetected mutant or epigenetically-

The segregation ratio of EVA in M1 families was not modified alleles of SI.C26.44 that act as hypomorphic

. . . . . ; ; SN L) I ; ; ;
significantly different from that in M2 families, consistent alleles “le:ah residual function, in a tissue- or time-specific

with the predicted ratio (25%) for an autosomal recessive manner” ", or a combination of these mechanisms.
trait with full penctrance and viability. The results sug- In MO families, the segregation ratio was significantly
gested the existence of a second’ undetected SI1.C26.44 lower than in M2 families and there was discordant in-

mutation in the M1 families™. Tt is also possible that a heritance of SI.C26.44-linked DNA markers with EVA.
single pathogenic mutation of ST.C26.44 might cause These results suggested etiologic heterogeneity that in-

EVA in combination with a mutation in another gene”.  cludes environmental causes, mutations in other genes, or
Yang ez ol described digenic heterozygosity for mutations a combination of these factors” . Congenital cytomega-
of SL.C26A4 and FOXI1"" or KCNJ10 in EVA patients. lovirus (CMV) infection can produce a very similar audi-
However, these results have not been reproduced in other tory phenotype to that associated with EVA"™, However,
studies of EVA cohorts™"™* and the pathogenic poten- congenital CMV infection was ruled out as a common ot

tial of FOXI7 and KCNJ10 variants thus remains undeter-  significant cause of EVA™,

K
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GENETIC TESTING FOR EVA

Most patients want to know the cause of their hearing loss
and have a positive attitude toward genetic testing™ ",
Genetic testing for SI.C26.44 mutations can provide use-
ful information for EVA patients. In some families, it may
alleviate parental anxiety or guilt about the cause of heat-
ing loss in their children. Second, it can guide the decision
to longitudinally monitor the thyroid gland for enlarge-
ment or dysfunction. Third, it can be used to estimate the
severity of hearing loss'***\. Fourth, it provides data for
genetic counseling about recurrence probability, and the
relative likelihood that EVA would be unilateral or bilat-
eral if it does affect a sibling;

Assuming full viability and full penetrance of EVA in
persons with two mutant alleles of SL.C26.44, the prob-
ability of EVA in the sibling of an M2 EVA proband is
25%. Similatly, the probability of EVA in a sibling of a
heterozygous (M1) proband with hearing loss and EVA is
statistically indistinguishable from that for a sibling of an
M2 probandm. The probability of EVA in a sibling of
an MO proband is significantly less than that for a sibling
of an M1 or M2 proband, although the probability (about
11%) is not zero'”. In the NIH cohort of EVA subjects,
when EVA was observed in MO sibling pairs, the siblings
were often monozygotic or dizygotic twins. It is not clear
if this reflects ascertainment bias or a relationship of
twinning with the development of EVA.

We conclude that genetic testing for SL.C26.44 mu-
tations can be beneficial for some patients with EVA.
However, it should always follow pre-test counseling so
that patients and parents understand what testing can and
cannot reveal. Pre-test counseling should also include a
discussion of potential risks, including the possibility that
testing may reveal unexpected biological relationships,
implied carrier status in relatives, or potential insurance or
employment discrimination. It is rare for otolaryngologists
to have the time and expertise to conduct pre- and post-
test counseling for genetic testing. A genetic counselor
can provide pre- and post-test counseling, as well as edu-
cate the patient and family about genetics and inheritance.
Genetic counselors can also collect pedigree and medical
information™”",

FUTURE DIRECTIONS

The advent of massively parallel DNA sequencing (also
known as “next-generation” DNA sequencing) provides
clinicians and researchers with the ability to sequence
entire genomes or entire coding regions of genomes (also
known as “exomes”). This opportunity also presents a
challenge: the interpretation of DNA sequence variants
of unknown pathogenicity. In the absence of conclusive
genetic evidence linking mutations of genes other than
SLC26A4 to EVA, direct Sanger di-deoxy sequencing of
SLC26A4 currently remains the most efficient and reli-
able routine diagnostic test for the etiology of EVA. In
the future, research should be directed toward identify-
ing or confirming other genetic causes of EVA. Another
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avenue of research is to identify the etiologic, probably
genetic, co-factors that cause EVA in patients with one
detectable mutant allele of SL.C26.44.

CONCLUSION

Genetic testing for SL.C26.44 mutations in patients with
hearing loss associated with EVA can provide useful in-

formation for establishing the etiology of the hearing loss,
prognosis, clinical surveillance and management of the
thyroid gland, and counseling families about the probabili-
ty of EVA in one or both ears and severity of hearing loss
in siblings of patients with EVA. The most informative
aspect of an SLC26.44 genotype is the number of mutant
alleles, since this shows the strongest correlation with the
severity of hearing loss, laterality (unilateral ss bilateral) of
EVA, thyroid gland volume, and recurrence probability.
Patients with two mutant alleles of SLC26.44 typically
have bilateral EVA, more severe hearing loss, a thyroid
iodide organification defect associated with increased thy-
roid gland volume, and a 25% recurrence probability of
EVA for each sibling, Patients with one mutant allele have
unilateral or bilateral EVA, less severe hearing loss, on av-
erage, in the ear(s) with EVA, a normal thyroid gland, and
a recurrence probability that is similar to that of patients
with two mutant alleles. Patients with no mutations of
SLC26.A4 have thyroid and auditory phenotypes that are
indistinguishable from those in patients with one mutant
allele, but the probability of EVA in their siblings is much
lower. Therefore even a “negative” SLC26.44 mutation
test result can provide useful diagnostic, prognostic, and
familial recurrence information.
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Abstract

AIM: To determine the accuracy of 2-channel surface
electromyography (SEMG) for diagnosing oropharyngeal
dysphagia (OPD) in patients with cerebral palsy.

METHODS: Participants with cerebral palsy and OPD
between 5 and 30 years of age and age- and sex-
matched healthy individuals received sEMG testing
during swallowing. Electrodes were placed over the
submental and infrahyoid muscles, and sEMG record-
ings were made during stepwise (starting at 3 mL) de-
termination of maximum swallowing volume. Outcome
measures included submental muscle group maximum
amplitude, infrahyoid muscle group maximum ampli-
tude (IMGMA), time lag between the peak amplitudes
of 2 muscle groups, and amplitude difference between
the 2 muscle groups.
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RESULTS: A total of 20 participants with cerebral palsy
and OPD (OPD group) and 60 age- and sex-matched
healthy volunteers (control group) were recruited.
Among 20 patients with OPD, 19 had Dysphagia Out-
come and Severity Scale records. Of them, 8 were clas-
sified as severe dysphagia (level 1), 1 was moderate
dysphagia (level 3), 4 were mild to moderate dysphagia
(level 4), 3 were mild dysphagia (level 5), and 3 were
within functional limits (level 6). Although the groups
were matched for age and sex, participants in the OPD
group were significantly shorter, weighed less and had
lower body mass index than their counterparts in the
control group (both, 7 < 0.001). All SEMG parameter
values were significantly higher in the OPD group com-
pared with the control group (P < 0.05). Differences
were most pronounced at the 3 mL swallowing volume.
IMGMA at the 3 mL volume was the best predictor of
OPD with a sensitivity, specificity, positive predictive val-
ue, negative predictive value, and accuracy of 85.0%,
90.0%, 73.9%, 94.7% and 88.8%, respectively.

CONCLUSION: Two-channel sSEMG may be useful in
the diagnosis of OPD in patients with cerebral palsy.

© 2013 Baishideng. All rights reserved.

Key words: Cerebral palsy; Dysphagia; Surface electro-
myography; Maximum swallowing volume

Core tip: Surface electromyography (sSEMG) parameters
obtained using 2-channel recordings of submental and
infrahyoid muscle activity differ significantly during
swallowing between patients with oropharyngeal dys-
phagia (OPD) and cerebral palsy and healthy control
individuals. These findings suggest that with further
optimization and testing, 2-channel sEMG may be use-
ful for the diagnosis of OPD in patients with cerebral
palsy, as well as patients with other disorders.

Tseng FF, Tseng SF, Huang YH, Liu CC, Chiang TH. Surface
electromyography for diagnosing dysphagia in patients with cere-
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INTRODUCTION

cerebral palsy. As OPD is relatively common in patients
with cerebral palsy, the applicability of sSEMG for diag-
nosing OPD in this patient population warrants investi-
gation. Thus, the aim of this study was to determine the
clinical feasibility and accuracy of using 2-channel sSEMG
for diagnosing OPD in patients with cerebral palsy.

Oropharyngeal dysphagia (OPD), defined as difficulty
in the oral and/or pharyngeal phases of swallowing,
which includes tolerance of secretions/saliva control and
food/liquid, is a relatively common clinical condition
that can have serious consequences'. OPD may result in
inadequate food intake, which can result in malnutrition,
dehydration, and decreased quality of life”. In addition,
a common and potentially serious complication of OPD
is aspiration pneumonia™¥. Unsurprisingly, OPD is as-
sociated with increased morbidity and mortality”. The
incidence of OPD increases with age, and is particularly
common in patients with neurologic disorders'>? includ-
ing cerebral palsy”. The prevalence of OPD in children
with cetrebral palsy is estimated to be between 19% and
99%, and OPD can impact children’s growth, nutrition
and overall health®™, Early diagnosis of OPD is essential
for the prompt initiation of therapy to lower the risk of
complications"”.

The current gold standard for diagnosing OPD is vid-
eo fluoroscopic study of swallowing (VESS). Despite the
accuracy of VESS, this approach has several limitations
including exposure to radiation, high cost, and the need
for specialized equipment and trained personnel’. Thus,
the availability of a simple, fast, and low cost means of
diagnosing OPD would be of significant benefit.

Surface electromyography (sSEMG) has been used to
assess the involvement of individual muscles in swallow-
ing""". Gupta e al'” first outlined the potential use of
sEMG for the diagnosis of OPD. Crary ez al'” reported
a strong degree of accuracy in identification of swal-
lows 25 non-swallow movements from sEMG traces and
concluded that the sSEMG graphic record is a valid and
reliable tool for identifying normal swallows. In another
study by Crary e a/'” the authors evaluated healthy adults
with simultaneous videofluoroscopy and sEMG while
swallowing 5 mL of liquid barium sulfate and found that
swallow onset in the SEMG signal preceded the onset of
all biomechanical events, and all biomechanical events
demonstrated a strong correspondence to the sEMG
signal with the strongest relationship between hyoid ele-
vation-anterior displacement and the sEMG signal. These
results suggest that because the sEMG signal is a useful
indicator of major biomechanical events in the swallow,
it can be used as the tool for investigating OPD. Vaiman
et al'""” have been strong advocates of the use of sSEMG
in the screening of swallowing disorders including OPD,
and have published evidence suggesting that 4-channel
sEMG may be an effective means of screening for OPD
in certain patient populations.

To our knowledge, however, no study has examined
the use of sSEMG for diagnosing OPD in patients with
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MATERIALS AND METHODS

Participants

Participants with spastic bilateral cerebral palsy between
5 and 30 years of age and OPD who exhibited coughing
during mealtime were recruited from the rehabilitation
department clinic of the Maria Social Welfare Founda-
tion of Taiwan. In all patients, OPD was diagnosed by
videofluoroscopy within 1 mo of sSEMG testing. In brief,
videofluoroscopy was performed with the patient in the
upright (sitting) position and lateral and/or posteroan-
terior views were obtained. Swallowing was evaluated by
simultaneous video and audio recording, and the agents
used were thin liquid barium, thick liquid barium, puree
barium, paste barium, and solid barium cookie. The care-
giver was instructed to feed the thin liquid to the patient
in volumes of 2, 5, and 10 mL »iz spoon-feeding (or
through a straw or directly from a cup if patient is able).
Thick liquid, puree, and paste were fed in volumes of 2,
5, and 10 mL zia spoon. The barium cookie was divided
into 2 cm” sized pieces and fed with a small amount of
paste barium.

Age- and sex-matched healthy volunteers were re-
cruited from the general public as a control group. Indi-
viduals who had skin diseases or wounds located where
the electrodes would be attached were excluded. This
study was approved by the Institutional Review Board of
Cheng-Ching Hospital, Taichung, Taiwan. All participants
provided written informed consent before the com-
mencement of any study-related procedures. For partici-
pants unable to provide consent or under the age of 18,
consent was obtained from a parent or legal guardian.

Dysphagia outcome and severity scale

The severity of OPD was assessed in each participant us-
ing the Dysphagia Outcome and Severity Scale (DOSS)™,
which classifies dysphagia as follows: level 7 = normal;
level 6 = within functional limits; level 5 = mild dyspha-
gia; level 4 = mild to moderate dysphagia; level 3 = mod-
erate dysphagia; level 2 = moderate to severe dysphagia;
and level 1 = severe dysphagia. The DOSS was scored
according to the results of videofluoroscopy and was
representative of the videofluoroscopic evaluation.

SEMG examination

A 2-channel sSEMG device (Bagnoli™ Handheld EMG
System, Delsys Inc., Boston, MA) was used for exami-
nations. Electrodes were placed on the skin over the
submental (0.5 cm above the hyoid, parallel to, and right
of the midline) and infrahyoid (0.5 cm below the hyoid,
parallel to, and right of the midline) muscles as described
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by Vaiman"” to record changes in sSEMG potential when

different volumes of water were swallowed. sEMG sig-
nals were amplified (1000 X) and filtered (wide band:
20-450 Hz), and root mean square values were used
for analysis. Parameters measured included submental
muscle group maximum amplitude (SMGMA), infrahy-
oid muscle group maximum amplitude (IMGMA), the
time lag between the peak amplitudes of 2 muscle groups
(TDBMG), and the amplitude difference between the 2
muscle groups (ADBMG). Sample volumes of water for
testing were based on amounts used by Ozdemirkiran
et al". Testing began at 3 mL, followed by 5, 8, 12, and
15 ml. Thereafter, 5 mL was added to each successfully
swallowed volume until the participant could not ingest
the new volume in a single swallow. If a participant could
not ingest the initial 3 mL of water in a single swallow,
the volume was reduced to 2 or 1 mL as necessary. The
maximum volume of water that each participant was able
to ingest in a single swallow, the maximum swallowing

volume (MSV), was recorded.

Statistical analysis

Continuous variables are presented as mean £ SD, un-
less otherwise indicated, whereas categorical variables are
presented as frequencies with percentages. Demographic
variables were compared between groups by independent
samples ~test (continuous variables) or ;(2 test (categori-
cal variables). After adjusting for body mass index (BMI),
sEMG parameters were compared between groups using
analysis of covariance. The relationships between DOSS
score and different sSEMG parameters were determined
by calculating Spearman’s partial correlation coefficients
after adjusting for BMI. Standard measures of test validity
including sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), and accuracy
were calculated for each sSEMG parameter. Receiver op-
erating characteristic (ROC) curves, plots of 1-specificity
vs sensitivity for all cutoff values over the range of values
for each sEMG parameter, were constructed to examine
the diagnostic performance of different sSEMG param-
eters. The optimal cutoff values for sEMG parameters
to distinguish the experimental group from the control
group were determined using the maximized Youden
index, defined as sensitivity + specificity-1. A univariate
logistic regression model was constructed with the OPD
group as the binary dependent vatiable (1 = dysphagia, 0
= control), and the sSEMG parameters as the continuous
variable. The ¢ statistic from the logistic regression model
corresponds to the area under the ROC curve (AUC). An
AUC of 0.5 indicates that the vatiable does not provide a
better than chance prediction of OPD. A test of the null
hypothesis that the AUC was 0.5 was performed using
the Wilcoxon rank sum test. Comparisons between AUCs
for different sSEMG parameters were conducted using a
previously described method””. Statistical analyses were
performed using SAS software version 9.2 (SAS Institute
Inc., Cary, NC). A two-tailed P < 0.05 indicated statistical
significance.
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Table 1 Demographic characteristics of participants in the

oropharyngeal dysphagia and control groups 7 (%)

Characteristic OPD group' Control group? P value
(n = 20) (n = 60)

Sex

Male 14 (70.0) 42 (70.0) 1.000°

Female 6 (30.0) 18 (30.0)
Age (yr) 145462 145+6.1 0.998*
Height (cm) 128.1+£19.2 153.4 £ 20.1 <0.001*
Weight (kg) 254+12.7 47.7+17.6 <0.001*
BMI (kg/m’) 14.6+3.4 19535 <0.001*
DOSS’

Level 1 8 (42.1) 0(0.0) <0.001°

Level 2 0 (0.0) 0(0.0)

Level 3 1(5.3) 0(0.0)

Level 4 4(21.1) 0 (0.0)

Level 5 3 (15.8) 0(0.0)

Level 6 3 (15.8) 0(0.0)

Level 7 0 (0.0) 60 (100.0)

Data are presented as mean + SD. 'Participants in the dysphagia group had
cerebral palsy; *Participants in the control group did not have cerebral palsy
and were healthy; *Determined by ;° test; ‘Determined by independent
samples t-test; Determined by Fisher’s exact test; ‘Dysphagia outcome and
severity scale (DOSS) score was missing for one oropharyngeal dysphagia
(OPD) patient. BMI: Body mass index. Level 7 = normal; Level 6 = within
functional limits; Level 5 = mild dysphagia; Level 4 = mild to moderate
dysphagia; Level 3 = moderate dysphagia; Level 2 = moderate to severe
dysphagia; Level 1 = severe dysphagia.

RESULTS

Demographic characteristics

A total of 20 participants with cerebral palsy and OPD
(OPD group) and 60 age- and sex-matched healthy volun-
teers (control group) were recruited. Among 20 patients
with OPD, 19 had DOSS records. Of them, 8 were classi-
fied as severe dysphagia (level 1), 1 as moderate dysphagia
(evel 3), 4 as mild to moderate dysphagia (level 4), 3 as
mild dysphagia (level 5), and 3 were within functional
limits (level 6). Although the groups were matched for age
and sex, participants in the OPD group were significantly
shorter, weighed less and had lower BMI than their coun-
terparts in the control group (both, P < 0.001, Table 1).

MSV and sEMG parameters

After adjusting for BMI, the MSV was significantly lower,
and all sSEMG parameters were significantly higher, in the
OPD group compared with the control group (all, P <
0.05, Table 2). Although there were significant between
group differences for all sSEMG parameters at the 3 mL
swallowing volume and at the MSV, the between group
differences were more pronounced at the 3 mL swallow-
ing volume.

Correlations between DOSS score and sEMG parameters
After adjusting for BMI, DOSS scotre was negatively cot-
related with all sSEMG parameters (Table 3). The correla-
tions were significant for SMGMA, IMGMA, and ADB-
MG at the 3 mL swallowing volume (all, P < 0.05). None
of the sSEMG correlations at the MSV were significant.
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Table 2 Surface electromyographic findings for participants

in the oropharyngeal dysphagia and control groups after
adjusting for body mass index

Characteristic OPD group Control group B' (SE) P value
(n = 20) (n = 60)
MSV (mL) 3.70+£3.01 5450+2447 -33.87(532) <0.001
At 3 mL swallowing volume
SMGMA (uV) 80.77£65.00 35.02+13.02 3830 (10.21) <0.001
IMGMA (uV)  88.89+7852 30.23+1055 44.09 (11.68) <0.001
TDBMG (s) 035+035 013+012  022(0.06) <0.001
ADBMG (nV)  60.59+71.50 10.18+11.49 3855 (10.84) <0.001
At MSV
SMGMA (uV) 100.24 £96.96 52.78+28.05 34.90 (16.10)  0.033
IMGMA (uV)  98.28+£89.75 51.32+21.78 30.59 (14.20)  0.034
TDBMG (s) 0.35+0.35 0.15+0.15 0.20 (0.07) 0.004
ADBMG (nV)  62.87+73.05 18.75+22.00 33.92(12.20)  0.007

Data are presented as mean + SD unless otherwise indicated. '"Mean
difference between experimental and control group adjusted for body mass
index (BMI). MSV: Maximum swallowing volume; SMGMA: Submental
muscle group maximum amplitude; IMGMA: Infrahyoid muscle group
maximum amplitude; TDBMG: Time difference between 2 muscle
groups; ADBMG: Amplitude difference between 2 muscle groups; OPD:
Oropharyngeal dysphagia.

Table 3 Spearman’s partial correlations between Dysphagia

Outcome and Severity Scale score and surface electromyo-
graphic findings after adjusting for body mass index (7 = 79"')

Characteristic Correlation coefficient P value
At 3 mL swallowing volume
SMGMA (uV) -0.329 0.003
IMGMA (V) -0.389 <0.001
TDBMG (s) -0.153 0.182
ADBMG (V) -0.353 0.002
At MSV
SMGMA (uV) 0117 0.309
IMGMA (V) -0.056 0.626
TDBMG (s) -0.168 0.140
ADBMG (V) -0.193 0.091

'One patient with a missing Dysphagia Outcome and Severity Scale score
value was omitted from this analysis. MSV: Maximum swallowing volume;
SMGMA: Submental muscle group maximum amplitude; IMGMA:
Infrahyoid muscle group maximum amplitude; TDBMG: Time difference
between 2 muscle groups; ADBMG: Amplitude difference between 2 muscle

groups.

Diagnostic performance of sEMG parameters

The sEMG parameters at the 3 mL swallowing volume
were better predictors of OPD than the sEMG param-
eters at the MSV (Table 4). The AUCs for IMGMA and
ADBMG at the 3 mL swallowing volume were signifi-
cantly higher than the AUCs for SMGMA, IMGMA, and
ADBMG at the MSV (P < 0.05). Similarly, the AUC for
SMGMA at the 3 mL swallowing volume was significant-
ly higher than the AUC for SMGMA at the MSV (P =
0.001). Of the sEMG parameters at the 3 mL swallowing
volume, IMGMA was the best predictor of OPD, fol-
lowed by SMGMA. At the MSV, SMGMA and IMGMA
were poor (no better than chance alone) predictors of
OPD. Because sSEMG parameters at the 3 mL swallow-
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ing volume showed better diagnostic performance for
detecting OPD than those at the MSV did, the effective-
ness of various combinations of these 4 parameters to
detect OPD was further analyzed. Since TDBMG exhib-
ited the lowest diagnostic performance (AUC = 0.723)
among these 4 parameters, 3 scenatios were investigated
as follows: (1) Of 4 parameters, at least 2 parameters met
diagnostic criteria (= cutoff value); (2) Of 4 parameters,
at least 3 parameters met diagnostic criteria; and (3) Of
3 parameters other than TDBMG, at least 2 parameters
met diagnostic criteria. The diagnostic performances of
these 3 scenatios are shown in Table 5.

DISCUSSION

Our study is the first to compare sSEMG parameters ob-
tained using a 2-channel surface electromyograph during
swallowing between patients with cerebral palsy and OPD
and healthy control individuals. We found that there were
marked between group differences for all sSEMG param-
eters at the 3 mL swallowing volume and the MSV. Spe-
cifically, all SEMG parameters were significantly higher
in the OPD group compared with the control group.
Further analyses indicated that sSEMG parameters at the
3 mL swallowing volume, in particular IMGMA, were the
best predictors of OPD. The DOSS used in this study
has been shown to exhibit high inter-rater (90%) and
intra-rater (93%) agreement”” and has been used in the
evaluation of infants with Apert syndrome®”

Our finding that sSEMG parameters were significantly
different during swallowing between patients with OPD
and cerebral palsy and healthy control individuals is
consistent with the finding of Vaiman e a/'" that there
are differences in SEMG between patients with various
diseases and conditions including OPD, tonsillitis, and
salivary gland disease and normal healthy individuals, and
those of Crary ef '™ who have reported that sSEMG can
reliably identify normal swallows and that sSEMG signals
are strongly correlated with the biomechanical events of
swallowing[ls]. Our findings also support the assertion of
Vaiman ¢z al'” that sSEMG is a viable screening method
for OPD. Different than in the studies by Vaiman e a/""”
in which a 4-channel sSEMG was used, we used a 2-channel
sEMG and found this to be adequate for detecting be-
tween group differences. Compared to 4-channel sEMG,
2-channel sEMG is less expensive and more accessible.
The 2-channel system makes sEMG examinations on
patients who cannot cooperate for a long period of time
easier, thus making it more practical in clinical settings.
Various other non-invasive, swallowing-based means of
screening for OPD have been described in the literature
(Table 6), and the 2-channel sSEMG for detecting OPD
at the 3 mL swallowing volume in patients with cerebral
palsy we have described compares favorably with the
majority of previously reported approaches in terms of
sensitivity, specificity, PPV, and NPV.

Importantly, we found that sSEMG parameters mea-
sured during swallowing of a 3 mL volume were better
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Characteristic AUC (95%CI) P value Optimal cutoff  Sensitivity Specificity PPV (%) NPV (%) Accuracy (%)
value (%) (%)

At 3 mL swallowing volume
SMGMA (uV) 0.80 (0.68-0.92)1 <0.001 39.27 80.0 783 50.0 91.7 75.0
IMGMA (nV) 0.88 (0.78-0.98)1’2’3 <0.001 37.30 85.0 90.0 73.9 94.7 88.8
TDBMG (s) 0.72 (0.59-0.86) <0.001 0.19 70.0 70.0 43.8 87.5 70.0
ADBMG (uV) 0.82 (0.71-0.93)"** <0.001 12.02 75.0 76.7 51.7 90.2 763

At MSV
SMGMA (uV) 0.63 (0.48-0.79) 0.091 110.00 40.0 98.3 88.9 83.1 83.8
IMGMA (1V) 0.64 (0.48-0.81) 0.097 79.55 450 90.0 60.0 83.1 78.8
TDBMG (s) 0.72 (0.59-0.84) <0.001 0.19 70.0 70.0 43.8 87.5 70.0
ADBMG (uV) 0.70 (0.56-0.84) 0.005 35.69 50.0 90.0 62.5 84.4 80.0

!Area under receiver operating characteristic curve (AUC) significantly higher compared with submental muscle group maximum amplitude (SMGMA) at
maximum swallowing volume (MSV) (P < 0.01, vs SMGMA at MSV); >AUC significantly higher compared with infrahyoid muscle group maximum amplitude
(IMGMA) at MSV (P < 0.05, vs IMGMA at MSV); >AUC significantly higher compared with amplitude difference between 2 muscle groups (ADBMG) at
MSV (P <0.01, vs ADBMG at MSV). PPV: Positive predictive value; NA: Not applicable; NPV: Negative predictive value; TDBMG: Time difference between 2
muscle groups.

Table 5 Diagnostic performance of combinations of surface electromyography parameters at the 3 mL swallowing volume for detecting

oropharyngeal dysphagia

sEMG parameters at the 3 mL swallowing volume Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)
Of 4 parameters

> 2 parameters met diagnostic criteria' 100 71.7 54.1 100 78.8

> 3 parameters met diagnostic criteria' 85.0 93.3 81.0 94.9 91.3
Of 3 parameters other than TDBMG

= 2 parameters met diagnostic criteria’ 95.0 75.0 55.9 97.8 80.0

'Diagnostic criteria of each surface electromyography (SEMG) parameter at the 3 mL are as follows: submental muscle group maximum amplitude (SMGMA)
= 39.27 uV; infrahyoid muscle group maximum amplitude (IMGMA) = 37.30 pV; time difference between 2 muscle groups (TDBMG) = 0.19 s; amplitude
difference between 2 muscle groups (ADBMG) = 12.02 uV. AUC: Area under receiver operating characteristic curve; PPV: Positive predictive value; NA: Not
applicable; NPV: Negative predictive value; MSV: Maximum swallowing volume.

Table 6 Summary of studies of non-invasive screening methods for oropharyngeal dysphagia

Ref. Test No. of Sensitivity Specificity PPV (%) NPV (%)
participants (%) (%)
DePippo et al™! Burke Dysphagia Screening Test 44 76 59 - -
Gottlieb et al™ 50 mL Drinking Test 180 80 86 - -
Ellul et ™ Standardized Swallowing Assessment 136 68 86 50 88
Smithard et al®™ Bedside Swallowing Assessment 83 70 66 50 85
Hinds et al™ Timed Test 115 73 67 - -
Mari et al™” 3oz Water Swallow Test 93 74 74 71 77
Smith et al®”! Pulse Oximetry 53 86 - 69
Martino et al™" Toronto Bedside Swallowing Screening Test 115 82 39 24 90
Kopey et al™ 3-Sp Test 223 21 99 88 72
Antonios et al™ Modified Mann Assessment of Swallowing Ability 150 93 86 79 95

PPV: Positive predictive value; NPV: Negative predictive value.

predictors of OPD than those measured during MSV,
and that IMGMA was the best diagnostic predictor at
the 3 mL swallowing volume, as indicated by relatively
high sensitivity, specificity, PPV, NPV, and accuracy. It is
interesting to postulate why sEMG is more sensitive at
predicting OPD at a volume of 3 mL than at MSV. Crary
et al”" used SEMG to evaluate the patients with OPD
secondary to brainstem stroke and compared the results
with those of age- and sex-matched controls. The results
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showed that patients with OPD secondary to brainstem
stroke differed in both amplitude and timing aspects
of swallowing attempts from asymptomatic controls.
Specifically, during swallow attempts dysphagic patients
produced more muscle activity over a shorter duration
and with less coordination. Peak microvolt values (max
amplitude) during the swallowing attempts represent the
maximum myoelectric activity observed during swallow-
ing, and the brains that have experienced stroke produced
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more muscle activity due to poor coordination. Similarly,
our findings showed that the maximum amplitude of the
patients with dysphagia secondaty to cerebral palsy dif-
fered from the age-matched controls. Presumably the pa-
tients with OPD and cerebral palsy produce more muscle
activity as a result of poor coordination than healthy
individuals. For healthy individuals it is relatively easy to
swallow a small volume (3 mL), whereas a larger volume
is more difficult. In the individuals with OPD and cere-
bral palsy, the difficulty occurs at even small volumes.

We believe the approach for diagnosing OPD described
herein offers several advantages over other diagnostic
options. First, the examination is relatively quick because
only 2 electrodes need to be attached to the patient. Sec-
ond, only a small volume of fluid (3 mL) is required to be
swallowed for optimal testing, Third, because only 3 mL
of fluid is used, the risk of choking is reduced. Fourth,
the test is non-invasive and avoids radiation exposure that
is unavoidable with VFESS. Finally, this is a low cost proce-
dure that requires minimal training and can be conducted
in the absence of a speech therapy specialist. Given the
aforementioned benefits, sEMG may be used as a simple
screening assessment to initiate referral to speech therapy
for more extensive evaluation and management.

There are several limitations to this study that warrant
acknowledgement. First, all participants in the OPD group
had cerebral palsy; thus, the findings may only be applica-
ble to individuals with OPD and cerebral palsy. Neverthe-
less, we feel our findings are still important because OPD
is a common comorbidity in patients with cerebral palsy,
particularly in children with severe cerebral palsy”. Sec-
ond, control participants were healthy individuals. A more
appropriate control group in this context would have been
patients with cerebral palsy, but not OPD. This was not
part of the study design due to ethical concerns. Having
patients with cerebral palsy, of whom most are children,
with no swallowing problems endure the lengthy and in-
tensive evaluation from which they would gain no benefit
would bring unnecessary hardship and distress to these
patients. A third limitation is the relatively small number
of participants in the OPD group. Lastly, because of the
small number of patients subgroup analysis could not be
performed.

In conclusion, we have found that sEMG parameters
differ significantly during swallowing between patients
with OPD and cerebral palsy and healthy control in-
dividuals. Notably, these findings were obtained using
2-channel recordings of submental and infrahyoid muscle
activity. Our findings lead us to suggest that, with further
optimization and testing, 2-channel SEMG may be useful
for the diagnosis of OPD in patients with cerebral palsy,
and indeed other patients.

COMMENTS

Background

Oropharyngeal dysphagia (OPD) may result in inadequate food intake, which
can result in malnutrition, dehydration, and decreased quality of life. In addition,
aspiration pneumonia is a common and potentially serious complication. The in-
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cidence of OPD increases with age, and is particularly common in patients with
neurologic disorders, including cerebral palsy. The current gold standard for di-
agnosing OPD is video fluoroscopic study of swallowing (VFSS); however, has
several limitations including exposure to radiation, high cost, and the need for
specialized equipment and trained personnel. Thus, the availability of a simple,
fast, and low cost means of diagnosing OPD would be of significant benefit.

Research frontiers

Surface electromyography (SEMG) has been used to assess the involvement
of individual muscles in swallowing. As OPD is relatively common in patients
with cerebral palsy, the applicability of SEMG for diagnosing OPD in this patient
population warrants investigation.

Innovations and breakthroughs

This study is the first to compare SEMG parameters obtained using a 2-chan-
nel surface electromyograph during swallowing between patients with cerebral
palsy and OPD and healthy control individuals. The authors found that there
were marked between group differences for all SEMG parameters at the 3 mL
swallowing volume and the maximum swallowing volume. Specifically, all SEMG
parameters were significantly higher in the OPD group compared with the con-
trol group. Further analyses indicated that SEMG parameters at the 3 mL swal-
lowing volume, in particular infrahyoid muscle group maximum amplitude, were
the best predictors of OPD.

Applications

Although these results indicate that the diagnostic performance of SEMG is
not good enough to replace the VFSS, sEMG can be considered as an initial
screening tool due to its non-invasive nature and low cost. As the first clinical
study to apply SEMG for detecting OPD in cerebral palsy, the authors believe
the results demonstrate the feasibility of using SEMG as a screening method
and can be a reference for further investigation of the method in patients with
cerebral palsy.

Terminology

OPD is defined as difficulty in the oral and/or pharyngeal phases of swallow-
ing, which includes tolerance of secretions/saliva control and food/liquid, is a
relatively common clinical condition that can have serious consequences. For
a VFSS, the patient swallows hard and/or soft foods and liquids that are mixed
with barium. Fluoroscopy of the swallowing function is performed. SEMG uses
electrode placed on the skin to detect the electrical potential generated by
muscle cells when these cells are electrically or neurologically activated.

Peer review

In this paper the authors evaluate SEMG as a new helpful tool for the screening
and early diagnosis of dysphagia in patients with cerebral palsy: the conclusion
of the authors is that SEMG may be useful in the diagnosis of OPD. Evaluation
of OPD due to brainstem stroke by SEMG was already reported, but this paper
is the first to assess SEMG as a screening tool in cerebral palsy. The paper is
well presented and written in a well English.
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The stress response theory is a relatively new concept enhancer of activated B cells; Stress
about the cause of idiopathic sudden sensorineural
hearing loss (ISHL). A number of possible etiologies Core tip: The present review focuses on the following
have been proposed in the literature, as discussed in  four points. First, it summarizes etiologies proposed
this paper, but each proposed etiology has been both in the last decade to confirm what we know about the
supported and refuted in the literature. However, the  cause of idiopathic sudden sensorineural hearing loss
stress response theory can integrate hypotheses that (ISHL). Second, it reviews how systemic stressors af-
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to a constellation of physical and psychological stimuli  the characteristics of the lateral wall that show unique
including systemic viral and bacterial illness, systemic responses to systemic stressors. Finally, it reviews a
inflammatory disorders, and physical, mental or meta- relatively new concept about the cause of ISHL, the
bolic stress. Numerous studies have demonstrated ad- stress response theory, which integrates our knowledge

verse effects of systemic stress on health. Stress causes of the cause of ISHL.
changes in the immune system and cytokine network
through activation of the hypothalamus-pituitary-adre-
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INTRODUCTION

Idiopathic sudden sensorineural hearing loss ISHL) is a
moderately common otologic disorder characterized by
new onset of unilateral reversible or irreversible sensoti-
neural hearing loss, which generally develops over min-
utes or several hours. However, the etiology remains un-
known. During the past decade, a number of papers on
proposed etiologies have been published, including those
on vascular disturbance, viral infection, and immune-
mediated mechanisms. Table 1 summarizes papers about
the cause of ISHL published during this decade! ™.
Papers for and against vascular etiologies with analysis
of genetic polymorphism are increasing. Yet, there is no
conclusive evidence, and many different treatments exist
for ISHL"™. In fact, Nosrati-Zarenoe ¢f al” reported no
significant difference in outcomes between treated and
non-treated patients (300 patients in total).

To develop and apply the best treatment for ISHL, we
must reveal the pathophysiology. Most papers focus on
one cause of the disease, and each proposed etiology has
papers that support and refute it, as shown in Table 1. On
the other hand, the stress response theory can integrate
the various hypotheses proposed up to this point, and can
explain the clinical characteristics of ISHL. Originally, the
theory was advocated by Merchant ez a and Adams'™,
They proposed that ISHL might be a result of pathologic
activation of nuclear factor k-light-chain-enhancer of
activated B cells (NF-kB) in the cochlear lateral wall. NF-
kB is activated by various stressors, acting as a “stress
sensor”. It plays a pivotal role in regulating expression of
genes associated with immune system and inflammatory
responses. For example, interleukin (IL)-6, tumor necro-
sis factor-a. (ITNF-qay), inducible nitric oxide (iINOS), and
intercellular adhesion molecule 1 ICAM-1) are NF-xB
responsive genesm. The authors demonstrated that NF-
kB was activated in the unilateral cochlear lateral wall by
the systemic stressor, ze., intraperitoneal bacterial endo-
toxin lipopolysaccharide (LPS) injection, but not by the
local stressor, ze., intratympanic LPS injection (Figure 1A
and D). Then, they speculated that ISHL would be the
result of pathologic NF-kB activation responding to the
systemic stressof.

In the present review, we describe the association
of stress and the onset of ISHL, extending the original
concept of the stress response theory. To begin, we will
quickly review the influence of the chronic psychosocial
and physiological stressors on the human body.

OVERVIEW OF CHRONIC STRESS
EFFECTS ON HUMAN BODY

Selye e al™™ defined stress response as the body’s non-
specific response when a human being is subjected to
stressors, including psychosocial, physical, and biologi-
cal stimuli. More than half a century ago, Selye ez al™
showed that stress caused damage to organs like the heart
and the kidney. In recent years, there is accumulating
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evidence that chronic stress tesults in many diseases in-
cluding dermatitis, depression, cardiovascular disease, os-
teopenia/osteoporosis, immune suppression, and insulin
resistance through the activation of the hypothalamus-
pituitary-adrenal (HPA) axis and the sympathetic nervous
system (SNS)*"*7,

Briefly, stressors induce release of corticotropin-releasing
hormone (CRH) from the hypothalamus, CRH induces
adrenocorticotropic hormone (ACTH) release from the
anterior pituitary, ACTH induces glucocorticoid (GC)
secretion from the adrenal cortex, and GC induces not-
epinephrine (NEP) and epinephrine (EP) release from
the adrenal medulla. Stressors and CRH also activate
the locus coeruleus of the brainstem, eliciting an SNS
response and resulting in NEP and EP release. Further-
more, chronic psychological stress results in a decrease in
the sensitivity of immune cells to GC that normally ter-
minates the inflammatory response, which then increases
a variety of disease risks™.

Possible direct effects of the autonomic nervous system
on the cochlea

It is well known that the cardiovascular system is directly
regulated by the NEP and EP from the SNS, and ace-
tylcholine from the parasympathetic nervous system. In
addition, converging evidence from animal and human
studies indicates that there is an association between stress
and cardiovascular disease”™. However, the effect of these
systemic stress-induced catecholamines on the cochlea
remains unknown.

Several types of adrenergic and muscarinic acetyl-
choline receptors are located in the cochlea and in the
endolymphatic sac, as well as in blood vessels like the
spiral modiolar artery (Table 2™ Their exact functions
and synapse formation with autonomic nerve fibers are
not clear. However, the stress-induced circulating EP and
NEDP increase will relay the SNS activity to the inner ear.
Parasympathetic nervous system activity will also affect
the inner ear, because the activity can be relayed to the
whole body by the circulating acetylcholine-synthesizing
T cells”™, even if the parasympathetic nerve and the co-
chlea cells do not have synaptic formation.

Considering that these receptors are on the vessels of
the cochlea, the lateral wall, and the endolymphatic sac,
they probably contribute to the following functions: (1)
regulation of the blood flow; (2) maintenance of the in-
ner ear lymphatic ion homeostasis; and (3) enhancement
of the stress response in the lateral wall. We will describe
these again later in this review.

Stress-induced dysfunction of inmune system through

the decrease of natural killer cell activity

Chronic stress disrupts immune system homeostasis and
induces susceptibility to infectious and autoimmune dis-
eases”™”’. Furthermore, there are frequent associations
between infectious diseases and autoimmune diseases’”
The natural killer (NK) cell has critical roles in resistance

99,100

against both viral and bacterial infections | and in
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Table 1 Proposed causes of idiopathic sudden sensorineural hearing loss during this decade

Main category Subcategory Significantly associated factors NOT significantly associated factor Ref.
Vascular MTHER poly., homocysteine FV poly., PT poly., AT, LAC, protein S, protein C [1,2]
impairment Medical history MTHER poly., FV Leiden poly., folate, cardioV [3]
risk factors
Medical history Platelet Glyla poly. Platelet Glyllla poly., Framingham cardioV risk [4,5]
factors, FV Leiden poly., PT poly., history of
cardioV events, brain stroke, antiphospholipid
syndrome
PAI-1 poly. [6]
Medical history CFH poly. with DM HT, lipid [7]
Medical history Low FMD of the brachial artery Low C-IMTI, LDL, cardioV risk factors [8]
Vertebrobasilar junction angulation [9]
High global oxidative stress index [10]
FV Leiden poly., PT poly. [11]
Medical history SBP, personal/family history cardioV events FV poly., PT poly., HT, DM, lipid, smoking, [12]
personal/family history or in the presence of
thrombotic factors
PKCH poly., MTHER poly. [13,14]
Cho, LDL [15]
Cho, LDL, unsaturated fatty acid, coenzyme Q10, ~ MTHER poly., FV poly., PT poly., antithrombin II, [16-18]
folate, homocysteine protein C and S, D-dimer, FG, activated protein C
resistance
MTHER poly., FV Leiden poly., PT poly., platelet [19,20]
GlylllaA1/ A2 poly., homocysteine, Cho, FG, folate
MTHER poly. FV, PT, EPCR, PAI-1 [21]
Medical history ICAM-1, VCAM-1 Cho, triglyceride, FG, ESR, smoking, DM [22]
MTHER poly. with MTR poly., MTR poly. MTHER poly. alone [23]
FV Leiden poly. PT poly. [24]
Auto-immunity Cho, homocysteine, PAI-1, anticardiolipin FV Leiden poly., FII poly., antithrombin, protein [25]
antibodies C and S, lupus anticoagulant, lipoprotein(a)
eNOS poly. [26]
EMD [27]
Whole blood viscosity, erythrocyte deformability ~ Plasma viscosity, FG [28]
index, activated clotting time, clot rate, PAI-1
antigen, factor VI:C
Auto-immunity Antiendothelial cell antibody [29,30]
Cytokine IL-1B poly., TNE-B poly. [31,32]
TNF-a IL-10, IL-12 [33]
IL-6 poly. TL-4R poly., TL-10 poly., TNF-a poly.,, TNFRSFIB  [34]
poly., VEGF poly.
IL-1A poly. IL-1B poly. [35]
Vascular impairment 1L-6, IL-8, ICAM-1, VCAM-1, E-selectin, MCP-1, [36]
lipid, FG
TNF-0, sCD40, sCD40L, T lymphocyte, CD40, Monocyte, macrophage [37]
cyclooxygenase 2, CD38 positive T or B lymphocyte
Cellular stress HSP70 poly. [38]
GPX1 poli., PON1 poli., PON2 poli., SOD2 poli. [39]
GST poly., CYP poly. [40]
Auto-immunity Anti-HSP70 antibody, TNF-a, ESR, ANA, [41]
antiphospholipid antibody
Auto-immunity Anti-HSP70 antibody, anti-phospholipids antibody [42]
HSP70 [43]
GST poly. [44]
Infection IgA to HSV1 IgG and IgM to CMV, VZV, HSV1, and HSV2. IgA  [45]
to CMV, VZV, and HSV2
Borrelia [46]
Herpes zoster [47]
Recent subclinical viral infection (cytomegalovirus, [48]
herpes simplex, Epstein-Barr virus), toxoplasmosis
infections
Enterovirus, cytomegalovirus, Epstein-Barr virus [49]
Auto-immunity Anti-double stranded DNA, RF, antiphospholipid ~ [50]
IgG and M, antinuclear antibody, complements
C3 and C4
T cell responding to cochlin [51]
Stress response Neutrophil, NKCA, IL-6 TNF, hCRP [52]
theory Histological evidence of severe osmotic stress of [53]
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Medical history HIV [54]
Vascular impairment SLE [55]

Vascular impairment  AMI [56]

Migrane with HT [57]

Vascular impairment ED [58]

Vascular impairment DM [59]

Chronic kidney disease with and without DM [60]

Allergy [61]

Male with OSA Female with OSA [62]

Vascular impairment  CardioV risk factors, DM, Cho [63]

Family history of ISHL [64]

Vascular impairment  CerebroV stroke [65]

Other Aquaporin 4 and 5 poly., estrogen receptor o. poly.  [66]
aetiologies Round window membrane rupture [67]
Endolymphatic hydrops [68]

Eustachian tube dysfunction [69]

General anaesthesia [70]

Month, weather [71]

HLA-DQB1 and -DRB1 [72]

Season, weather [73]

Papers on human studies are categorized by the proposed etiologies. Papers that deduce possible etiologies from the effect of a treatment are excluded.
For example, Kang et al™ stated that the cause might be reactive oxygen metabolites produced by inner ear ischemia or inflammation, because high
dose vitamin C was effective. Such papers are excluded from this table in order to save space, although they are noteworthy. AMI: Acute myocardial
infarction; AT: Antithrombin; C-IMT: Carotid intima-media thickness; CardioV: Cardio vascular; CDL: CD ligand; CerebroV: Cerebrovascular; CFH:
Complement factor H; Cho: Cholesterol; CMV: Cytomegalovirus; CYP: Cytochrome P450; DM: Diabetes mellitus; E-selectin: Endothelial selectin; ED:
Erectile dysfunction; eNOS: Endothelial nitric oxide synthase; EPCR: Endothelial cell protein C receptor; ESR: Erythrocyte sedimentation rate; FG:
Fibrinogen; FMD: Flow-mediated dilatation; FII: Factor II; FV: Factor V; Gly: Glycoprotein; GPX: Glutathione peroxidase; GST: Glutathione S-transferases;
hCRP: High sensitivity C-reactive protein; HIV: Human immunodeficiency virus; HLA: Human leukocyte antigen; HSP: Heat shock protein; HSV: Herpes
simplex virus; HT: Hypertension; ICAM-1: Intercellular adhesion molecule 1; IL: Interleukin; ISHL: Idiopathic sudden sensorineural hearing loss; LAC:
Lupus anticoagulant; LDL: Low density lipoprotein; MCP-1: Monocyte chemoattractant protein 1, MTHFR: Methylene tetrahydrofolate reductase; MTR:
Methionine synthase; NKCA: Natural killer cell activity; OSA: Obstructive sleep apnea; PAI-1: Plasminogen activator inhibitor-1; PKCH: Protein kinase
C-Eta; poly.: Polymorphism; PON: Paraoxonase; PT: Prothrombin; RF: Rheumatoid factor; SBP: Systolic blood pressure; SLE: Systemic lupus erythematosus;
sCD: Soluble cluster of differentiation; SOD: Superoxide dismutase; TNF: Tumor necrosis factor; TNFRSF1B: Tumor necrosis factor receptor superfamily 1b;
VCAM-1: Vascular cell adhesion molecule 1; VEGF: Vascular endothelial growth factor; VZV: Varicella-zoster virus.

Table 2 Receptors of catecholamine in the cochlea

Location Adrenergic receptor Cholinergic receptor

at a2 B1 g2 ' M1 M2 M3 M5
IHC o o o o
OHC o o o
Deiters’ cells o o o o o
Hensen'’s cells o o
Outer sulcus o
Stria vascularis® o
Strial marginal cell o o
Capillaries in the stria vascularis
Spiral ligament” o o o o o o
Rissener’s membrane o
Spiral ganglion o o o o o o
Nerve fibers approaching HCs o o o
Efferent fibers of the intraganglionic spiral bundle o o
Spiral modiolar artery o o
Endolymphatic sac o

'The specific receptor subtype, B1 or 2, was not determined; *Note that the receptors were detected in tissues apart from blood vessels. IHC: Inner hair cell;
OHC: Outer hair cell.

regulating autoimmunity"". However, NK cell activity ~ Association of stress and cytokines
(INKCA) is reduced by chronic stress like fatigue, stressful IL-1, IL-6, and TNF atre well known pro-inflaimmatory

life events, inability to cope with stress, and shortness of cytokines. They are pleiotropic and work as both effec-
sleep" "™, Therefore, such chronic stress has the poten- tors and regulators of stress response composed of the
tial to put the host in danger of infectious and autoim- HPA axis and the SNS""". Nitric oxide (NO) is also
mune disease. involved in the HPA axix response'''".
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'f/l"l"l?

)R

Systemic LPS administration

Noise exposure

D

Local LPS administration

E F

Mild energy failure

Severe energy failure

Figure 1 Characteristics of the lateral wall stress response. A-D: The lateral wall is composed of the stria vascularis (SV) and the spiral ligament, in which there
are four types of fibrocytes ( I -IV). Intraperitoneal lipopolysaccharide (LPS) injection mainly activates nuclear factor x-light-chain-enhancer of activated B cells (NF-
«B) (red dots) in the type II fibrocytes asymmetrically between the two ears. However, local LPS injection (i.e., intratympanic injection) does not induce the activation.
Noise exposure activates NF-«B in type 1 fibrocytes symmetrically at first. Systemic cisplatin injection activates NF-«B in the whole lateral wall, outer hair cells (HCs),
and the spiral limbus, and causes HC loss; E: Mild energy failure of the lateral wall causes transient threshold shift (TTS); F: However, severe energy failure causes
permanent threshold shift (PTS) with degeneration of cochlear lateral wall, and mild degeneration of the organ of Corti. HL: Hearing loss.

IL-1 is a potent pro-inflammatory cytokine'", and is
produced centrally and periphery following exposure to
immunological and psychological stressors' . It directly
activates the HPA axis and central nervous system, and
can even cause depressive symptoms. 1L-1 is also known
to induce I1.-6 strongly""".
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IL-6 is induced by stress as well as by IL-1. Stress-
induced increases in IL-6 are a robust finding, and increases
are typically higher in adverse psychological conditions""".
Work stress is associated with an enhancement of IL-6 pro-
duction by leukocytes before and after infectious stressor and
with a lower capacity of GC to suppress I1.-6 production'?
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Local and circulating I1.-6 can influence the whole
body #ia classical- and trans-signaling, respectively. In clas-
sical signaling, I1.-6 works in cells that express the mem-
brane-bound IL-6 receptor, but only few cells express it,
so this signaling works locally. In trans-signaling, a com-
plex of circulating 11.-6 bound to the 11.-6 receptor, which
occurs naturally or by cleavage from apoptotic neutrophil,
can control inflammatory response through binding with
glycoprotein (gp130), displayed by all cells"",

The underlying mechanism of I1.-6 increase under
stress is associated with activation of NF-xB!""*'"". Cor-
tisol and catecholamines in the HPA axis and the SNS
induce and enhance NF-xB activation under psychosocial
stress' "' Then, NF-kB induces 1L-6 expression. 1L-6
is not only a transcriptional target of NF-kB, but also an
activator of NF-xB!"""" Therefore, a positive feedback
loop can be made between the two.

Chronic stress also disturbs the circadian rhythm of
serum IL-6 levels. Although serum levels of IL-6 reflect
circadian cycle, 11.-6 decreases less during the night in
individuals experiencing negative mood or fatigue than
those experiencing uplift events", Conversely, IL-6 el-
evation per se generates fatigue, fever, and sleep-related
symptoms such as daytime somnolence!”.

Additionally, TNF-q also increases under chronic psy-
chosocial stress"*'*""*", There is in fact a personality type
associated with high TNF-q, distressed personality“M. It
may be a possible reason why final health status is differ-
ent among individuals under the same stress.

NO is generally identified as a molecule involved in
neurotransmission, neuromodulation, controlling arterial
diameter, and protecting blood vessels from deleterious
consequences of platelet aggregation and activation of
inflammatory responsesms’m]. It is also involved in the
LPS-induced HPA axis response under basal conditions
and during its adaptation to chronic social stress cir-
cumstances' ", Excess NO induced by increased iNOS
expression leads to the formation of a powerful oxidant,
peroxynitrite. It results in cell death by many mechanisms,
including lipid peroxidation, protein nitration, DNA
damage, or the irreversible inhibition of respiration[127].

The description above concerns the stress response
of the whole body. Next, we will review the chatactetis-
tics of the lateral wall that play a leading role in the stress
response theory.

CHARACTERISTICS OF THE COCHLEAR
LATERAL WALL

An essential role for cochlear homeostasis

The lateral wall consists of the stria vascularis and the
spiral ligament, in which there are four types of fibro-
cytes (Figure 1). The fibrocytes are classified based on
general location, and localization of sodium-potassium-
adenosine- triphosphatase (Na /K -ATPase) and the gap
junction protein connexin 26" They have a critical
role in the potassium ion recycling mechanism'*, and
could also be implicated in the mechanisms of glucose
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transport in the cochlea™”. Type II fibrocytes have even
contractility and regulate tension of the basilar mem-
brane, thereby determining auditory sensitivity!™".

In the stria vascularis, there are three types of cells that
express multiple ion-transport apparatusesms]. Therefore,
the lateral wall is essential for maintaining cochlear ho-
meostasis, and thus for normal hearing“ZS’BS]. Degenera-
tion of the lateral wall may be implicated in the survival

of sensory cells"™,

Association between the extent of lateral wall
dysfunction and the degree of hearing loss

Hoya ez al™", Mizutati ez al™ and Okamoto ef a/"™ dem-
onstrated that different degrees of acute energy failure
in the cochlear lateral wall cause different degrees of
degeneration of the lateral wall fibrocytes, resulting in
different degrees of hearing loss (Figure 1E and F). They
administered the mitochondrial toxin 3-nitropropionic
acid (3-NP) in the rat cochlea through the round window.
Five hundred mmol/L 3-NP caused a permanent thresh-
old shift of more than 80 dB at 8-20 kHz 3 h after 3-NP
administration”, Marked degeneration of type II fibro-
cytes, type IV fibrocytes, and cells in the stria vascularis
were detected at the same time. Lateral wall degeneration
was progressive for at least 14 d. In the organ of Corti,
mitochondrial translocation in outer hair cells and mild
degeneration of Deiters cells were observed 7 and 14 d
after the administration, respectively.

On the other hand, 300 mmol/L 3-NP caused a com-
pletely reversible threshold shift at 8 kHz and degenera-
tion of the lateral wall was not observed 3 wk after the
300 mmol/L 3-NP administration™, These suggest that
mild energy failure of the lateral wall causes temporal and
mild disturbance of cochlear homeostasis and temporal
hearing loss without loss of inner ear cells. However,
severe energy failure causes loss of the lateral wall cells,
and then induces structural changes in the organ of Corti
resulting in permanent hearing loss.

Wang ez al"™" demonstrated that different intensities
of an octave band noise (8-16 kHz) resulted in degenera-
tion of different kinds of fibrocytes in the lateral wall and
different degrees of hearing loss. In the lateral wall, 94 dB
SPL noise caused loss of type IV fibrocytes alone, and re-
sulted in only about 10 dB threshold shift at most. How-
ever, more than 112 dB SPL noise caused loss of type I,
I, and IV fibrocytes, and resulted in more than 60 dB
threshold shift.

These findings suggest that degree of the energy fail-
ure and the extent of the dysfunctional region in the lat-
eral wall are the critical indicators of the degree of acute
hearing loss.

Change of a region where NF-«B is activated in the
lateral wall

NF-kB is activated in the lateral wall 24 h or earlier after
loading stressors (Table ) Interestingly, the region
where NF-xB is activated changes in the lateral wall de-
pending on the kind of stressor, the degree of the stress

August 28,2013 | Volume 3 | Issue 3 |



Masuda M et a/. Stress response theory

Table 3 Nuclear factor «-light-chain-enhancer of activated B cells activation and associated cytokine expression in the lateral wall

Animal Stressor Time point NF-<B Other factors Ref.
Response Location Factor Response Location
CBA/Ca] mice LPS, ip 24 h Activation Unilateral, [141]
I >>1,Lim.
LPS, ip + No activation
dexamethasone, ip
Anti-CD3, ip Activation I
Taxol, ip Activation I
100 dB SPL Activation Bilateral, 1 >> I,
Lim.
CBA mice 117 dB SPL 4h Transcription Lw [142]
2-12h' (4 h) iNOS Transcription LW
0-12h (6 h) ICAM-1 Transcription LW
2-12h (6 h) VCAM-1 Transcription LW
14h ICAM-1 Expression )%
14h VCAM-1 Expression )%
Swiss-Webster Ag 7d Leukocytes  Expression’ sL’ [143]
mice 90 or 100 dB SPL 7d No expression
90 or 100 dB SPL + Ag 7d No expression
118 dB SPL 4h Activation 1,0,V
7d No activation Leukocytes Expression” Lw
ICAM-1 Expression I
118 dBSPL + Ag 4h Activation 1,1, V,HC,SC
7d Activation HC, sC Leukocytes Expression Lw
Activation ICAM-1 Expression o,m>>1*
C57/Bl6] mice 124 dB SPL 2h Activation 1,0, 1,SV iNOS Most of NF-kB [144]
activated cells
72h Activation I, 1,1, V,SV° iNOS Most of NF-xB
activated cells’®
Sprague- Cisplatin, ip 24h Activation I, 1,1, 1v,SV, 1IL-1B Expression o,V>>1,1I,SMV [145]
Dawley rats OHC, Lim.
1L-6 Expression SMV
TNF-a Expression [,0,MmWm,sy,
Lim., SMV, HC
Cisplatin + TNF-a No activation IL-1B No expression,
inhibitor no transcription
1L-6 No expression,
no transcription
TNF-a No expression,
no transcription
Sprague- 124 dB SPL 3h IL-6 Expression m, v [146]
Dawley rats 6h Expression I,I,Im, NV
12h Expression 1,0,Mm,1v,SV,SG
24 h Expression 1, 1,1, V,SG°

'The time in the parentheses is the time of the maximum up-regulation of a factor; *The paper did not show whether it was significant or not in only the
lateral wall, although it was significant in the total number of leukocytes in the modiolus, spiral limbus (Lim.), spiral ligament (SL), stria vascularis (SV),
and the scala tympani. However, the number in the lateral wall showed a clear tendency of increase compared with controls; *There were a small number of
leukocytes in the spiral ligament; ‘The leukocyte number and the intercellular adhesion molecule 1 (ICAM-1) expression intensity were significantly more
than those of Ag alone and 118 dB noise alone in the total of modiolus, Lim., SL, SV, and the scala tympani; *The intensity at 72 h was weaker than at 2 h;
“The intensity at 24 h was much weaker than at 12 h in the lateral wall. Some papers demonstrated nuclear factor k-light-chain-enhancer of activated B cells
(NF-«kB) activation in the lateral wall and cytokine expression. The systemic stressors that induce stress response of the lateral wall are shown in the column
“Stressor”. Each paper used different methods and time points to observe the response. For example, the activation of NF-kB (Activation) (i.e., translocation
of NF-«xB from the cytoplasm into the nucleus), its transcriptional up-regulation (Transcription), and the protein expression (Expression) were analyzed.
Some papers demonstrated which types of cells responded to stressors in the lateral wall, but some did not. Noise was band noise for 2 h in all experiments,
and the intensities are shown in the table. 1-IV, type I -IV fibrocytes in the lateral wall; I >> I, The NF-xB activation was much stronger in type II
fibrocytes than type I fibrocytes; Ag, An adaptive inner ear immune response was created by sensitizing mice to the keyhole limpet hemocyanin. Then,
the mice were sensitized systemically to the antigen in experimental conditions shown as Ag or + Ag in the table. iNOS: Inducible nitric oxide synthase; ip:
Intraperitoneal injection; LPS: Lipopolysaccharide; LW: The transcriptional up-regulation or the protein expression was observed in the lateral wall: but the
specific cell type was not determined; SC: Supporting cell; SMV: Spiral modiolar vein; VCAM-1: Vascular cell adhesion molecule 1; IL: Interleukin; TNF-o:
Tumor necrosis factor a; HC: Hair cell; OHC: Outer hair cell.

intensity, and/or the genetic background of animal. Masuda ¢ al™ applied noise more than two orders of

Adams e7 /""" demonstrated that NF-xB of type 1 magnitude greater (124 dB SPL), and demonstrated that
fibrocytes was mainly activated by an octave-band noise NF-kB of the whole lateral wall was activated using C57/
(90-112 dB SPL) exposure using CBA/J (Figure 1B).  BIGJ mice. Miyao ez a/'™ demonstrated that NF-kB of
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type 1, I, and IV fibrocytes was activated by octave-band
noise (118 dB SPL) exposure using Swiss-Webster mice.
These results suggest that the same kind of stressor at
different intensities or with different genetic backgrounds
activates NF-kB of different regions in the lateral wall.

Different kinds of stressors also cause the different
regional activation of NF-kB. As mentioned above, noise
first induces NF-xB activation of type I fibrocytes in the
CBA/BI6] mice. Howevet, systemic inflammatory stress by
peritoneal injection of LPS, a Gram-negative bacterial com-
ponent, induces the activation in type I fibrocytes with
little activation in type I fibrocytes in mice of the same
genetic background (Figure 1A)"*"*!). Systemic TNF secre-
tion by intraperitoneal anti-CD3 or taxol injection induces
the same NF-xB activation as that by LPS". In another
report, intraperitoneal administration of cisplatin induces
NF-kB activation in the whole lateral wall (Figure 1C),
and this activation was inhibited by TNF-¢ inhibitor"*",
These suggest that LPS and cisplatin induces NF-kB acti-
vation through TNF and/or other factors that remain to
be determined.

Prompt and more intense NF-«B activation in the lateral
wall responding to multiple stressors than a single
stressor

NF-kB activation in the lateral wall is quick after loading a
stressor. For example, activation was confirmed 2 h after
noise exposure in the whole lateral wall of C57/BI6]
mice, and less but still significant activation was observed
after 72 h (Table 3)!"*Y. Using Swiss-Webster mice, the
activation was observed 4 h after noise exposure but not
7 d after™. With intraperitoneal LPS, taxol, ot anti-CD3
injection, it was observed in the type I fibrocytes of
CBA/Ca] mice after 24 h'"*!,

The promptly activated NF-xB regulates expression
of several inflammatory factors like IL-1f, IL-6, TNF-q,
iNOS, ICAM-1, and vascular cell adhesion molecule 1
(VCAM-1). IL-1B, IL-6, and TNF-q are pro-inflammato-
ry cytokines and they are effectors and regulators of the
HPA axis and the SNS, and excess NO induced by iNOS
increase results in cell death, as discussed previously.
ICAM-1 and VCAM-1 ate critical in mediating adhesion
of leukocytes to vascular endothelial cells and transendo-
thelial migration in a variety of acute and chronic inflam-
matory diseases' """, They also play an essential role in
regulating microvascular permeability™*”.

It is noteworthy that multiple stressors enhance and
prolong the NF-kB activation and the target gene expres-
sion, as compared with a single stressor. Miyao e7 al™
demonstrated that noise-exposure plus intrathecal an-
tigen injection induced longer NF-kB activation, much
more intense and wider regional ICAM-1 expression, and
more leukocytes induction in the lateral wall than noise-
exposure alone or antigen injection alone. The NF-kB
activation was observed 4 h after but not 7 d after noise-
exposure alone. On the other hand, with noise-exposure
plus antigen challenge, the activation was observed even
7 d after.
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STRESS RESPONSE THEORY

The original stress response theory of ISHL

There is an anecdotal hypothesis about the onset of
ISHL, in which so-called “stress” (i.e., psychological and
physical stressors) may be associated with the onset of
ISHL. It is reported that fatigue, stressful life events, in-
ability to cope with stress, and shortness of sleep are
involved in the onset of ISHL"™" ", However, this hy-
pothesis has a contradictory survey, as the other hypoth-
eses do (Table 1 and see Merchant ez a/'™). According
to a survey by Japanese Ministry of Health, Labor and
Welfare in 1975, rates of ISHL patients complaining of
psychological and physical stress were unexpectedly low,
13.7% and 22.5%, respectively. This may suggest that a
subjective scale of stress is different among individuals
and it is difficult to analyze individual stress just by ques-
tionnaires.

Concerning the viral hypothesis, many reports could
not show histopathological and biomolecular evidences
of viral invasion or infection of the inner ear. With re-
spect to the vascular hypothesis, it alone is not enough to
explain the clinical characteristics of ISHL. For example,
ISHL is not necessarily more prevalent in the elderly,
does not accompany other vascular disease, and does not
generally recur, making it very different from the cerebral
ischemia. Furthermore, only two of 29 ears with ISHL
examined showed histopathological evidence of vascular
insult to the cochlea, consisting of deposition of connec-
tive tissue and new bone within the cochlea.

Finally, Merchant ez /™ and Adams e# al™*'*" proposed
that the stress response of the lateral wall to systemic stress
is the cause of ISHL. They observed the inner ear of a pa-
tient who died 9 d after the onset of ISHL. In the affected
cochlea, the organ of Corti showed marked swelling with
edema, vacuole formation within the cytoplasm, and blur-
ring of cell boundaries. They interpreted this as evidence
that the cells in the organ of Corti were under severe
osmotic stress, which must have resulted from lymphatic
homeostasis disruption in the cochlea. In their paper pub-
lished in 2005, they speculated that osmotic stress-induced
NF-kB activation within the supporting cells may be an
important mechanism causing ISHL in addition to the
activation in the lateral wall””. However, using a sophisti-
cated animal model in 2009, they demonstrated that cells
of the organ of Corti and spiral ganglion were remarkable
for the lack of NF-kB activation by systemic inflamma-
tory stress' "'l On the other hand, type II fibrocytes in
the lateral wall predominantly showed the activation. The
lateral wall plays an essential role in maintaining the co-
chlear homeostasis. In addition, NF-kB is a well-known
transcription factor that directly leads to inflammatory
cytokine production, and it was observed in animal and
human lateral walls, but not in the organ of Corti. Con-
clusively, the original hypothesis by Adams ez a/'*! is that
ISHL is the result of the stress response of the cochlear
lateral wall through NF-kB activation responding to the
systemic stress and dysfunction of the lateral wall, and
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l

‘ Increase of neutrophils ‘

T l

‘ Increase of cytokines }«4{ Increase of norepinephrine
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Disruption of cochlear homeostasis
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Figure 2 The stress response theory. Synchronism of different types of stressors activate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) of
the cochlear lateral wall and cause idiopathic sudden sensorineural hearing loss (ISHL). The causative factors should occur in order to make an effective positive feed-
back loop for breaking open the abnormal NF-«B activation in the lateral wall. Stressful life-events decrease natural killer cell activity (NKCA), stimulate the hypothalam-
ic-pituitary-adrenal (HPA) axis and the sympathetic nervous system (SNS), and increase cytokines. The decrease of NKCA induces subclinical infection and/or immune
system dysregulation, and then neutrophils and cytokines increase acutely, making the positive feedback loop. The acute increase of neutrophils and a cytokine like tu-
mor necrosis factor alpha impede blood flow, resulting in acute energy failure of the lateral wall. Systemic stressors also induce and enhance norepinephrine-dependent
NF-xB activation and cytokine production through the HPA axis and the SNS. They trigger the lateral wall NF-kB activation. Anatomical asymmetry, pre-existing cochlear
injury, and innate factors should be involved in the flow considering the clinical characteristics of ISHL. These factors potentially explain why ISHL usually affects the ear

unilaterally, why prevalence is much lower in childhood than in adulthood, and why ISHL does not affect all persons under stress. Modified from™.

the changes of the organ of Corti cells are the secondary Next, we will discuss and review how a variety of
phenomenon to the lateral wall dysfunction. stressors including psychological and physical stressors
They demonstrated that intraperitoneal LPS injection, converge in lateral wall NF-kB activation and cause ISHL.

Z.e., systemic stress, consistently resulted in NF-kB activa-
tion in the lateral wall unilaterally but not bilaterally, and The integrative stress response theory of ISHL

the intratympanic LPS injection, Ze., local stress, did not We have reviewed how psychosocial and physical stress
induce the lateral wall NF-xB activation of the mouse co- affect the HPA axis, the SNS, the immune system, inflam-
chlea (Figure 1A and D). This seems to reflect the clinical matory factors, and a cytokine network. These systemic
characteristics of the onset of ISHL: acute onset is consis- stress responses can synergistically induce and enhance
tent with the prompt activation profile of NF-xB, most of lateral wall NF-kB activation (Figure 2). Although it is
cases with ISHL are unilateral, and it is not accompanied still impossible to demonstrate the live NF-kB activation
with the middle ear inflammation. They speculated that in the human cochlea, Masuda ¢ a/™ recently found evi-
systemic cytokines like TNF-q induced by intraperitoneal dence for the stress response theory using ISHL patients’
LPS injection activate the lateral wall NF-kB. blood sample analysis.

However, intraperitoneal LPS injection alone activates So-called “stress,” as in chronic psychosocial and
NF-kB in the type II fibrocytes alone and did not cause physical stress, results in EP and NEP increases through
hearing loss in mice!*'. Additionally, intraperitoneal the HPA axis and SNS activation, and the cochlear lateral
injection of anti-CD3 and taxol, which are known to in-  wall expresses these receptors (Table 2). Therefore, the
duce TNF secretion, activate NF-xB in the type I cells stress-induced catecholamines can induce and enhance
alone. These observations shed light on the two points: NEP-dependent NF-kB activation. Therefore, the stress-
(1) a wider range of NF-xB activation in the lateral wall induced catecholamines can induce and enhance NEP-
is needed to cause hearing loss; and (2) systemic stress dependent NF-xB activation"™*"*", and induce the target
by infection followed by cytokine increase alone is not gene expression including pro-inflammatory cytokine,
enough to induce such a wide range of NF-kB activation. adhesion molecules, and iNOS (Table 3).

Therefore, the synergistic effect of multiple stressors Stress decreases NKCA, resulting in dysregulation of
must be necessary to induce the wide range of lateral wall the immune system and subclinical infections. This im-
NF-kB activation resulting in hearing loss. mune system disturbance is involved in the stress response

K
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theory. In fact, some authors have suggested that sub-
clinical infection is associated with onset in some ISHL
patients after detecting the elevated erythrocyte sedimen-
tation rate or specific antibodies against viruses"**'*",

Infection also enhances immune system dysregulation,
cytokine production, and psychological stress' . Note
that bacteria and virus do not attack the inner ear directly
in the “infection” we describe here, but they change the
whole immune system and have influence on the inner ear
homeostasis afterward. These will lead to an increase of
circulating neutrophil and cytokines like IL-6; there is a
positive feedback loop between neutrophil and TL-6"""".
Stress also results in an abnormal immune state. Further-
more, the neutrophil increase induces cochlear energy
shortage by impeding the blood flow, because neutrophils
have a thrombogenic profile and are known to have asso-
ciation with the risk and prognosis of myocardial infarc-
tion and stroke! ™', Such an energy shortage induces
stress response of the cochlear lateral wall.

Increase of circulating cytokines can also activate lateral
wall NF-kB. IL-6 is a target and a regulator of NF-kB,
and can have an impact on the NF-kB activation through
classic and trans-signaling because the 1L-6 receptor and
¢p130 are expressed in the lateral wall"*, Circulating
TNF-q, activates NF-kB of the lateral wall. It also en-
hances microvascular tone and reduces blood flow in the
cochlea'™¥, resulting in the lateral wall energy shortage.

The whole systemic stressors mentioned above con-
verge synergistically to the NF-kB activation in the lateral
wall. The NF-kB activation initiates inflammatory re-
sponses in the lateral wall locally. The NF-kB-induced in-
flammatory cytokines will affect the lateral wall cell func-
tion that maintains cochlear homeostasis. The cytokines
will also exacerbate inflammatory responses of the lateral
wall through enhancing vascular permeability and recruit-
ment of leukocytes' ™', because the blood supply to the
lateral wall is abundant. In rabbits, for example, the lateral
wall contains more than 80% of total cochlear blood""".
The disruption of cochlear homeostasis ultimately causes
ISHL. In fact, an ISHIL-affected ear has high concentra-
tion of proteins in the inner ear fluid space using fluid-
attenuated inversion recovery MRI[168'17U], suggesting the
disruption of cochlear homeostasis.

To explain clinical characteristics of ISHL, the inte-
grative stress response theory should be integrated with
other possible factors. At first, ISHL usually affects the
unilateral ear, and the prevalence is much lower in child-
hood than in adulthood. Minor pre-existing subclini-
cal damage in the inner ear or asymmetry of terminal
vascular structure (for example, stenotic or not stenotic,
straight or torturous) could be a potential explanation for
the clinical characteristics of ISHL.

All persons under stress do not suffer from ISHL.
Therefore, there must be innate factors for ISHL onset,
probably including polymorphisms of genes encoding
coagulation factors, vascular tone, and cytokines, among
others (Table 1). Even individual personality is likely be

involved in differential stress response.
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Summary of the stress response theory

A quest for a single definitive cause of ISHL does not
seem to be reasonable after reviewing the literature. The
basic and critical concept of the stress response theory is
that ISHL. must not result from a specific single and local
cause in the inner ear. Moreover, ISHL should encompass
several causes contributing to different degrees of severity
and prognosis. Synchronism of different types of fac-
tors and different degrees of contribution of each factor
could result in the individual ISHL case. Some of these
factors must occur rarely, and each factor must occur in a
temporally appropriate order to trigger pathological NIF-
KB activation in the cochlear lateral wall. Therefore, ISHL
does not recur frequently, even in the same individual.

Future studies about ISHL in terms of the stress
response theory
We have described the possibility that psychosocial and
physical stress increase the likelihood of distuption of co-
chlear homeostasis. Long-term stress should be detected
objectively, as in HbAlc for analyzing blood sugar level
over periods of 1 or 2 mo in diabetic patients. Monocyte
chemotactic protein-1, epidermal growth factor, and vas-
cular endothelial growth factor have been expected to be
prolonged psychosocial stress markers'" but the validity
is still controversial'”?. There are controversies about the
association of pro-inflaimmatory cytokines and ISHL as
well® %% (Table 1). Tt may not be enough to measure
and analyze the value of each biomarker separately. A new
method that analyzes a complicated network consisting of
multiple factors will be needed. Broderick ez al'™ focused
on the network of cytokines in which cytokine-cytokine
associations are demonstrated topologically, and they
demonstrated that the network of subjects with chronic
fatigue syndrome deferred in topology significantly com-
pared with healthy subjects.

Therefore, it is vital to integrate of our knowledge
and comprehensive analysis of possible etiologies to re-

veal the pathophysiology of ISHL.
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Abstract

Millions of people worldwide are exposed to harmful lev-
els of noise daily in their work and leisure environment.
This makes noise-induced hearing loss (NIHL) a major
occupational health risk globally. NIHL is the second
most common form of acquired hearing loss after age-
related hearing loss and is itself a major contributing
factor to presbycusis. Temporary threshold shifts, once
thought to be relatively harmless and recoverable, are
now known to cause permanent cochlear injury lead-
ing to permanent loss of hearing sensitivity. This article
reviews the current understanding of the cellular and
molecular pathophysiology of NIHL with latest findings
from animal models. Therapeutic approaches to protect
against or to mitigate NIHL are discussed based on their
proposed action against these known mechanisms of
cochlear injury. Successes in identifying genes that pre-
dispose individuals to NIHL by candidate gene associa-
tion studies are discussed with matched gene knockout
animal models. This links to exciting developments in
experimental gene therapy to replace and regenerate
lost hair cells and post-noise otoprotective therapies
currently being investigated in clinical trials. The aim is
to provide new insights into current and projected fu-
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ture strategies to manage NIHL; bench to bedside treat-
ment is foreseeable in the next 5 to 10 years.

© 2013 Baishideng. All rights reserved.
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Core tip: Noise-induced hearing loss (NIHL) affects mil-
lions of people worldwide irrespective of age, sex, and
race. Hearing aids and cochlear implants are currently
the only available interventions. This review article
summarizes the cellular and molecular mechanisms of
NIHL to-date. Significant milestones in uncovering ge-
netic predisposition to NIHL in humans, experimental
gene therapies and post-noise otoprotective strategies
to reduce the impact of NIHL are reviewed.

Wong ACY, Froud KE, Hsieh YSY. Noise-induced hearing loss
in the 21* century: A research and translational update. World
J Otorhinolaryngol 2013; 3(3): 58-70 Available from: URL:
http://www.wjgnet.com/2218-6247/full/v3/i3/58.htm DOI: http://
dx.doi.org/10.5319/wjo.v3.i3.58

INTRODUCTION

Noise-induced hearing loss (NIHL) is a major health
problem indiscriminately affecting people of all ages, sex,
or race worldwide. A single traumatic exposure to loud
sound, such as gun-shot or fireworks, or prolonged or
repeated exposure to excessive sound over the accept-
able daily exposure (85 dBA for 8 h, a guideline set by the
National Institute for Occupational Safety and Health),
cause sensorineural damage to the cochlea. This damage
leads to either immediate hearing loss (impulse noise) or
chronic progressive NIHL. Besides traditional hazardous
exposure to occupational noise in industrial (construction,
mining, forestry, aircraft, agricultural) and military set-
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tings, recreational exposure is equally accountable, since
many leisure activity venues (clubs, discos, gyms, sport
arenas) exceed recommended sound levels. Further, the
Action on Hearing Loss (United Kingdom) has issued
a serious warning that approximately two-thirds of 18-
to 30-year olds are exposed to dangerously high-intensity
sounds (> 85 dB) which can cause hearing damage,
through personal listening devices™. NIHL causes social
isolation, impaired communication with family and co-
workers, lost productivity, decreased self-esteem, depres-
sion and cognitive decline. With an aging population and
the global expectation to delay retirement age, the com-
pounding socioeconomic impact of NIHL and age-relat-
ed hearing loss (ARHL) is set to become even more sig-
nificant. Despite this, hearing aids and cochlear implants
are the only currently available management strategies for
NIHL. It is therefore crucial to develop pharmacological
and molecular therapies for NIHL that can ameliorate
or repair injury to the cochlea and reduce the impact of
hearing loss. This paper reviews the current knowledge
of the cellular and molecular mechanisms of NIHL as
well as genetic predisposition to NIHL in humans and
matched animal models. Significant research milestones
and treatment avenues including gene therapies and post-
noise otoprotective strategies achieved in recent years are
discussed.

Mechanisms of noise induced cochlear injury

Sound detection by the cochlea is made possible by its
sensorineural cellular elements, namely sensory hair cells
and supporting cells. Outer hair cells (OHC) are elec-
tromotile and contract upon depolarization (reverse-
transduction). These cells mechanically enhance the
vibration of a narrow region of the basilar membrane to
improve detection sensitivity (approximately 40-60 dB)"
and frequency selectivity of the organ of Corti through
cochlear amplification. The mechanical vibration is then
transduced by inner hair cells IHC), the classical sensory
receptor cells, into auditory neurotransmission. This trans-
duction is achieved through electrochemical coupling to
its postsynaptic auditory afferent neurons, the spiral gan-
glion neurons (SGN). The structural organization of the
cochlea is maintained by supporting cells lining the sen-
sory epithelium and lateral wall tissues, the stria vascularis
and spiral ligament. The supporting cells are also critical
in maintaining endolymph ion homeostasis and cochlea
blood supply.

The classical features of NIHL at the cellular level
include damaged hair cell stereocilia, hair cell loss, swell-
ing of afferent dendrites and SGN in Rosenthal’s canal.
The organ of Corti is compressed as result of damages
to the supporting pillar cells, strial shrinkage, and loss of
fibrocytes in the spiral limbus and spiral ligament. The
cellular architecture of the high-frequency encoding basal
region of the organ of Corti is more vulnerable to noise
injury compared to the low-frequency apical region. This
is consistent with the “half-octave shift” phenomenon™”
whereby the largest noise-induced threshold shifts are
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observed at the frequency approximately one-half oc-
tave above the stimulus frequency. This is especially true
with pure tone and higher-level noise exposure, since the
OHC are more prone to noise induced damage affect-
ing their cochlear amplifier function. This sensorineural
tissue damage is irreversible in the mammalian cochlea
since the hair cells, which provide trophic support to the
SGN, cannot regenerate. Figure 1 shows the cochlear cell
types affected in NIHL.

Research using animal models of NIHL suggests two
routes of cochlear damage following noise exposure.
The first is that intense noise causes direct mechanical
disruption of the hair cell stereocilia and direct damage
to supporting and sensory cells leading to hair cell loss®".
The other route is metabolic damage through various bio-
chemical pathways that converge and cumulatively trigger
hair cell death through either apoptosis or necrosis™.

Current theories of metabolic damage focus on oxida-
tive stress, which includes excessive generation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
in the cochlea triggered by exposure to loud sound, fol-
lowed by caspase-mediated cell death by apoptosis™""?.
ROS have been detected in cochlear tissue immediately
after noise exposurem] and seen to persist for 7-10 d after,
spreading from the basal end of the organ of Corti to
the apical turn; the RNS product peroxynitrite (ONOO)),
generated by the combination of nitric oxide (NO) and
superoxide has also been found"". This prolonged oxida-
tive stress is proposed to induce the delayed and contin-
ued cochlear injury. This time might, therefore, provide
a “window of opportunity” for post-noise otoprotective
interventions to ameliorate or repair injury to the co-
chlea and reduce the impact of hearing loss. Apoptosis-
inducing factor and EndoG are also released by mito-
chondria into the cytosol of cochlear cells following noise
exposure . Translocation of these pro-apoptotic factors
into the nucleus triggers apoptosis. Activation of the
c-Jun N-terminal kinase/mitogen-activated protein kinase
(NK/MAPK) signaling pathway is also implicated in
OHC apoptosis in response to oxidative stress' .,

Free radicals (ROS and RNS) can cause damage by
reacting with DNA, proteins, cytosolic molecules, cell sur-
face receptors, and breaking down membrane lipids. ROS
produced by the mitochondria induce lipid peroxidation
in the cochlea through the formation of malondialdehyde
and 4-hydroxynonenal byproducts' . This overloads the
cochlear antioxidant enzyme system, including superoxide
dismutase, catalase (CAT), glutathione peroxidase and
glutathione reductase, and depletes glutathione, the en-
dogenous antioxidant. Figure 2 provides an overview of
oxidative stress pathways and the production of free radi-
cals. In addition to apoptosis, ROS generation also leads
to inflammation, and production of the pro-inflammatory
cytokines interleukin-6 (IL-6)""" and tumor necrosis fac-
tor a"®. The presence of vasoactive lipid peroxidation
products such as isoprostanes potentially also lead to the
reduced cochlear blood flow associated with excessive
noise” !, Noise-induced ischemia and subsequent re-per-
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fusion further potentiate the generation of ROS. A recent
study has implicated the NO synthase/cGMP-dependent
protein kinase (Prkg-1) signaling pathway, normally in-
volved in vasodilation, in NIHL". Treatment with the
phosphodiesterase type 5 inhibitor vardenafil (Levitra)
almost completely prevented NIHL in the rat model.

Excessive noise also leads to an increase in free Ca™*
in cochlear hair cells immediately post—noisemj. This in-
crease can be caused by Ca™ entry through ion channels,
such as L-type Ca’" channels and P2X> ATP receptor
subunit, and lead to further release of Ca”" from intracel-
lular stores”". Elevated Ca”" levels in the cochlea may
link to ROS production as well as triggering apoptotic
and necrotic cell death pathways independent of ROS
formation™. In knock-out mice lacking expression of
the canonical transient receptor potential channel subtype
3 (TRPC3 channel), a non-selective cation-permeable
receptor expressed in sensorineural cochlear tissue”*,
cochlear hair cells displayed approximately 40% reduc-
tion in Ca”™* re-entry following intracellular calcium
depletion. The TRPC knockout mice have hyperacusis
at frequencies tonotopically encoded by mid-apical basi-
lar membrane, a region highly reliant on OHC cochlear
ampliﬁcation[27]. The consequence of disrupted calcium
homeostasis on noise susceptibility is also demonstrated
in plasma membrane Ca*"-ATPase isoform 2 (Pmea2 or
Atp2b2) mutant mice. The C-terminally truncated PM-
CAZ2a is the only isoform detected in the stereocilia of
hair cells™. Pmea2 null mice are deaf while their hetero-
zygous littermates have significant hearing loss®”. People
carrying a homozygous mutation in cadherin 23 (CDHZ23)
and a heterozygous, hypofunctional variant in PMCA2
have exaggerated hearing loss compared to those having
CDHZ23 mutation alone™.

An established mechanism of NIHL damage is the
excess release of the excitatory neurotransmitter gluta-
mate at the IHC afferent synapse. Glutamate excitotoxic-
ity resulting from excessive glutamate release following
noise overstimulation leads to an influx of cations such
as Ca”" across the post-synaptic membrane. The osmotic
imbalance results in swelling of the postsynaptic affer-
ent dendrites. Secondary to this cellular degeneration is
calcium-dependent caspase-mediated apoptosis by intrin-
sic (mitochondria-mediated) pathwaymm]. This may lead
to degeneration of type 1 SGN weeks and months after a
noise exposure[34]. The inhibitory neurotransmitter y-amino
butyric acid (GABA) is also associated with the regula-
tion of auditory function””. Mice lacking the GABAs:
receptor subunit have elevated hearing thresholds but in-
creased resistance to permanent acoustic injury".

A theory much revisited recently is the role of intrin-
sic feedback pathways providing endogenous cochlear
tissue protection against noise damage. Purinergic signal-
ing through ATP activation of the ATP-gated ion chan-
nel P2X> receptor subunit within the cochlea is known
to modulate cochlear function through regulating ion
homeostasis™* . In a recent study, Housley ¢ a/”” have
shown that ATP is released into the cochlear partition
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upon sound exposure, activating P2X> receptors, which
reduce the sensitivity of the hair cells through K shunt-
ing. This purinergic regulation of hearing sensitivity was
revealed by the absence of noise-induced temporary
threshold shift (TTS) in P2X> receptor knockout mice.
P2Xo receptor knockout mice also showed higher thresh-
old shifts in response to moderate noise exposure and
more substantial permanent loss of hearing sensitivity
compared to their wild-type littermates, supporting the
protective role of P2Xz receptor signaling pathway in
NIHL".

Noise causes psychological stress. The hypothalamic-
pituitary-adrenal (HPA) axis can be activated by noise
stress and directly modulate the sensitivity of the audi-
tory system'" . Glucocorticoid receptors are expressed
in human and rodent cochlea™*. Systemic glucocorti-
coids or steroid hormones are widely used to treat sud-
den hearing loss with variable success'. For example,
dexamethasone decrease the auditory thresholds in mice
subjected to a moderate acoustic trauma, while the pre-
treatment with glucocorticoid receptor antagonists ex-
acerbates threshold shifts””. The corticotropin-releasing
factor (CRF) involved in the activation of the HPA axis
also modulates hearing sensitivity. CRF receptor-1 knock-
out mice showed elevated auditory thresholds, while CRF
receptor-2 knockout mice exhibits lower auditory thresh-
olds than wild type mice, but increased susceptibility to
acoustic trauma 7, Figure 3 summarizes the mecha-
nisms of NIHL discussed.

Genetic predisposition to NIHL

NIHL is a complex condition caused by the interaction
of genetic and environmental factors. Therefore, individ-
ual vulnerability to NIHL is highly variable. Understand-
ing the genetic makeup of people susceptible to NIHL
will assist in early interventions and may lead to personal-
ized therapies. Knockout mouse studies have implicated
deficits in genes involved in antioxidative pathways or
the structure of the cochlea to increase susceptibility to
acoustic overstimulation. These include genes encoding
proteins of the hair cell (Cd/aZﬁm, PmmZ[Zg]), oxidative
stress (Sod1™"; Gpx1™™), stress-activated heat shock fac-
tor (HJﬂ[SG‘ﬂ) and potassium recycling[ss’sg]. In contrast,
until recently little was known about the genetic factors
that influence NIHL in humans. The advance in high-
throughput DNA sequencing technologies, or next-gen-
eration sequencing (reviewed in Metzker™) has greatly
accelerated understanding of human NIHL genetic pre-
disposition. Genes shown to be associated with oxidative
stress and cochlear function in mice are obvious candi-
date genes for human studies.

Some original linkage studies on oxidative stress genes
apparently showed a link between NIHL and mutations
in these genes. Glutathione S-transferase Mu 1 and theta
1 (GSTMT1 and GSTTT) deletion polymorphisms were
found in 58 noise-exposed workers” and deletion poly-
morphisms of antioxidant genes paraoxonase 1, paraox-
onase 2 and superoxide dismutase 2 (§ODZ2) were seen in
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94 noise-exposed male workers'™. However, these studies
need to be interpreted with caution due to sample size
and conflicting results from repeated studies with larger
populations[“‘ (Swedish workers, 103 susceptible to noise
and 114 resistant to noise). Association with the CAT
gene was revisited by Konings ez Y in two large inde-
pendent populations (Swedish and Polish). In their study,
additional single nucleotide polymorphisms (SNPs) were
investigated to cover most of the common genetic vari-
ants. Interactions between noise exposure and genotypes
and their effect on NIHL were also analyzed. Konings’
study confirmed that two SNPs in CAT have associations
with NIHL susceptibility, but only when noise exposure
levels are taken into account. Konings ez al® extended
their study in the two populations and analyzed 644 SNPs
in 53 candidate genes. Positive associations were shown
for protocadherin 15 (PCDHT5) and myosin 14 (MYH14).
These are of great importance to hearing function since
cadherins 23 and PCDH15 form hair cell tip links to
convey force to mechanotransduction (MET) channels in
sensory hair cells*” and patients with MYH14 mutations
are affected by autosomal dominant hearing impairment
(DFNA4)7,

Hair cell stereocilia are bathed in endolymph with
high K" content, which provides the driving force for
mechanosensory transduction. K enters the hair cells
through MET channels, exits through basolateral K*
channels, and is recycled back to the endolymph through
the outer sulcus cells, Reissner’s membrane, spiral liga-
ment and spiral limbus'®. Mutations in genes involved
in K" recycling, including GJB2, G|B3, G]B6, KCNET,
KCNQT1, and KCNQ4 cause both syndromic and non-
syndromic hearing loss (detailed in the Hereditary Hear-
ing loss Homepage http://hereditaryhearingloss.org).
Indeed, three SNPs in KCINE7 have been shown to have
significant associations with NIHL"" and the D85N
polymorphism variant, when expressed in cell culture
model, showed faster channel opening and larger K
entry current. The same KCINE7 SNPs and one KCNQ4
SNP was confirmed to associate with NIHL in a later
study'™".

TTS

In their seminal papers, Kujawa ¢z @/ have demonstrated
that early-life exposure to noise exacerbates ARHL and
that SGN are initially unharmed but dramatically degener-
ate 2 years after exposure to noise levels that cause TTS™,
Their studies provided insight into the synergy between
NIHL and ARHL, and also reinforced the importance
of TTS in the development of progressive NIHL. A re-
cent study of a rare heterozygous allele, P2X2 ¢.178G>T
(p-V60L), presented in the DFNA41 type of progressive
sensorineural hearing loss, in two unrelated large Chi-
nese families has demonstrated neatly how environment
and genetic predisposition interplay leading to NIHL™,
DFNA41 family members heterozygous for the mutated
ATP-gated P2Xo receptor (P2X2) exhibited elevated
hearing thresholds in their 20 s. Mutation carriers with
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history of occupational noise exposure as young adults
have increased threshold shifts of 10-20 dB in the 2-
8 kHz range compared to carriers with no previous noise
exposure. On par with their human counterparts, p2rx2-
null mice showed aggravated high-frequency hearing loss
following continuous exposures to moderate noise from
birth (8-16 kHz at 75 dB SPL). Patch-clamping and the
use of fluorescent probes for membrane permeability
analysis of transfected cells expressing P2X2 p.V60L
showed abolished P2X: receptor ion channel activity, sug-
gesting impaired channel function in the mutant allele
carriers. P2X> receptors ate expressed in the sensory hair
cells and supporting cells of the organ of Corti and the
afferent SGNP*". Sustained noise exposure causes up-
regulation of the p2x2 transcripts and P2Xz protein™™,
Noise induced ATP release into the endolymphatic
compartment (the scala media) activates P2X2 receptors,
producing a cation shunt across the cochlear partition
that reduces the driving force for both inner and OHC-
mediated sound transduction™ """, The collective find-
ings suggest the cochlear P2Xz receptor/ATP-gated ion
channel signaling pathway confers protection from NIHL
and the absence or mutation of P2X> receptor increases
susceptibility to NIHL and presbyacusis.

THERAPEUTIC STRATEGIES

Gene therapy for NIHL

Given the vital need for therapeutic options for NIHL
and the known genetic influences on individual suscepti-
bility as discussed above, gene therapy is clearly an attrac-
tive prospect. The inner ear has an anatomical advantage
for gene therapy; its relative isolation in the temporal
bone encapsulated in the bony labyrinth minimizes un-
wanted effects of the introduced gene into other tissues.
Also, as a fluid-filled organ, transfection reagent can ac-
cess all functionally important cells. Several different gene
therapy approaches, including those focused on neuro-
trophic or antioxidant support and cellular regeneration,
have been explored.

Neurotrophic factors and their receptors have crucial
roles in the development and maintenance of SGN, and
so increasing their endogenous expression by gene therapy
has been widely explored to treat NIHL!", Experimental
viral vector delivery of neurotrophic genes to the cochlea
to induce endogenous expression of the gene product, in-
cluding the secretion of glial cell line-derived neurotrophic
factor, hepatocyte growth factor, and brain-derived neuro-
trophic factor BDNF)"™, has shown promise in preserving
SGN following ototoxic and noise-induced cochlear dam-
age (reviewed in Hildebrand ez al™). Alternative routes of
BDNF gene delivery include the use of cochlear implants
to deliver fibroblasts transduced with BDNF gene cassette
giving rise to BDNF secretion™. In addition, the grafting
of transfected BDNF-secreting NIH3T cells to the pos-
terior semicircular canals of the adult mouse inner ear has
been found to elevate BDNF production™”

Given the importance of antioxidant enzymes in
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Figure 1 Cochlear cell types susceptible to noise-induced hearing loss. Fluorescence micrographs of mouse cochlea tissues by confocal scanning microscopy.
Transverse cochlear section was immunolabelled to show spiral ganglion neurones and neuritis (with anti-neurofilament-F200 antibody, green), actin filament of the
sensory hair cell stereocilia (Phalloidin stain, orange), and cell nuclei (DAPI, blue). In cochlea exposed to noise stress, the integrity of inner and outer hair cell (IHC
and OHC) stereocilia is affected, loss of the hair cells and nerve fiber (NF), damage to supporting pillar cells (pc) and Deiters cells (dc), swelling of spiral ganglion
neuron (sgn) nerve fiber (intraganglionic spiral bundle, igsb) in the Rosenthal’s canal as well as loss of fibrocytes in lateral wall stria vascularis (sv) and spiral ligament

(sl) can be detected.
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Figure 2 Mechanism of oxidative cellular damage. Mechanism of oxidative
cellular damage. Reactive oxygen species (ROS, including superoxide anion,
02", and hydroxyl radical, ‘OH), reactive nitrogen species (RNS, nitrogen di-
oxide radical, NO2), and lipid peroxides are generated as result of oxidation of
oxygen (Oz) to superoxide anion by multiple cellular oxidases. Oxidases convert
oxygen to Oz", which is then dismutated to H202 by superoxide dismutase (SOD).
H202 can be converted to Hz0 by catalase or glutathione peroxidase (GSH-Px)
or to hydroxyl radical (-OH) after reaction with Fe**. In addition, Oz reacts rap-
idly with nitric oxide (NO) to generate peroxynitrite (OONO). This further leads
to production of NO2 and cellular damages through membrane lipid peroxida-
tion and oxidation of DNA and proteins.

curbing noise-induced free radical damage™, gene ther-
apy to ovet-express antioxidant enzymes in the cochlea
may provide improved efficacy over systemic antioxidant
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delivery. Antioxidant gene therapy has been tested in co-
chlear injury induced by ototoxic drugs. Kawamoto ez al®
have shown a protective effect of adenovirus-mediated
delivery of CAT and the SOD1 and SOD2 superoxide
dismutase genes against aminoglycoside-induced cochlear
injury in a guinea pig model.

Gene silencing through antisense oligonucleotides,
microRNA and siRNA has been explored for otopro-
tection against cisplatin-induced hearing loss. Round
window membrane delivery of siRNA against the tran-
sient receptor potential vanilloid 1 and transtympanic
injection of siRNA against the NADPH oxidase NOX3
have shown to offer protection against cisplatin ototoxic-
ity[84,85j.

A recent advance in gene therapy is to regenerate hair
cells in the adult organ of Corti. A potential strategy is
to stimulate supporting cells of the organ of Corti to
transdifferentiate into hair cells by the forced expression
of the transcription factor Atohl (also known as Math
1). Tzumikawa et a/*” showed that transfer of adenoviral
vectors expressing Atohl resulted in the formation of
“hair cell like” cells in the guinea pig organ of Corti 5
wk post-inoculation in ototoxic drug deafened cochleae.
However, there are caveats in the study such as the num-
ber of new hair cells was not clear and that these cells
could not be traced back to their precursors, making it
difficult to delineate from hair cells that had recovered
from the trauma. Further, although transdifferentiation
of supporting cells to hair cells is possible, such has only
been demonstrated in prenatal and neonatal prepara-
tions where both cell types are still developingmsoj. Other
studies have shown inhibition of Notch signaling to in-
crease hair cell differentiation from stem cells in the otic
placode. This mechanism is also dependent on Atohl
activation, since silencing the transcription factor in the
y-secretase inhibitor-treated stem cells prevented the in-
duction of hair cell fate™. A recent study has shown that
post-noise application of a potent y-secretase inhibitor

to inhibit Notch signaling upregulates Atohl, and leads
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Figure 3 Overview of the mechanisms of cochlear injury in noise-induced hearing loss and interventions. HPA: Hypothalamic-pituitary-adrenal; CRF: Cortico-
tropin-releasing factor; BDNF: Brain-derived neurotrophic factor; JNK: c-Jun N-terminal kinase; ADAC: Adenosine amine congener; ROS: Reactive oxygen species;

RNS: Reactive nitrogen species; NMDA: N-methyl-D-spartate.

to transdifferentiation of supporting cells into functional
hair cells and improved ABR thresholds"".

Perhaps even more innovative is the intensive research
into cell-based therapy through transplantation of cells
into the inner ear (reviewed by Hildebrand ¢z a/”" and Shi
et al’®). Efforts include the generation of neurons from
pluripotent embryonic stem cells and bone marrow-de-
rived stem cells to replace ot supplement auditory neurons
in afferent innervation compromised by NIHL. Targeted
delivery of the progenitor cells to the sensory epithelium
and long-term survival and differentiation of stem cells
into sensorineural cochlear tissue thus holds promise to
ameliorate NIHL.

Otoprotective agents for the prevention and mitigation
of NIHL

Several drugs and dietary supplements are currently in
preclinical development against NIHL. The chemical
structures of these otoprotective compounds are shown
in Figure 4. Drug interventions in clinical trials, as de-
picted in the clinical database http://www.clinicaltrials.
gov maintained by the National Library of Medicine at
the National Institutes of Health, ate included whete ap-
propriate.

Otoprotective agents against glutamate excitotoxicity,
apoptosis and intracellular calcium overload
Compounds that can prevent NIHL by inhibiting gluta-
mate excitotoxicity and apoptosis include glutamate recep-
tor (N-methyl-D-spartate) antagonists[%] and INK/MAPK
inhibitors!"*”!. The JNK group of cytoplasmic MAPKSs
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mediate oxidative stress-induced apoptosis and are activat-
ed by environmental stress, pro-inflammatory cytokines,
and excitotoxicity”. CEP-1347 (KT7515) is a mixed
lineage kinase (upstream regulators of MAPK kinases)
inhibitor, which shows promising protection from hair
cell death induced by neomycin and noise™. Studies using
a specific inhibitor of JNK, D-JNKI1-I peptide, have also
demonstrated protection against NIHL and aminoglyco-
side-induced hair cell loss when delivered directly into the
scala tympani or locally to the round window membrane
of the cochlea within 24 h of noise exposure' ™. Devel-
oped under the name of AM-111 (Xigen/Auris Medical),
a Phase 2b clinical trial has recently been completed (No-
vember, 2012) in three European countries and has shown
promise for the treatment of acute sensorineural hearing
loss (ClinicalTrials.gov Identifier: NCT00802425).

Direct manipulation of intracellular Ca”™" levels phar-
macologically is not practical, but an alternative route to
minimize calcium-mediated apoptosis by blocking down-
stream cell death pathways has been attempted. Calpain is
a family of calcium-dependent cysteine proteases ubiqui-
tously expressed in mammalian cells. Calpain immunola-
beling in the cochlea is upregulated upon noise exposure,
particularly in the synaptic region of the OHCs and the
nerve fibers projecting to the organ of Corti””. Cochlear
perfusion with leupeptin, a potent calpain inhibitor, prior
to noise exposure reduces noise-induced hair cell loss""™.
Another drug target is calcineurin, a serine-threonine
phosphatase activated by calcium-dependent calpain acti-
vation. Increased calcineurin immunoreactivity was found
at the cuticular plate of hair cells immediately after noise
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Figure 4 Chemical structures of otoprotective compounds in development or in clinical trials.

exposurem]. Local delivery of calcineurin inhibitors cy-
closporine A and FK506 to the cochlear perilymph using
an osmotic mini-pump prior to and after noise exposure
reduced noise-induced OHC death and hearing loss™””.

Otoprotective agents against noise-induced oxidative
and metabolic stress
Ameliorating oxidative stress and buffering mitochondrial
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overproduction of free radicals is becoming an attractive
avenue for the treatment of NIHL™", The potential for
these therapies is highlichted by mutant mouse models.
Mice with homozygous deletion of Cu/Zn superoxide
dismutase 1 (sod1 knockout)®™", the endogenous antioxi-
dant enzyme that catalyzes the conversion of superoxide
into oxygen and hydrogen peroxide, or homozygous de-
letion of glutathione peroxidase 1 (Gpx7 knockout; the
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enzyme reducing hydrogen peroxide to water) ® have in-
creased noise vulnerability and noise-induced hair cell loss.

All the agents aforementioned require intra-cochlear
or round window administration to be effective, and
most of them are used prophylactically. The sutgical ad-
ministration route is obviously less attractive compared
to oral intake against petiodic noise exposure. Therefore,
orally administered antioxidant supplements with low risk
of side effects constitute the majority of otoprotective
therapies in preclinical development[g’gz’lOZ’W]. N-acetyl-
cysteine (NAC), Ebselen, D-methionine, and ACE Mg
(AuraQuell, a combination of B-carotene, vitamins C and
E plus magnesium) are amongst the most studied dietary
antioxidant supplements approaching different phases
of clinical trials for noise injury protection. NAC is a
substrate for the antioxidant glutathione synthesis, acti-
vated upon de-acetylation to L-cysteine by the liver and
local tissues. It is Food and Drug Administration (FDA)-
approved for respiratory disease and for reversing acute
hepatoxicity following acetaminophen overdose. NAC
has previously been administered either intraperitoneally,
ot locally through the round window membrane to pre-
vent acute acoustic trauma’ ", A recent double-blind
study conducted on male employee of a steel manufac-
turing company has found oral NAC administration to be
prophylactic to TTS, particularly in subjects with suscep-
tibility to NIHL due to their deletion polymorphism for
glutathione S-transferases (GSTMT7 null, GSTTT null, and
GSTP1 Tle(105)/Tle(105))"",

D-methionine is currently funded by the United
States Department of Defense and approved by the
FDA for Phase 3 clinical trial for treatment of perma-
nent threshold shift (PTS) (Clinicaltrials.gov Identifier:
NCT01345474). The amino acid D-methionine can be
converted to cysteine through the intermediate homo-
cysteine. Racemic methionine (D- and L-isoforms) is
FDA-approved to acidify urine and is well tolerated when
administered at doses ranging from 500 to 1000 mg/d.
Like NAC, D-methionine can be administered orally, by
systemic injection, or by direct application to the round
window!”""?, Ebselen is a mimic of glutathione per-
oxidase and has strong activity against the peroxynitrite
anion (ONOO)". Ebselen was protective against PTS
and TTS when tested in guinea pigs and rats!"'%. Eb-
selen in oral capsule (200-600 mg) is also approaching
Phase 2 clinical trials for TTS (Clinicaltrials.gov Identifier:
NCT014448406; Sound Pharmaceuticals).

Creatine is another dietary supplement with potential
for noise-injury prevention. Catalyzed by the enzyme
creatine kinase, which is present in the mitochondria,
brain and muscle tissue in different isoforms, creatine
and phosphocteatine engage in phosphate buffering to
provide rapid regeneration of adenosine-5-triphosphate
(ATP) in tissue with high metabolic energy demand, in-
cluding cochlear hair cells and stria vascularis' """, The
creatine transporter controls cellular availability of cre-
atine and mutations in its gene, SL.C6.4S, lead to creatine
deficiency and X-linked syndromes showing mental re-
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tardation, developmental delay, epilepsy, speech and lan-
guage delay, and bilateral sensorineural hearing loss!" !,
Creatine kinase and the creatine transporter are both
expressed in the sensory hair cells, SGN, supporting cells
and in the lateral wall of the organ of Corti' "', A high
creatine diet has been found to reduce noise-induced
TTS and PTS and hair cell loss in guinea pigslmj. Clini-
cal trials of creatine as a single drug or adjuvant against
neurodegenerative diseases (Huntington’s, Parkinson’
s, Amyotrophic lateral sclerosis) and bipolar depression
have also been carried out. These trials are based on evi-
dence that creatine can be neuroprotective by relieving
oxidative stress, and that creatine can also inhibit apop-
totic neuronal death through its inhibitory action on the
mitochondrial transition pore'**"*,

Otoprotective agents against inflammation and reduced
blood flow

Mice exposed to noise and treated with the anti-IL-6 an-
tibody MR16-1 show improved ABR thresholds, reduced
SGN loss and a reduction in the number of activated co-
chlear macrophagesm. Combined treatment with the ste-
roid prednisolone and the nootropic drug piracetam may
rescue subjects from gun-shot noise damage[u()]. In spite
of the lack of a control group, results look promising. A
larger number of patients recovered when treatment was
given within the first hour after the acute trauma com-
pared to those receiving treatment 1-16 h after, and only
13% recovered when treatment was given after 24 h or
more.

AuraQuell, developed by OtoMedicine, is a combina-
tion of antioxidant vitamins (B-carotene, and vitamins
C and E) and the mineral magnesium. The magnesium
acts in part as a vasodilator and in part as an antioxi-
dant. AuraQuell is currently in Phase 2-3 clinical trial
for prevention of NIHL (ClinicalTrials.gov Identifier:
NCT00808470).

Compounds that provide hearing recovery after
exposure to traumatic noise

Adenosine amine congener (ADAC), a selective A1 ad-
enosine receptor agonist, has been shown to mitigate
noise-induced threshold shifts, reduce oxidative stress,
and facilitate hair cell survival when applied 24 h post-ex-
posure to noise-exposed rats (8-12 kHz band noise for 2
to 24 h at 110 dB SPL)"*. ADAC provides neuroprotec-
tion in experimental animal models of cetrebral ischemia
and Huntington’s disease! ", Adenosine receptors are
expressed in the cochlea in most cell types'"*. Prophy-
lactic administration of the broadly selective A1 adenosine
receptor agonist R-phenylisopropyladenosine through the
round window membrane can also reduce noise-induced
cochlear damage!™"*", and post-exposure administration
of the selective A1 adenosine receptor agonist CCPA pro-
vides partial recovery of hearing loss"””. Yet ADAC has
advantages over other adenosine A1 receptor agonists, as
it causes minimal peripheral side effects such as bradycar-
dia, hypotension and hypothermia, and it is able to cross
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the blood-brain-barrier when applied systemically" ",

Other agents that have been shown to attenuate NIHL
post exposure include D-methionine"”, ferulic acid"”,

L . 138
and a combination of salicylate and trolox!,

CONCLUSION

NIHL is a preventable condition. However, even tempo-

rary hearing loss can incur cochlear injury that eventuate
to permanent damage and hearing loss. Noise manage-
ment and hearing loss prevention remain the principal
strategies for reducing the burden of NIHL on the so-
ciety and individuals. On the bright side, signifiant mile-
stones have been reached in understanding the underly-
ing cellular and molecular mechanisms of NIHL. The
clucidation of oxidative stress as a major cause of NIHL
has opened up therapeutic avenues, which was previously
limited to electrical interventions of cochlear implants
and hearing aids. Orally administered otoprotective com-
pounds with antioxidant actions to protect against NIHL
and “hearing pill” for post-exposure rescue will likely be
available within the next decade. Advance in decoding
the genetic predisposition for NIHL will facilitate early
screening and will aid the development of personalized
NIHL prevention and treatment strategies. Synergisti-
cally, advances in gene and stem cell therapy in animal
models provide a promising path to remedy these genetic
defects, and to regenerate sensory cells in the inner ear
to restore hearing. These interventions would have been
unthinkable until recently and these novel developments
will likely change the face of NIHL research in the 21"
century and reduce the impact of this sensory disability

on global health.
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Abstract

Animal models of middle ear surgery help us to explore
disease processes and intervention outcomes in a man-
ner not possible in patients. This review begins with an
overview of animal models of middle ear surgery which
outlines the advantages and limitations of such models.
Procedures of interest include myringoplasty/tympano-
plasty, mastoidectomy, ossiculoplasty, stapedectomy,
and active middle ear implants. The most important is-
sue is how well the model reflects the human response
to surgery. Primates are most similar to humans with
respect to anatomy; however, such studies are un-
common now due to expense and ethical issues. Con-
versely, small animals are easily obtained and housed,
but experimental findings may not accurately represent
what happens in humans. We then present a system-
atic review of animal models of middle ear surgery.
Particular attention is paid to any distinctive anatomical
features of the middle ear, the method of accessing the
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middle ear and the chosen outcomes. These outcomes
are classified as either physiological in live animals,
(e.g., behavioural or electrophysiological responses), or
anatomical in cadaveric animals, (e.g., light or electron
microscopy). Evoked physiological measures are limited
by the disruption of the evoking air-conducted sound
across the manipulated middle ear. The eleven identi-
fied species suitable as animal models are mouse, rat,
gerbil, chinchilla, guinea pig, rabbit, cat, dog, sheep,
pig and primate. Advantages and disadvantages of
each species as a middle ear surgical model are out-
lined, and a suggested framework to aid in choosing a
particular model is presented.

© 2013 Baishideng. All rights reserved.

Key words: Otologic surgical procedures; Middle ear;
Animal models; Electrophysiology; Microscopy

Core tip: Animal models provide an invaluable insight
into physiological and anatomical responses to middle
ear surgical interventions. The choice of which animal
model to use depends on the question which needs
to be answered and on the available resources. Acute
terminal experiments permit greater access and expo-
sure of the middle ear structures, but the behavioural
and long-term outcomes are not available. Chronic
experiments conversely have more limited options for
exposure, but allow long-term observation of tissue
recovery and tolerance of the surgery. Both options are
considered in this review.

Bergin M, Vlajkovic S, Bird P, Thorne P. Systematic review of
animal models of middle ear surgery. World J Otorhinolaryngol
2013; 3(3): 71-88 Available from: URL: http://www.wjgnet.
com/2218-6247/full/v3/i3/71.htm DOI: http://dx.doi.org/10.5319/
wjo.v3.i3.71

REVIEW AIM

This review aims to assess the strengths and weaknesses

August 28,2013 | Volume 3 | Issue 3 |



Bergin M et a/. Animal models of middle ear surgery

of different animal models of middle ear surgery by not-
ing particular anatomical features; methods of surgical
access to the middle ear; middle ear surgical outcomes,
with particular attention to the hearing frequency spec-
trum; and advantages or disadvantages of each animal
model. Unless otherwise indicated, the hearing frequency
spectra are taken from work by Faym and Warfield”.

DEFINITION AND ANATOMY

Middle ear surgery is a broad term which encompasses

any manipulation of the structures of the middle ear
and adjoining air spaces. The human middle ear, or tym-
panum, is bounded laterally by the tympanic membrane
(TM); medially by the promontory of the cochlea; anteri-
otly by the Eustachian (auditory) tube; and posteriotly by
the aditus ad antrum and subsequent entry into the mas-
toid air cells. Superiorly is the tegmen, a bony roof on
the other side of which is the middle cranial fossa; and,
inferiorly is another plate of bone which separates the
middle ear from the jugular fossa. On the lateral aspect,
the tympanic cavity is only partly bordered by the TM
and so the cavity is partitioned into the mesotympanum,
which is directly medial to the TM; the hypotympanum
and the epitympanum (attic) which are below and above
the mesotympanum respectively.

The middle ear is an air-filled space with specialised
features to transmit acoustic energy from the terrestrial
air environment to the fluid filled space of the inner ear.
This is referred to as the middle ear transformer and in
mammals consists of the malleus, incus and stapes; a
chain of three articulating bones, which joins the TM to
the oval window of the cochlea'™. Several other structures
of note are also present and include muscles and nerves.
The tensor tympani muscle attaches to the TM, and the
stapedius muscle to the neck of the stapes. The facial
nerve coutses along the medial wall of the tympanic cav-
ity while the chorda tympani passes across the middle ear
between the malleus and incus.

Disease processes of the middle ear manifest with
symptoms of hearing impairment, otalgia (pain), otos-
rhoea (discharge), tinnitus, aural fullness, imbalance and
vertigo due to the proximity of the vestibular system in
the inner ear”. The aetiologies of these processes may be
infective, neoplastic, traumatic, congenital, degenerative,
metabolic or iatrogenic. The role of surgery in these pro-
cesses is primarily to provide a safe and dry ear, and sec-
ondarily to improve hearing”. Other indications include
access to other structures (inner ear, posterior or middle
cranial fossa) or tissue biopsy'”. In this regard the concept
of a safe ear is one in which any destructive tissue such
as tumout, cholesteatoma, or other nidus of infection has
been removed and the middle ear is sealed off from the
external environment.

Surgical access to the human middle ear is commonly
gained either directly down the ear canal with reflection
aside of the TM (transcanal), or by drilling away the mas-
toid air cells and entering from behind (posterior tympa-
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notomy or facial recess approach). Any operation upon
the tympanum is generally referred to as a tympanoplasty
and was classically categorised by Wullstein into Types I -
V, depending on how medial the reconstruction pro-
ceeded”. In tympanoplasty Type I the TM is patched,
whereas a Type V operation requires fenestration of
the inner ear due to an immobile stapes footplate. This
classification has now been largely abandoned in favour
of terms which describe the procedures performed in
any given operation. An ossiculoplasty is any procedure
which endeavouts to restore sound conduction from the
TM to the oval window either by direct opposition or
with coupling »iz a prosthesis or tissue. Special note is
made of the situation previously encountered in a Type
V tympanoplasty, where the stapes footplate is immobile.
Since John Shea’s popularising of oval window fenestra-
tion, this procedure is referred to as a stapedectomym.

WHY ANIMAL MODELS?

The primary goal of modelling middle ear surgery is to
improve outcomes in humans. The outcomes of interest
are improvement in hearing, resolution of disease and
safety of the procedure. As discussed later, there are sev-
eral limitations to hearing assessment in animal models,
but safety evaluation of an intervention is where models
offer much utility. Even before interventions are assessed,
animal models can aid in understanding disease aetiology
and natural historymls]. While there are many differences
between humans and other animals, it is possible to com-
pare specific disease states in animals with their human
counterparts through transgenic or knockout models or
gene expressionm'l(’]. Animal models also allow research-
ers to investigate the impact of concomitant diseases on
surgery outcomes' . With careful experimental design,
variable extremes not possible in humans can also be
studied"®"”. If the animal has a shorter life cycle than
humans, it is possible to see the effects of these diseases
or interventions from many individual animals over a
shorter and more practical timeframe.

Middle ear surgical animal models enable operators to
gain experience, confidence and competence with proce-
dures, thereby reducing complications from the learning
curve on human patients. In stapes surgery, live animal
models expose operators to complications found in hu-
man surgery. For example, a floating or depressed foot-
plate, incus dislocation, overhanging or dehiscent facial
nerve, excessive bleeding, or perilymph drainage with a
dry vestibule ate all possible ﬁndingsm. Animal research
explores the foundations of treatments, reinforces surgi-
cal techniques and brings advances to patient care",

Artificial temporal bones have been available since
19984 and provide an additional way for operators to
refine their skills without the need for human or other
temporal bones. These bones may be used where hu-
man temporal bones are unavailable™, and offer the
advantage over animal models in that they may be fash-
ioned with equivalent dimensions to human temporal
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bones. They may be constructed from synthetic resins™,
y 24} Y
olyurethane™ three dimensional printing with a cast
poly > p g

powder and bonding agentm]

6]

, or selective laser powder

sintering[2 . However, resin does not look or handle like

bone™ some processes leave construction materials in
the finished product[%], the detail from artificial bones is
less than bones from animals and may miss structures
such as the chorda tympani or round window"” or other
soft tissue structures such as skin and subcutaneous
tissues. Furthermore, artificial temporal bones do not
model complications such as bleeding, or leaking of ce-
rebrospinal fluid or perilymph which are possible in live
animal models.

INTERVENTIONS

The scope of this review specifically pertains to middle
ear surgical interventions. These include materials used
for tympanoplasty and their bio-tolerance in the middle
P71 as well as their impact on
hearing. Such experiments include different tympanoplas-
ty reconstruction techniques[zs’zm, middle ear packjng[amz],
support matetials” " B> and active middle
ear implantsm’m

. The impact of mastoid surgery has
been modelled with noise

30 vibration”™™, and ossicu-
lar contact!"” interventions. Examined variables include
drilling duration and speed, burr size and composition
(diamond or cutting). Stapedectomy is a very reproduc-
ible procedure in terms of pathology and outcomes;
however, there are several variables which have been ex-
amined in animal models” . These include the degree
and method of footplate removal™™* choice of prosthe-

sis and graft material®” ™, and effects of tensor tympani
[20]

ear mucosal environment

, tissue glues

tendon transection

Complications are also able to be closely evaluated in an
animal model. These include blood in the vestibule™ "
and induction and effect of infection”*””. Noise induced
injuries were not included in this review unless the noise
was specifically related to middle ear surgery, such as from
drilling or the blast wave and cavitation effects of the
erbium-doped yttrium aluminium garnet laser ™. Noise
injury is distinct from, but analogous with the acoustic
injury which comes from the impact of excessive surgical
forces applied to the middle ear and transmitted down the
ossicular chain to the cochlea™**™, Taser surgery avoids
acoustic injury by virtue of its no-touch method, but oth-
er laser complications may include perilymph temperature

. : [ 58,59,61,63,64,79,8
elevation or direct cochlear injury™” s,

OUTCOME MEASURES

The outcomes of interest in models of middle ear sur-
gery can be broadly classified as either physiological and
behavioural in live animals or anatomical in cadaveric
studies. The importance of these outcome measures
is to provide information on changes in middle or in-
ner ear function as a consequence of the manipulation
and which is relevant to human surgery. Measurements
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of changes in hearing as an outcome can be performed
with behavioural tests of auditory threshold or other
behavioural tests. Physiological methods, such as audi-
tory brainstem responses (ABR), electrocochleography
(ECochG) or otoacoustic emissions provide information
on sound transfer through the middle ear and inner ear
function, while more specific techniques, such as using la-
ser Doppler vibrometry (LDV) gives information on the
integrity of middle ear structures.

Behavioural measures of auditory threshold have an
advantage that they can be more directly applied to hu-
mans, but these tests are difficult to perform, costly and
require considerable specialised expertise in behavioural
animal testing. The advantage of physiological meth-
ods is that they do not require any training and can be
performed in anesthetised animals during or soon after
the middle ear manipulation. The physiological meth-
ods, apart from LDV are also ones that can be routinely
used in human ear function assessment. A limitation of
all techniques, however, is the ability to differentiate the
influence of the middle ear manipulation on middle ear
and inner ear function using air conducted (AC) sound.
When the middle ear is surgically manipulated, such as by
experimental stapedectomy or ossiculoplasty, sound con-
duction through the middle ear will potentially change.
When AC-evoked auditory thresholds are measured, the
magnitude of any post-intervention conductive hear-
ing loss (CHL) or threshold shift is confounded by a
potential surgically-induced sensorineural hearing loss
(SNHL). This inner ear trauma from middle ear surgery
is frequently cited as a cause of SNHL in humans®™ ™"
Studies which only assess AC-evoked thresholds and note
a hearing loss after the intervention are therefore not able
to differentiate whether this loss was due to a conductive,
sensorineural or mixed pathology[w. Some authors have
attempted to define a SNHL on AC by decreased wave-
form amplitude or latency[SS], while other authors have
tried galvanic stimulation of the cochlea to bypass the
middle ear™

The conventional method for direct stimulation of
the cochlea is with a bone-conducted (BC) stimulus
which bypasses the middle ear to give an indication of
cochlear function. Bone conduction thresholds are rou-
tinely measured in humans using calibrated bone vibra-
tors in audiometry, but as conventional BC transducer
performance significantly deteriorates at frequencies
greater than 5 kHz"" bone-conduction thresholds are
not routinely measured at higher audiometric frequen-
cies. Measuring physiological responses with BC stimuli
in smaller animals which have a higher hearing frequency
spectrum, is therefore impractical and studies with BC
stimuli are generally limited to the lower frequency spec-
trum". Unfortunately it is the high-frequency basal re-
gion of the cochlea which is most susceptible to trauma,
whether due to noise””, chemotherapy[%] or surgical
aetiologies[%]. Being unable to investigate this region
significantly limits the sensitivity of BC-evoked auditory
potentials to detect cochlear injury in small animals.
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Because of this difficulty in accurately assessing co-
chlear function in small animals undergoing middle ear
surgery, histopathological outcomes of cadaveric tissue
have been favoured. This may involve light microscopy
or transmission (TEM) or scanning electron microscopy
(SEM). These outcomes have the advantage of directly as-
sessing tissue injury, such as hair cell loss or saccule perfo-
ration, and also allow assessment of the middle ear at the
same time. Biocompatibility studies of exogenous material
rely on this outcome for signs of rejection, extrusion or
dissolution. The disadvantages of this approach are that
the animal must be euthanised to gain access to the tissue
and so many animals are needed for longitudinal studies
of the development and recovery of any injury.

Histology may not be a sensitive enough indicator of
structural or functional injury after middle ear surgery.
For example, Tkeda ez al® showed that cochlear histol-
ogy remained unchanged when vestibular perilymph was
removed during stapedectomy, even though the endo-
cochlear potential (EP) was substantially reduced, which
would have caused a significant loss of auditory threshold
as reduction in EP is strongly correlated to loss of audi-
tory sensitivity”™,

A more recent indicator of middle ear function is
LDV As with evoked auditory potentials, LDV has
the advantage of being performed on live animals, but it
is also able to use AC evoking sound to directly visualise
TM and ossicular displacements without having to rely
on the cochlea for the outcome measure™. While LDV
is not a direct measure of auditory function, acoustic cot-
relates of surgical interventions are possible[woj.

LIMITATIONS

The key limitation with any animal model is that it is the
extent of comparability to humans. Animal models only
approximate humans and have their inherent limitations.
Results of animal studies may not directly apply to hu-
mans due to anatomical, physiological or pathological dif-
ferences between speciesm’go’m”. This fallibility is inherent
with all basic scientific research!” but valuable informa-
tion is still obtained when animals are exposed to the same
conditions as human surgery. Tissue healing and repair of
the delicate inner ear can be studied in great detail®.
Sometimes the outcome differences between animal
and human studies may be explained by anatomical dif-
ferences in the middle ear, or the ossicular chain structure
and its transformer properties. For example, the lever
ratio of the malleus and incus in humans is significantly
smaller than in cats; a human stapes weighs more than
four times that of the cat; humans have a wider anterior
annular ligament »s posterior, whereas the cat’s is sym-

metrical; and, the rotational component of stapes motion
[

is more prominent in humans than cats 72109 Removing
an extensively diseased otosclerotic footplate in humans
is likely to be more traumatic than removing than the
mobile footplate in the catV. The anatomical differences

between the squirrel monkey and human mean the tym-
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panic cavity is much smaller in the monkey and therefore
more likely to develop adhesions due to the proximity of
structures' . Clinically, this means the results of experi-
mental surgery in a clean and dry monkey ear may not be
relevant in the human with active infection.

Occasionally, however, the differences between ani-
mals and humans are advantageous. Laser assisted middle
ear surgery offers excellent results in humans" """ but the
reported success of argon laser stapedotomy in patients
contradicts the poor results anticipated by animal experi-
mentation. This was thought to be due to differences in
footplate pigmentation or mineralisation, and vatiations
of vestibular anatomy. Bellucci ez al” found fibrosis in-
vading the inner ear occurs in cats in stapes surgery, and
later studies suggested it was due to invasion of the mid-
dle ear through the defect in the atticotomy. But Fee did
not note any significant cases in humans and concluded
this was not clinically important in human stapes sur-
gery“[m. Foreign body giant cells were seen within 3 wk on
aluminium oxide ossicular prostheses in a rabbit model,
but this was not a consistent finding in human studies" .
And the human TM can tolerate capped polyethylene
prosthesis when reinforced with vein much better than in
feline models”.

Difficulties also arise when attempting to compare
results from different animal models. Hydroxyapatite has
been used as a substrate for crafting ossicular reconstruc-
tion prostheses, however, early animal studies produced
conflicting accounts of biodegradation". Tt was recog-
nised that this divergence may be due to using different
animal species. Audiometric differences between species
have also been noted and are due to differences in con-
figuration of the pinna and external auditory canal (EAC),
the bulla size and the middle ear transformer ratio, and
potentially the cross sectional area of the helicotrema at
the cochlea apexlm]. Conflicting reports about the safety
of cyanoacrylate tissue glues in the middle ear were in part
due to different compounds being used, but even with a
single compound, butyl cyanoacrylate (Histoacryl), there
were different outcomes across six species used to test
this glue®.

Some species have particular anatomical features
which limit their usefulness as a middle ear surgical model.
The anatomy of smaller animals poses particular chal-
lenges, both in terms of access and tissue response to
intervention. For example, models of myringoplasty with
iatrogenic TM perforation are limited by the excellent
intrinsic reparative ability of the TM™™ The rat stape-
dial artery, a branch of the internal carotid artery, passes
across the stapedial footplate and limits access to the oval
BatA although it is possible to cauterise this vessel
and proceed[ml. Sheep have an adipose-filled and poorly
pneumatised mastoid cavity which restricts a postauricular
approach and cortical mastoidectomy™®'™. Similarly, the
mastoid in pigs is also poorly pneumatised and hidden
by the atlanto-occipital joint[ml. For clarity, postauricular
in relation to most animal models denotes a postauricu-
lar incision, soft tissue reflection, exposure and opening

window
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of the bulla. Non-human primates are the only animals
which have a similarly developed mastoid air cell system

20
and antrum to humans™’

, and postauricular may denote
cither the skin incision or the subsequent transmastoid
approach, or both. Non-human primates also have a
cartilaginous EAC which approximates the human one,
although the bony canal is too long and narrow in most
species for a transcanal approach to the middle ear™.
Other specific-species limitations are further identified
later in this review.

Another limitation of animal models of middle ear
surgery may come from researcher inexperience with
new species or techniques, which can lead to inadvertent
injury. This learning curve with new species or techniques
may reduce the number of research subjects. In a study
of nine baboon ears, Siedentop“m
the hotizontal semicircular canal in three ears, three ears
sustained bur injury to the facial nerve, and two cochleae
promontory were injured. Following a monkey death
from suppurative labyrinthitis and meningitis, Hohmann
et al”” advocated pilot studies for researchers to become
familiar with new middle ear surgical techniques. Krupala
et al”” and Antonelli ¢z al'™ both used three animals to re-
fine study procedures and achieve technical skill. In such
pilot studies it is possible to find safe operating param-
eters to guide further research. In examining the effect of
the CO: laser on the middle ear, Lyons ¢z 2/ found ani-
mals which received between 20 and 30 watt laser lesions
did not recover from anaesthesia. While pilot studies are
useful for reducing unintended injury, Rutledge ez a/* ac-
knowledged that while operative experience reduced seri-
ous complications, it does not completely eliminate them.

Experimental injury may cause unnecessary distress
when the animal wakes from anaesthesia and consid-
eration should be given to acute non-recovery experi-
ments!”. Operative facial nerve injury may cause facial
paralysis and have animals unable to maintain adequate
nutrition or eye care, and even cause death!""”. Some-
times, however, this injury is unavoidable such as in the
guinea pig where the facial nerve runs posteriorly over
the oval window niche and needs to be sacrificed to
widely expose this area™"™ or in rat where the stapedial
artery limits access to the oval windows". An insensate
guinea pig or rat auricle after a postauricular incision is
at risk of being bitten though social activity, so animals
may need to be kept separate for several days'™". Injury
to the vestibule may result in abnormal head tilt"™ or in
extreme cases poor oral intake and death. However, acute
experiments prohibit behavioural outcome assessment
and intervention outcome follow up over time.

accidentally opened

SEARCH

"The Medline, Cochrane and Embase databases were searched
for the terms model, middle ear and surgery. The search
was expanded by searching for the interventions of os-
sicular replacement, stapes surgery, myringoplasty, tym-
panoplasty, mastoidectomy and active middle ear implant.

K
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8250 articles were then limited to animal studies and the
English language. The resulting 278 titles and abstracts
were reviewed for inclusion. Studies of surgical anatomy
of the animal middle ear were included, but studies not
pertaining to surgical intervention of the middle ear
were excluded. These included interventions to induce a
medical model of disease, as it was only the treatment of
such diseases which were of interest. The full text of 121
articles was sought and the references of these checked
for further pertinent studies. A total of 176 articles were
subsequently included in this review.

MOUSE

Anatomical features

The mouse EAC is 6.25 millimetres (mm) long and has a
slight rostral curve as it approaches the TM. All rodents
lack mastoid air cells. The malleus and incus are firmly
joined by a synarthrosis. The ossicular system is of a mi-
crotype which has restricted mobility, o5 the freely mobile
synovial joints in humans"*'. The microtype system is

better for high-frequency hearing“zz].

Approach

Only one study was identified which used the mouse as a
model of middle ear surgery, and as there was only need
to access the TM to model the mitotic activity of TM
healing, the transcanal route was chosen"”.

Outcomes

The mouse hearing frequency spectrum is 1000-91000 Hz.
No mouse middle ear surgical models used heating as an
outcome. The only identified study used radio-identified
mitotic repair of TM"*,

Advantages

Mice are relatively cheap to acquire and house, so mouse
studies can have greater numbers of subjects. Fundamen-
tally, there are no important differences of the structure
of the TM between mice and humans, except the rela-
tively large size of the pars flaccida in mice!".

Disadvantages

The small size of the mouse middle ear makes access and
exposure challenging. Their short lifespan may compli-
cate longer term studies by presbycusis'

RAT

Anatomical features

The rat facial nerve exits the temporal bone motre supet-
ficially and anterorostrally than in humans. The ossicles
are thinner than human ones and are almost totally hid-
den in the epitympanic region'"”. The stapedial artery
runs between the stapes crura' .

Approach

The cervical approach to the ventrolateral wall of the
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tympanic bullae is the traditional method of accessing
the middle, and inner, ear in rodents””*'">'*, The post-
auricular approach is relatively straightforward, provides
good access and is less invasive than the ventral ap-
proach!™> 1 Similarly, the supra-auricular ap-
proach exposes the middle ear above the TM, leaving this
attached to the meatal skin. This approach gives full view
of the incus and its articulations and has the advantage
of not having to remove bone from the bulla or cavity
wall®”"*" The transcanal route is possible, but challenging

due to the dimensions of the EAC!"*.

Outcomes

The rat hearing frequency spectrum is 200-76000 Hz. This
was audiometrically assessed with air-conducted ABR
broadband clicks®™'*", Pathological examination included:
otomicroscopy; SEM and TEM; X-ray microanalysis and
bone fluorescence; haematoxylin and eosin (HE) staining,
autoradiography; and methyl green-pyronin staining which
clarifies the ribonucleic acid content and allows a better
differentiation between living and dead cellg®> ORI
Perilymph temperature elevation has also been used as an
outcome measure in laser studies'®”

Advantages

The rat middle ear ventilation and drainage system is
similar to humans due to the Eustachian tube, middle
ear and attic communication, so the rat middle ear might
have advantages over the chinchilla or guinea pig in tubal
occlusion research with associate middle ear infections,
as these infections occur naturally in the ratl 7O,
The rat middle ear structures are more similar to humans
than for guinea pigs, with the exception of the facial
nerve which is more superficial and anterorostral in rats.
The rat ossicles are clearly defined and can be removed
separately, as in humans"". Tt is easier to open the tym-
panic bulla in rats than guinea pigs due to weaker bulla
jointsl74J The Long Evans rat is not known to have hear-
ing deficits™. The Fat Sand rat is found in the deserts
of the Middle East and northern Africa and provides
easier access to middle and inner ear anatomy due to the
large bulla cavity, a thin otic capsule, and an inner ear that
cleatly projects into the middle ear cavity“%’mj.

Disadvantages

The rat stapedial artery runs through the stapes crura,
making stapes and oval window manipulations extraor-
dinarily difficult™ """, Exposing the oval window can
cause haemorrhage, cochlear injury and death!"”. Rat
ossicles are nearly a quarter the size of their human
counterparts and are nearly completely hidden within the
epitympanumlmj. Albuquerque ¢ a/" believed the rat is
harder than the guinea pig to handle as it is less docile and
also the tympanjc bulla was more fragile, making handling
more delicate”™, Transcanal or intact TM exposure of the
middle ear was impossible unless approached ventrally”.
Following induced middle ear infection, the bone was
stronger and so opening the tympanic bulla was more
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difficult which in turn facilitated damage to the cochlea,
vestibular system and ossicles. Wistar Albino rats have
hearing deficits™. Rat middle ear packing with Gelfoam
induces osteoneogenesis and connective tissue formation
with adhesions”™'*.

MONGOLIAN GERBIL

Anatomical features

The Mongolian gerbil’s enlarged bulla enhances low fre-
quency hearing sensitivity, which allows it to detect ap-
proaching predators faster' . The pars flaccida is circular
and relatively large, 10%- 20% TM surface, compared
with only 2%-3% in humans"*”. The anterior mallear
process extends from the anterior process of the malleus
to the temporal bone, and is not seen in humans'”". The
ossicular system is of micro type, whereby the handle of
the malleus is fused to the tympanic ringmﬂ.

Approach

Postauricular’™” routes have been used
for middle ear surgical models, but as these studies were
chronic experiments, no comment is able to be made
about the suitability of the ventral approach which is

commonly used in rodents.

33
and transcanal®™

Outcomes

The Mongolian Gerbil hearing frequency spectrum is 100-
60000 Hz, but there were no studies identified which
used hearing as an outcome. Pathological specimens were
examined under TEM, HE or polychrome staining and
examined under the light microscope with routine and

polarized hghtm 133,134]

Advantages

Similar to mice and rats, gerbils are small and easy to care
for. The comparatively large bulla assists in dissection
and exposure, in much the same way as in the Fat Sand
Rat. Gerbils are naturally relatively free of otitis media!*”.
Liening ef a/™ used the gerbil in their model because it
is the least phylogenetically advanced animal known to
form retraction pockets, and it does this quickly in re-
sponse to Eustachian tube cautery.

Disadvantages

The researchers in these studies did not identify any spe-
cific weaknesses to using gerbils as a middle ear surgical
model, however, there were few reports and the general
concerns with small animal external validity apply.

CHINCHILLA

Anatomical features

Similar to the gerbil, for its size the chinchilla has a com-
paratively large bulla and TM"*"™, The ossicular system
is freely mobile, whereby the bones are suspended on

ligaments, as they are in humans'”". The incus and mal-
leus are fused with cartilage, functioning as a horizontal
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bar. Compared with humans, the crura are more central
on the stapes footplate. A bony strut, the crista stapedis
is persistent, as in the human embryo and guinea pig!"™”.
It passes through the stapes arch from the fallopian canal
to the rim of the round window'"”.

Approach

Browning e# 4™ in their foundational work describe
four surgical approaches to the labyrinth and ossicular
chain. The dorsal, labyrinthine, and combined approach
through the mastoid and labyrinthine parts of the bulla all
go through the bulla, while the fourth approach is down
EAC. No single approach demonstrates all of the middle
ear, so the chosen approach is tailored to the kind of sut-
gery required.

Outcomes

The hearing frequency spectrum of the chinchilla is 90-
22800 Hz, which is remarkably similar to humans and re-
flects the enhanced hearing in the lower frequencies due
to the proportionally large TM and bulla. Hearing mea-
sures included ABR"™, cochlear microphonics (CM)™
and compound action potentials (CAP)""”. The chinchilla
can also be trained in behavioural audjometry“m. Middle
ear implant studies have used tone evoked CMH47
CAP and ABR™. The same studies also used LDV to
examine stapes motion. Other outcomes of note were
tympanometry and histology*”, and vestibular tempera-

tur 6[1 . .

Advantages

As noted with mice, rats and gerbils, the chinchilla is cheap
to acquire and look after. The large bulla is thin and allows
for easy immobilisation, middle ear access and histological
preparation. After it is opened, the bulla heals firstly with
fibrous tissue and then with bone so that recovery expeti-
ments are possible. The cochlea is also thin and projects
into the labyrinthine bulla, so is easily accessed for elec-
trophysiological measurements. The chinchilla’s hearing is
relatively susceptible to noise trauma . As with gerbils,
chinchillas are naturally relatively free of otitis media"*’.
The life span of the chinchilla is 12 to 20 years'*?, so they
are useful for studies requiring normal hearing, but less
good as a model of presbycusis.

Disadvantages

The chinchilla venous sinuses atre within the skull bones,
instead of the dura as in humans. As such, removing bone
can be challenging due to the tisk of haemorrhage!™". It
is difficult to identify the TM via the transcanal route due
to the direction of the EAC, even following removal of
the convoluted cartilaginous folds of the pinna[m]. The
EAC runs dorsal-ventral where the lateral wall is continu-
ous with, and in the same plane as, the lateral walls of the
labyrinthine and mastoid bulla sections"”". The chinchilla
round window membrane is only one sixth the thickness

as that of humans""”.
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GUINEA PIG

Anatomical features

There is a foramen in the anteroinferior aspect of the
EAC which resembles the foramen typanicum seen in
the first few years of human life. The guinea pig TM is
proportionally larger than in humans and only has pars
tensa, above which is a bony area called the supratympanic
crest. The cochlea has 3.5 turns and projects well into
the middle ear, dividing it into bulla below and epitym-
panum above, the bulla corresponding to the meso- and

hypotympanum of the human ear. The epitympanum is
a slit like space which contains the fused malleoincudal
complex. Compared to humans, there is a simplified air
cell system of four large cells which do not have fine par-
titions. The oval window is orientated vertically while the
round window sits horizontally. The stapes is identical to
that in humans but has a bony bridge passing between
the crura which is known as the crista stapedius. This
structure is present in the human embryo, chinchilla and
guinea pig and represents the calcified remnants of the
stapedial artery. The guinea pig Eustachian tube consists
entirely of cartilage. The facial nerve exits in a postero-

superior position between the tympanic ring and the
bulla®+1241361431

Approach

There is a large body of literature on the guinea pig as a
model of middle ear surgery, and this is reflected in the
number of different methods of access to the middle
ear. The head is strapped to table" or immobilised with
a custom head holder. Most authors favoured a postau-
ricular approach to the bulla™*""'"¥ sometimes referring
PLEL 61 postaural™™ approaches. This
gives excellent access to the round window with a slight
turn of the animal’s head, however, the stapes is hidden
by an overhanding facial nerve and a shelf of bone me-
dial to the nerve also obscures the incudostapedial joint
(IS]). Full access to the oval window therefore requires
removal of the bony shelf, sacrifice of the facial nerve
and removal of the crista stapedius”™. Special care needs
to be taken of animals with facial nerve sacrifice as they
are liable to develop ocular complications or feeding
problems"™'*. As a slight variant, the supra-aural ap-
proach comes down onto the epitympanum first, before
exposure of the rest of the ossicular chain, cochlear
promontory, and the facial nerve™'"™. This approach was
particularly useful for homograft reconstruction which
required removal of the TM from its annulus®™. The
transcanal approachmm’]47’]48J is facilitated by incision of
the pinna base™ or removal entirely, however, the inci-
sion leaves the pinna insensate and it is at risk of being
bitten in social activitym[)]. The inferior ™ or ventral®"™
approaches give excellent exposure, but are more suited
to non-recovery anaesthesia experiments.

to retroauricular

Outcomes
The hearing frequency spectrum of the guinea pig is 54-
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50000 Hz, of which the lower half of this spectrum is
commonly interrogated with AC sound. Evoked poten-
tials include tone* and click™"" evoked CAP!""*'*1,
tone evoked CM"™" and tone®* and click™*” evoked
ABR"®. Middle ear surgical implants are also capable
of evoking ABR potentials with clicks!*>*! 1)
coupling to the ossicular chain or round window

or tones' ' via
[41,45,46]
EP changes correlate with hearing impairment, and are
another physiological outcome measure which indicates
cochlea injury®®. The direct current extracochlear poten-
tial has also been measured, however this does not reflect
underlying function of the cochlea, rather the heating
39 Other studies have also examined
[60,79]

. Post-

. . (2148151 . .

mortem analysis includes histology with HE stain-
ingm(ﬂ, hair cell counting“sz] and SEM™".

influence of a laser
thermal effects in a more conventional fashion

Advantages

The large tympanic cavity affords excellent exposure of
the middle ear and the Eustachian tube is always patent[zsl.
This has the advantage of excellent postoperative middle
ear ventilation to reduce the influence of infection or TM
retraction. The facial nerve anatomy resembles that in hu-
mans, but the exit point is more superficial in the guinea
pig“w]. Noise-induced hearing loss, which is thought to
be analogous with surgical injury, is well established as an
experimental model in the guinea pig which complements
the surgical models™”. The guinea pig is chosen in models
of laser-assisted otosclerosis surgery because the basal turn
of the cochlea is readily accessible and is of a similar thick-
ness to the otosclerotic human footplate (150-200 pm)[ﬁz’“].

Disadvantages

Guinea pigs live to about 3 years. For the first half of
their life ear infections atre rare, but in later years they
tend to have an increasing incidence of spontaneous in-
fections”™. Guinea pig anaesthesia is notoriously difficult
for long operations with conventional techniques[zsl. Such
procedures benefit from a gaseous anaesthetic circuit,
which increases complexity of the experiment. The fu-
sion of the malleoincudal process limits the external
validity of ossiculoplasty procedures to humans. The
prominence of the cochlea is more suited to inner ear
experiments”. Compared with rat, the guinea pig bulla
is thicker and may requite drilling away, whereas in rat the
bulla can be gently taken apart in a piecemeal fashion'™”.
Despite the relatively large bulla, simultaneous access to
the oval window for interventions and the round window
for ECochG may be difficult”™.

The guinea pig cochlea is more susceptible than hu-
mans to ototoxicity due to the thinner round window
membrane in guinea pigs“m, and is also ten times more
sensitive to acoustic trauma than humans®”. Cochlear
harm may also be overestimated in guinea pig stapes sur-
gery because the structures most traumatised are the basi-
lar membrane and the organ of Corti, whereas in humans
it is the utricle and saccule which are most exposed'™. Ad-
ditionally, the guinea pig cochlear aqueduct is patent. This
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can lead to flow of cerebrospinal fluid from the subarach-
noid to the perilymphatic space which may continue to
leak through the oval window following stapedectomy'™,
The net effects of these features may overestimate the in-
ner ear harm in guinea pigs from interventions.

Several authors have also noted the guinea pig pos-
sesses the ability to lay down new bone in the middle
ear. Dost ez al™™ found a control group of animals were
apparently able to regrow crude stapes superstructures
from the remnants of their crurae. This osteoblastic
response was also seen in relation to generic middle ear
bony trauma and with granulation tissue by Holzer",
He proposed this response was unique to the guinea
pig and this notion was supported by Wells 7 al"™ who
found bony overgrowth at the Histoacryl site in guinea
pigs, whereas bony destruction was seen in the cat™¥ and
the rabbit"™, but not in the dog"™. This finding limits
the external validity of guinea pig ossiculoplasty surgery
in humans, but also causes problems in the guinea pig
where uncontrolled bony fixation between an implant
and other middle ear structures complicated what may
have been an otherwise successful operation“sﬂ.

RABBIT

Anatomical features
The rabbit bulla is larger than most mammals and has a
longer EAC. The bulla is rounder and does not project

past the level of the occipital bone, as found in the cat
and dog[m]

Approach

The transcana route was most common and
exposure was aided by a postauricular incision with re-
flection forward of the pinna and incision through the
cartilaginous EAC, before raising the tympanomeatal
ﬂap“54]. While the postauricular incision was used for pin-
na control, the postauricular approach through the bulla
was only advocated in one study which compared it to
a human atticoantrostomy'”". Another group did, how-
ever, advocate a combined transcanal and postauricular
approach[m]. The ventral approach once again was better
suited to non-recovery experiments

(1108,156-159)

Outcomes
The hearing frequency spectrum of the rabbit is 360-
42000 Hz. Stieve e al”™ attempted to get around the
problem of ossiculoplasty disrupting the AC stimulus by
using BC click-evoked ABR, however, no comment was
made as to the frequency response of transducer. Manual
positioning of transducer may also provide inconsistent
pressure and therefore energy transfer of stimulus. An-
other publication from the same group used click and
8 kHz pip stimulus ABR, traditional and SEM, but did
not report their audiological findings"™. In addition to
SEM""; Giemsa!™'"! HE"™"" von Gieson’s stain and
fibroblast growth factor stains'™”
transmission and fluorescent light microscopy

were also used with
[164]
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Advantages

As with rodents, the rabbit is cheap and easy to obtain"*,
but being larger, the ear is much easier to examine peri-
operativelym(’]. Rabbits provide a close model of human
middle ear anatomy and have a standardised surgical ap-
proach™™"™ Their response to middle ear surgery shares
the same bone remodelling processes as in humans'"*’
without showing the ossicular osteogenic response seen in
guinea pigs[ls()]. The anaesthesia depth can be better con-
trolled with inhalational techniques rather than barbiturates
which enabled mortality to be considerably reduced'™”.
This was, however, complicated by bradycardia on endo-
tracheal tube insertion and associated cardiac arrest. The

tube effect was mitigated against with Glycopyrrolate[1 I,

Disadvantages

Gaining access to the rabbit middle ear is still more dif-
ficult than in humans due to the small dimensions in-
volved™. There are differing opinions whether the facial
netve is dehiscent in the middle ear or not™™. A dehis-
cent nerve is at greater risk from middle ear surgery, but
would only be a problem in non-acute experiments.

CAT

Anatomical features

The middle ear cavity of the cat is separated in two by a
bony septum. This has a small hole in it so that the ear
functions in a similar way to the mastoid, aditus, middle
ear arrangement in humans, although the cavity effect
i1s much greater in cats""”, While the cat TM is smaller
and thinner than in humans, the structure is essentially
the same. There are two collagenous bundle layers in the
middle layer of the pars tensa which are oriented radially
and in a circular fashion respectively. The pars flaccida
middle layer does not have a specific fibre arrangement.
The lateral layer of the TM is covered by the same kera-
tinising squamous epithelium as the EAC, and medially
the TM is lined by the mucosa of the middle ear cavity"*”.
The pyramidal process is bony in humans but in the cat
it is cartilaginous, located next to the cartilaginous rim of
the TM, and referred to as the pyramidal cone to reflect
these differences””. The cat has the ability to regenerate
its stapedius tendon””.

Approach

Access to the cat middle ear was aided by removing the
pinnam, and by suitable head immobilisation, such as ear
bars and a snout clamp"”. Once again, the postauricular
route was the most popular[zu’z1’29’57’70’80’124’168]. This entailed
extending the postauricular incision to the postetior sut-
face of the pinna cartilage to find the bony EAC, and
then drilling posterior to the EAC until the middle ear
space was blue lined and could be opened with picksm’153].
This has also been referred to as the posterosuperi-
ot tetroauriculat!™ | transmastoid® or squamomas-
toid approachesmg]. In a similar way it was also possible to

approach from above through the attic®™. Davey began
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with a postauricular incision and drilled down the EAC
to reach the middle ear »iz an attic approachlm]. The me-
diolateral approach is also possible, but requires removal
of the parotid gland, digastric muscle, hyoid chain, liga-
ture and cutting of the ICA and posterior facial vein"*.
As such, along with the ventral approachesm’m”, the me-
diolateral approach is better suited to non-recovery ex-
periments. The transcanal approach was not used in any
identified studies due to the narrow EAC in cats, and the

excellent exposure afforded by other means'”!

Outcomes

The hearing frequency spectrum of the cat is 45-64000 Hz.
Cats have been trained to behaviourally respond to
tones for audiometric testing. Traditionally, this involved
shock avoidance techniquesm, however, as the same in-
formation can be gained electrophysiologically“69J with
CMP**' such techniques are now uncommon. Active
middle ear implants were evaluated on cat stapes in the
early days of this technologym. Histopathological stud-
ies used HE stainingm’65’68’70’80’123’170], inverted-phase and
SEM!"Mor other histologylSS’m’msj. Vestibular tempera-
ture response to laser has also been investigatedm.

Advantages

As with guinea pigs, there is a large body of literature on
feline middle ear surgical models, and researchers often
chose cats as a model to allow comparisons with carlier
work!"”. Being larger than rodents, the middle ear struc-
tures are more easily accessed and manipulated”""™ while
the cat is still cheaply acquired, housed and cared for™.
Being larger also confers an anaesthetic survival advan-
tage, sometimes for many months after surgery””. The
cat middle ear also resembles the human ear much closer
than the guinea pig in relation to ossicular orientation
and shape, facial nerve, and middle ear muscles"”. Cats
are responsive and agile, so accurate postoperative clini-
cal observations of hearing and balance are possiblem.
Anaesthesia can be difficult to titrate in other species, but
barbiturate anaesthesia in the cat eliminates middle ear
muscle activity when appropriately deep, and can be used
as a guide to anaesthesia adequacy

Disadvantages

The middle ear structures are robustly protected deeper in
the temporal bone than rodents""” and drilling is required
for access, as the epitympanum cannot be exposed by the
transcanal route due to the long, narrow and convoluted
EAC"™. The EAC can also harbour a large number of
bacteria, fungi and parasites[zo’]73]. While the ossicles are
larger than rodents, they are still smaller than in humans
and surgery is therefore much more challenging with
cochlear injury much more likelym. It would also appear
that the cat TM is less robust than in humans as extrusion
of a polyethylene strut was a common finding in cats'"”,
A patent cochlear aqueduct was not infrequently found in
cats”” and may contribute to perilymph overflow not usu-

ally found in human stapedectomym.
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The cat was also prone to osteoneogenesis, although
this was in association with mucosal injury™ and the
significant fibrosis reaction which followed™. When the
mucosa was not traumatised, fibrosis was not a significant
problem™”. Tt is likely that this repair process is influenced
by the small epitympanic area and associated proximity of
the middle ear structures to the wall of the cavity" ™.

DOG

Anatomical features
As in the cat, the cartilaginous EAC of the dog is convo-
luted and can be a reservoir of bacteria and parasites[zo].

Approach

Only two authors were identified who utilised a canine
model of middle ear surgery. Siedentop“SS] accessed the
middle ear through the bulla, but does not describe his
approach any further. Guilford ez a/''*'™'"" describe dif-
ferent approaches in their three publications. They used
a postauricular incision with transection of the cartilagi-
nous EAC and a transcanal approach with removal of the
skin of the posterior EAC and overhanging canal roof in
a study on incus repositioning[m], what appears to be a
standard transcanal approach in a study on TM perfora-

tion repair''?, and a postauricular approach with opening
of the bulla in a third study'".

Outcomes

The canine hearing frequency spectrum 67-45000 Hz,
however, none of the above studies assessed hearing as an
outcome. Pathological evaluation was with HE, trichrome
or Weigert’s elastic tissue stains”">"*) Siedentop11551 also
used histological evaluation, but did not elaborate further.

Advantages
In these studies, mongrel dogs were appatently easily ac-
quired and their middle ears are bigger than those in cats.

Disadvantages

In the perforation study it was observed that iatrogenic
TM petforation would generally heal spontaneously with-
in a few weeks'"”. This limits the utility of this model in
tympanoplasty when the control group can do as well, or
better, than the surgical intervention group. As there is
very little data on the use of dogs as a middle ear surgi-
cal model, comparisons are difficult. Dogs are larger and
more energetic than cats and rodents and so require more
specialised care.

bone and annulus"'”. As such, the hypotympanum is
particularly large. The pars tensa is proportionally large
compared with other animals. The sheep middle ear is
morphologically equivalent to the human middle ear™,
although the size is about two thirds smaller!”. The
long process of the incus is shorter, thicker, and closer
to the body of the malleus""”. As with the chinchilla
and human, the ossicular system is freely mobile, being
suspended by collagenous fibres or mucosal folds carry-
ing blood vessels and nerves. The malleus head articular
sutface forms a diarthrosis with the incus body, wheteas
the ISJ is similar to the enarthrosis seen in humans'".
Human and sheep round windows are similar, but sheep
have no mastoid antrum and the mastoid cells are filled

by adipose“m.

Approach

The only studies identified explored the potential of us-
ing sheep as a middle ear surgical model. Based on these
studies, the postauricular approach was not recommend-
ed due to mastoid adiposems], however, the transcanal

. 53,115
route provides adequate exposure”™'"”,

Outcomes

The sheep hearing frequency spectrum is 100-30000 Hz,
however, no identified studies used hearing outcomes in
sheep. The outcomes from stapedectomy training models
focused on successful placement of the prosthesis, dura-

. . s31B
tion of procedure, and comphcanonsl AL

Advantages

Sheep easily managed in a laboratory as they do not need
special cate in confinement and are docile animals. They
are more expensive to acquire than rodents, but tolerate
surgical procedures well and have a longer lifespan. Sheep
are specifically bred for human consumption so there is
less objection from animal rights organisations to their
involvement in research! ™. The smaller attic allows the
ossicles to be accessed in the same axis as the EAC down
the transcanal route, so there is no need to open the doz-
sal bone of the head"”. Such a model is advocated for
myringotomy, tympanotomy, ossiculoplasty and stapedec-
tomy™,

Disadvantages
The postauricular approach and mastoidectomy are pre-
cluded by mastoid adipose[48‘53’”5]. The facial nerve is
thicker than in humans and often dehiscent in the tym-
panic cavityms].

SHEEP

PIG

Anatomical features

The EAC of the sheep is highly curved and projects over
the pars flaccida which is triangular and smaller than the
circular pars tensa'”". This leaves part of the lateral bulla
under the bony shelf of the ventral EAC. Similarly, the
inferolateral bulla extends laterally under the tympanic

(49
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Anatomical features

The atlanto-occipital joint is faces posteriorly and par-
tially overlaps the mastoid"”. The mastoidectomy land-
marks of the temporal line and suprameatal spine are
not seen, and the pneumatised mastoid air cells are not
found, rather there are pneumatised air cells inferior to
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the tympanic cavity"™. The external ear canal of the pig
is very long and orientated posterosuperiorly[lm. The
body of the incus is shorter than in humans and has an-
other process, perpendicular to the short processmgl. The
remaining ossicles are approximately the same size as
their human counterparts.

Approach

As with the sheep, the only studies identified explored
the potential of using pigs as a middle ear surgical model.
Based on these studies, the postauricular approach was
not recommended due to the overhanging atlanto-occipi-
tal joint and lack of mastoid pneumatization. The transca-
nal technique requires drilling to enlarge the narrow EAC,

modelling the human canalplastymg].

Outcomes

The pig hearing frequency spectrum is 42-40000 HZ"",
and due to the small volume of literature is yet to be as-
sessed as an outcome of middle ear surgery in this species.

Advantages
While the external ear is conspicuously different to hu-
mans, the middle ear is very similar, both in terms of

. . .. (17918
structure dimensions and posmon[ 1

Disadvantages

The pig temporal bone has a very different appearance to
the human one, which leads to increased difficulty with
middle ear exposure! . The temporal bone also has a
significant amount of soft tissue coverage and mastoid

PRIMATE

Anatomical features
The squirrel monkey has a straight EAC™, the bony por-
tion of which is very short as it consists of only an exag-

gerated bony annulus”™. The temporalis muscle is large
and permits fashioning of a rotation flap"™. As noted
earlier, primates are the only animals which have mastoid
air cell system and antrum which are similar to humans®”.
The cynomolgus monkey has a cartilaginous EAC
which resembles the human, but the bony EAC is too
long and narrow to permit the transcanal approach®™,
The baboon EAC is short and narrow with a diameter

of less than 4 mm and length of approximately 25 mm!"*,

Approach

The straight EAC facilitated the transcanal route similar to
that used in humans, either with”” or without"™ endaural
releasing incisions. Paparella’™ initially used a postauricu-
lar incision in the squirrel monkey, but abandoned this
because of the required length of incision and associated
postoperative wound infection. They too moved to the
transcanal approach with endaural incisions and the opet-
ation was well tolerated. The postauricular approach was,
however, favoured for the cynomolgus monkey”” and ba-

(49
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boon!"" with drilling down of the posterior EAC wall™®,

Outcomes
The hearing frequency spectrums for the squirrel and cy-
nomolgus monkeys are 100-43000 and 28-42000 Hz, re-
spectively*. Pure tone auditory thresholds were assessed
in squirrel monkeys with behavioural conditioning using
the shock avoidance technique while employing a double
grill box™. This study noted hearing losses of 30 to
40 dB and assumed this was a conductive loss as the inner
ears were normal on histological examination. Hardcastle
et al™ also assumed hearing losses to be conductive in
nature due to normal cochlea histology. Lima ez al™ as-
sessed AC and BC thresholds up to 16 kHz with ABR
and shock avoidance behavioural testing, but they make
no comment about BC masking and the BC transducer
they used was the Radioear B-70A bone vibrator, which
artificial mastoid testing demonstrates a poor response
for frequencies above 5 kHz"".

The single cynomolgus monkey and 18 baboons only

. . : 20,117,183
underwent histopathological review™'"*".

Advantages

In the squirtel monkey, the transcanal approach is straight-
forward and is the preferred method of middle ear expo-
sure™ ™. The squirrel monkey is small and manageable
and can survive for extended periods after surgeryw.
It can be readily conditioned so that pure tone auditory
thresholds can be established even more quickly than in
cats.

Old World monkeys, including baboons, are phy-
logenetically closer to humans than most other living
primates, the closest being anthropoid apeslmj. Results
from baboons are expected to stand the best chance of
being transferable to the human middle ear. Paparellal1781
also notes that the phylogenetic proximity of the squir-
rel monkey to man may increase the external validity of
experimental findings. The same may be said for the phy-

logenetic closeness of the cynomolgus monkey"™”.

Disadvantages

The mastoid cavity is shallow so the semicircular canals
may be inadvertently exposed and opened during sur-
gery™. The TM possesses a remarkable ability to repair
itself which makes myringoplasty modelling difficult as
even large lesions heal spontaneously within a week!™.
The cynomolgus monkey has a weak annular ligament
which made it difficult to remove the stapes crura and
not the footplatelzoj. The baboon transverse and sigmoid
sinuses are close to the posterior EAC wall, which re-
duces the space for surgical manipulation. The hotizontal
semicircular canal and the facial ridge limit visibility of
the stapes footplatelm?’], but the stapes head and some of
the crura could usually be seen!'".

CONCLUSION

The choice of animal model to use when evaluating a
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Table 1 Advantages and disadvantages of each animal model of middle ear surgery

Species Advantages Disadvantages

Mouse Inexpensive to acquire and house. Genetic models of hearing loss Small size makes access and exposure challenging

Rat Relatively inexpensive to acquire and house. Anatomy bigger than mouse  Stapedial artery. Less docile than guinea pig

Mongolian ~ Small and easy to care for. Comparatively large bulla. Naturally relatively =~ Few published middle ear surgical models

Gerbil free of otitis media. Able to form retraction pockets

Chinchilla ~ Inexpensive to look after. Large, thin bulla. Similar hearing frequency Venous sinuses within skull bones. Difficulty identifying the
range to humans. Naturally relatively free of otitis media. Long lifespan  tympanic membrane via the transcanal route

Guinea Pig ~ Well established middle ear surgery and noise literature. Large tympanic ~ Middle ear infection common with age. Challenging
cavity. Docile and easy to handle. Bigger than rodents anaesthesia. Fused incudomalleal complex. Osteoneogenesis

after trauma

Rabbit Larger anatomy than rodents. Close model of human middle ear anatomy  Challenging anaesthesia. Facial nerve frequently dehiscent
and response to trauma

Cat Well established middle ear surgery and noise literature. Anaesthesia Compared to rodents, drilling required to access structures.
tolerance. Behavioural outcomes easy to assess Many bacteria, fungi and parasites in ear canal. Patent

cochlea aqueduct

Dog Larger anatomy than cats and rodents. Behavioural outcomes easy to Few published middle ear surgical models. More energetic
assess animals require specialised care

Sheep Docile animals. Easy to care for. Tolerate surgical procedures well. Long More expensive than rodents. Mastoid adipose. Frequently
lifespan. Ossicles easily accessed via the transcanal route dehiscent facial nerve thicker than humans

Pig The middle ear is very similar, both in terms of structure dimensions and  Difficult middle ear access due to very different temporal bone
position to humans with significant soft tissue coverage and mastoid adipose

Primate Phylogenetically closest group of animals to humans. Mastoid air cell Difficult to acquire and house. Ethical objections to research.

system and antrum present

Shallow mastoid cavity

middle ear surgical intervention depends on two key fac-
tors, the goals of the experiment and the local resources
available. Table 1 summarises some of the key advantages
and disadvantages of the species investigated.

The research question must clearly identify what the
outcome measures are and what method is required to
achieve this outcome. If only a few animals are needed to
answer the research question, then larger animals may be
considered as a model as they are likely to model the hu-
man response more closely. There are specific limitations
identified for many of the above species which need to
be considered when selecting an animal model. For ex-
ample, if the stapedial artery cannot be worked around,
then the rat should not be selected. Larger animals tend
to be more robust and tolerate surgery and anaesthesia
better than small animals, but the effect of bolus intra-
peritoneal anaesthesia may be less predictable in a larger
animal and so gaseous anaesthesia may be required.

The experimental outcomes may be histopathological,
functional or both. Either outcome may be assessed with
acute or chronic experiments, but where chronic experi-
ments permit observation over time, acute experiments
have the ability to sacrifice key structures which impede
surgical access. The ventral approach is more suited to
acute experiments as it provides excellent exposure of
the middle ear in most species, but this wider exposure
is at the cost of greater tissue sacrifice which may not
be compatible with animal survival beyond anaesthesia.
Another limitation of the ventral approach model is that
there is no equivalent approach in humans because of the
destructive access. The postauricular approach is suited
to most chronic experiments and provides adequate ex-
posure of the middle ear, but is not possible in the sheep
or pig due to the adipose filled mastoid and overhanging
atlanto-occipital joint respectively[48’53’179]. The transcanal
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route provides the least invasive but technically most
challenging exposure of the middle ear due to the narrow
confines of the EAC and the limited visibility and access
this provides to the middle ear. This is obviously an issue
for smaller animals such as rodents, but even primates
have a narrow bony portion of the EAC. Exposure may
be enhanced by widening the EAC with a drill and both
the postauricular and especially the transcanal approaches
are facilitated by amputation of the pinna.

Middle ear surgery which manipulates the sound
conducting apparatus limits audiometric outcomes by
introducing a variable CHL. By itself this would not be a
problem, however, middle ear surgery is also associated
with SNHL from inner ear injury[s’m’lss] and so it may be
impossible to distinguish the cause of a hearing loss with
conventional techniques. This is an issue with any model
of hearing reconstruction surgery and may be overcome
by direct stimulation of the cochlea electrically™™"™ or
with BC"'. No identified studies used galvanic stimula-
tion in animals, and BC is problematic in animal models
because of the mismatch between the frequency output
capability of the transducer and the hearing frequency
spectrum of the animal. There was no artificial mastoid
for calibration of BC identified in animals, but when a
human artificial mastoid was used there was a significant-
ly sharp deterioration in transducer performance above
4 kHZ"™"". This frequency response limit is satisfactory
for assessing low frequency hearing structures located to-
wards the cochlea apex, but the higher frequencies in the
basal turn of the cochlea will be missed. Of the common
animal models identified in this review, the upper hearing
limits for guinea pig, cat and rat are 50, 64, and 76 kHz
respectively?. Further compounding this problem is that
injury from middle ear surgery is focussed on hearing in
the basal turn®®""**""*,
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The second significant consideration when choosing
an animal model of middle ear surgery are the available
resources. The choice of animal will be restricted by the
animals available. While primates are the closest model
of human middle ear anatomy, they are expensive to ac-
quire and care for and legislation may significantly limit
the kind of study permissible. Society may also deem
certain species undesirable as research subjects. Research
with the chinchilla and gerbil models are limited to places
in the world where they occur naturally, as any advantage
in importing the animal is likely to be offset by the cost
differential with locally available rats or guinea pigs. Local
facilities may also limit what kinds of animals are able to
be cared for, and whether the animal unit has previous
experience with that species. Anaesthetic modality may
also influence the types of research able to be supported,
as not all laboratories will have gaseous anaesthesia or
perioperative support services. Choice of model is also
influenced by the human resources available and experi-
menter experience as well.

This review has identified a significant body of evi-
dence for tolerance of novel materials (packing, oval win-
dow graft, prostheses), and laser surgery, most of which
has utilised histological rather than functional outcomes.
Few studies were found which actually modelled surgery
and investigated hearing outcomes. This is likely to be
due to the inherent difficulty in assessing cochlear reserve
in small animals when the middle ear has been disturbed.
Further research is needed to develop models which are
compatible with any disruption caused by middle ear sut-
gical exposure or other intervention. Nevertheless, animal
research has made a significant contribution to the devel-
opment of middle ear surgical techniques and brought
advances to treatments and patient care.
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Abstract

Hearing loss is the most common sensory disability
with considerable social and economic implications. Ac-
cording to recent World Health Organization estimates,
360 million people worldwide suffer from moderate to
profound hearing loss. Exposure to excessive noise is
one of the major causes of sensorineural hearing loss,
secondary only to age-related hearing loss (presbya-
cusis). Since cochlear tissues have limited abilities of
repair and regeneration, this damage can be irrevers-
ible, leading to cochlear dysfunction and permanent
hearing loss. Recent studies have shown that cochlear
inflammation can be induced by noise exposure and
contribute to the overall pathogenesis of cochlear in-
jury and hearing loss. The cochlea is separated from
the systemic circulation by the blood-labyrinth barrier,
which is physiologically similar to the blood-brain bar-
rier of the central nervous system. Because of this fea-
ture, the cochlea was originally considered an immuno-
logically privileged organ. However, this postulate has
been challenged by the evidence of an inflammatory
response in the cochlea in the presence of bacterial
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or viral pathogens or antigens that can cause labyrin-
thitis. Although the main purpose of the inflammatory
reaction is to protect against invading pathogens, the
inflammatory response can also cause significant by-
stander injury to the delicate structures of the cochlea.
The cochlear inflammatory response is characterised by
the generation of proinflammatory mediators (cytokines,
chemokines and adhesion molecules), and the recruit-
ment of inflammatory cells (leukocytes). Here, we pres-
ent an overview of the current research on cochlear in-
flammation, with particular emphasis on noise-induced
cochlear inflammation. We also discuss treatment strat-
egies aimed at the suppression of inflammation, which
may potentially lead to mitigation of hearing loss.

© 2013 Baishideng. All rights reserved.

Key words: Cochlea; Inflammation; Noise; Hearing loss;
Otoprotection

Core tip: Noise exposure, either occupational or recre-
ational, is a major cause of sensorineural hearing loss
in the industrialised world. Hearing loss is a devastat-
ing disability with considerable social and economic
implications. Recent studies have demonstrated that
an inflammatory response induced in the cochlea by
noise exposure may contribute to the development of
noise-induced hearing loss. Better understanding of
the underlying inflammatory processes will help define
pharmacological interventions that can potentially miti-
gate noise-induced cochlear inflammation and the as-
sociated hearing loss.

Tan WIJT, Thorne PR, Vlajkovic SM. Noise-induced cochlear in-
flammation. World J Otorhinolaryngol 2013; 3(3): 89-99 Available
from: URL: http://www.wjgnet.com/2218-6247/full/v3/i3/89.htm
DOI: http://dx.doi.org/10.5319/wjo.v3.i3.89

NOISE-INDUCED HEARING LOSS

The human ear is an exquisitely sensitive organ, allowing
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us to perceive and distinguish among the myriad sounds
around us, be they pleasurable, informative or damaging,
Located within the inner ear is the cochlea, the specialised
peripheral end organ of the auditory system, which medi-
ates the transduction of sound waves into electrical nerve
impulses that travel to the brain for central processing of
auditory information. Unfortunately, this extreme sensi-
tivity of the cochlea comes at a cost as it makes it highly
susceptible to injury when exposed to loud sound. The
consequence of this injury is the loss of hearing, which
can be either temporary or permanent. Noise-induced
hearing loss may result from either brief exposure to an
intense “impulse” noise or sustained and repeated expo-
sure to excessive sound levels (i.e., continued exposure
to high levels of noise over an extended period of time).
The hearing loss from noise exposure is typically binaural
(symmetric), and the severity of it is related to the inten-
sity, frequency, duration and temporal characteristics (eg.,
impulse/impact, intermittent or continuous noise) of the
noise exposure' .

Excessive noise is the most common occupational
and environmental health hazard. Dangerous levels of
noise are generated in a large number of workplaces such
as construction sites, mines, saw mills, military bases, and
airports, among many others. Although usually associated
with occupational exposure, noise-induced hearing loss is
becoming increasingly prevalent in recreational settings.
Many people, especially children and teenagers, volun-
tarily expose themselves to potentially injurious noise lev-
els via portable music players, stereos, video games, rock
concerts, and nightclubs. Other non-occupational sources
of loud noise include firearms, power tools such as chain
saws and drills, lawn mowers, and recreational vehicles
such as motorcycles.

Noise-induced hearing loss is the second most com-
mon sensorineural hearing deficit, after age-related hearing
loss (presbyacusis), and is the leading cause of preventable
sensorineural hearing loss (SNHL) in the industrialised
world"”. According to recent global estimates released by
the World Health Organization (WHO, 2012), there are
360 million people worldwide (over 5% of the world’s
population) with disabling hearing loss. Disabling hearing
loss, as defined by WHO, is “hearing loss greater than 40
dB in the better hearing ear in adults and a hearing loss
greater than 30 dB in the better hearing ear in children”.
A significant proportion (16%) of the disabling heating
loss in the adult population in the world is attributed to
occupational noise exposurew. In the United States, ap-
proximately 15% (26 million) of people between 20 to
69 years of age have high frequency hearing loss from
overexposure to loud noise at work or during leisure ac-
tivities. Hearing loss has considerable social and economic
implications at both the individual and societal levels. This
devastating sensory disability and the serious communica-
tion difficulties has a negative impact on the quality of life
of the affected individual and can lead to feelings of lone-
liness, social isolation and depression.

Although it can be permanent and not fully treatable,
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noise-induced hearing loss is virtually 100% preventable.
Obviously, the best preventive measure against noise-
induced hearing loss is to completely avoid or minimise
exposure to excessively noisy environments. When this is
not possible, the only preventative measure available is the
consistent and proper use of hearing protection devices
such as earplugs and earmuffs. When used correctly, these
protective devices can provide 20 to 40 dB of attenuation,
however their use is often impractical in many settings and
they are not completely effective in harsh environments,
or because of incorrect use.

Avoiding or reducing modifiable risk factors associ-
ated with noise-induced hearing loss such as voluntary
exposure to loud noise, non-use of hearing protection,
cigarette smoking, lack of exercise, poor diet (low dietary
intake of antioxidant-rich food), and poor oral health
(tooth loss) may reduce the risk or delay the onset of this
debilitating condition™. The presence of cardiovascular
disease and diabetes are also major risk factors. In addi-
tion to these, several non-modifiable risk factors related
to noise-induced hearing loss exist, particularly age and
geneticsm. Age plays the most significant role, with the
risk typically increasing with advancing age. Furthermore,
great genetic variability in the susceptibility to noise-in-
duced hearing loss has been documented in both humans
and mice”.

The association between noise exposure and hearing
loss was first recognised by the physician Sir Francis Ba-
con (1561-1626)". In 1890, Habermann was the first to
describe the cochlear histopathological features of noise-
induced hearing loss from examining the temporal bones
of an elderly ex-boilermaker”. However, it was not until
1907 that Wittmaack conducted the first experimental re-
search of noise-induced deafness in animals™". Substan-
tial insights into the pathophysiology of noise-induced
cochlear injury were gained by Wittmaack’s experiments
and the many others that followed, including Hallowell
Davis’s systemic studies on guinea pigs and humans at
Harvard University in 1943.

The cochlea sustains dramatic cellular injury following
noise overexposure. The pathological consequences (pat-
tern and extent) depend on the acoustic characteristics of
the noise (ze., sound intensity, frequency and duration),
age and geneticsm. The two types of hearing loss from
noise exposure - temporary and permanent hearing loss
(also known as temporary and permanent threshold shift)

11 . .
M Noise exposure is

- also vary in their mechanisms
known to produce a variety of structural changes to the
various cells within the cochlea. The most vulnerable are
sensory hair cells, particularly the outer hair cells, which
have traditionally been the focus of most hearing loss
studies. A major impact is on sensory hair cell stereocilia
which can undergo mechanical damage during noise ex-
posure. Other changes include the loss of outer hair cells,
damage to the inner hair cell - auditory nerve synapse,
swelling of the primary auditory neurones in the spiral
ganglion, damage to the supporting cells, acute swelling
of the stria vascularis, reduced cochlear blood flow and
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the loss of fibrocytes in the spiral ligament[z’“’m. In addi-
tion, direct mechanical disruption of the cochlea can be
induced by impulse noise exposure, eg., rupturing of the
organ of Corti and its separation from the basilar mem-
brane.

COCHLEAR INFLAMMATION

Cochlear inflammation has been implicated as a major
etiologic factor in a range of conditions that cause hear-

ing loss. These include acoustic trauma (noise-induced
cochlear damage), otitis media (middle ear infection),
meningitis, autoimmune inner ear disease, and ototoxicity
(drug-induced inner ear damage, ¢.g., aminoglycoside an-
tibiotics, platinum-based chemotherapeutic agents)m’m.
Labyrinthitis can also be evoked by cochlear surgery and
the insertion of cochlear irnplantsmzs]. Pathogen-induced
labyrinthitis as a consequence of otitis media or meningi-
tis is usually associated with bacterial and viral infections.
Labyrinthitis secondary to otitis media (tympanogenic
labyrinthitis) primarily occurs by the spread of the infec-
tion from the middle ear into the inner ear through the
three-layered round window membrane!******. Menin-
gogenic labyrinthitis most likely occurs by the spread of
infection from the meninges into the perilymphatic space
of the cochlea through the cochlear aqueduct“g’zs’zol.
Mycotic (fungal) labyrinthitis is rare, and is usually as-
sociated with systemic debilitating diseases and occurs by
either the tympanogenic, meningogenic or hematogenic
route.

Labyrinthitis usually affects the cochlea more severely
than the vestibular system, resulting in adverse effects on
cochlear function™. A well-documented complication
of cochlear inflammation is partial or complete SNHL.
Pathological consequences that have been observed in
animal models of cochlear inflammation include degen-
eration of hair cells of the organ of Corti, disruption
of fibrocytes in the spiral ligament, loss of interdental
cells of the spiral limbus, swelling of the stria vascularis,
and vascular damagem’%m. The disruption of the spiral
ligament fibrocytes has been suggested as a major con-
tributor to the inflammation-induced cochlear dysfunc-
tion"™. Decreased immunostaining for gap junction
protein connexin 26 in type [ and type II fibrocytes and
decreased Na'-K'-ATPase staining in type II fibrocytes,
both of which are critical in the maintenance of cochlear
homeostasis, were observed in a guinea pig model of lab-
yrinthitis induced by inoculation of the protein antigen
keyhole limpet hemocyanin (KLLH) into the scala tym-
pami[35
in the spiral ligament was also demonstrated in a mouse
model of otitis media induced by the transtympanic in-
oculation of viable Streptococcus pmﬂmam'aem.

Analogous to the central nervous system and the ret-

| In addition, reduced connexin 26 immunostaining

ina of the eye, the cochlea is separated from the systemic
citculation by a blood-labyrinth bartier, which has similar
physiological characteristics as the blood-brain barrier
and the blood-retinal barrier. This barrier is important in
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maintaining the ionic composition of the cochlear fluid
compartments, and is essential for the functional integrity
of the cochlea®. Because of the existence of this blood-
labyrinth barrier and the relative absence of resident tis-
sue macrophages, the inner ear was originally considered
an immunologically privileged organ, isolated from the
immune system and protected from immune surveillance.
However, this hypothesis has been refuted by research
demonstrating that the inner ear is capable of rapidly
generating an active inflammatory/immune response in
the presence of antigens or pathogens. In addition, con-
nections exist between the inner ear and the systemic
lymphatic system through cervical lymph nodes"™.

Although the intended purpose of the immune re-
sponse in the inner ear is to defend the hearing organ
against invading pathogens and to clear cellular debris, the
inflammatory response can also cause significant bystand-
er injury to the delicate structures of the cochlea®™ .,
Because mammalian inner ear tissues have limited abilities
of repair and regeneration (unlike avian auditory hair cells
which have the capacity to regenerate), this damage is ir-
reversible, leading to permanent hearing loss. Immune-
related cochlear inflammation is increasingly recognised
as a potential mechanism of inner ear disease and associ-
ated hearing loss. Systemic administration of immuno-
suppressive drugs (e.g., corticosteroids) has been shown
to effectively ameliorate some cases of idiopathic, rapidly
progressive bilateral SNHL, implicating inner ear inflam-
mation as an underlying mechanism of the hearing loss™.
Histopathological studies of human temporal bones
also support the hypothesis that a number of otological
disorders are linked with inflammatory responses’* . The
severity of hearing impairment and the potential for re-
covery correlate with the extent of inflammation-induced
tissue damage. Animal studies have demonstrated that the
development of inflammation and hearing loss following
an immunological challenge can be rapid, with the onset
of hearing loss occurring at 12 to 15 h, and peaking at 24
to 48 h**).

Regardless of the cause, the cochlear inflammatory
response follows a similar course with three characteristic
stages: an initial acute stage, a fibrotic stage, and an os-
sification stagew. The acute phase of cochlear inflamma-
tion, which lasts approximately 3 to 7 d, is characterised
by the production of proinflammatory mediators such
as cytokines and chemokines, an increased expression
of adhesion molecules, the recruitment and infiltration
of inflammatory cells such as polymorphonuclear leu-
kocytes (mostly neutrophils), monocytes, macrophages
and lymphocytes, and the breakdown of the blood-
labyrinth barrier”"*. In the chronic stage of the cochlear
inflammatory response, a fibrotic matrix is formed in the
perilymphatic spaces, which later becomes calcified. This
bony occlusion of the fluid-filled cochlear scalae, known
as labyrinthitis ossificans, is most extensive in post-men-
ingitis cases!”

The cochlea itself can mount an immune response.
Resident cells in the cochlea can express a range of in-
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flammatory mediators, which are thought to play criti-
cal roles in the inflammatory responsem’m. The cochlea
communicates with the immune system iz the systemic
circulation. Entry of inflammatory cells occurs primar-
ily through the spiral modiolar vein and its tributaties
(collecting venules) situated at the base of the scala tym-
pani[48]. Inflammatory cells accumulate in the perivascular
space surrounding the spiral modiolar vein, and then
stream into the scala tympani along the extravascular
space of the collecting venules. Other areas where cir-
culating inflammatory cells enter the cochlea include the
blood vessels of the spiral ligament and the spiral gangli-
on. The lateral wall of the cochlea and the spiral ganglion
represent the most permeable parts of the blood-laby-
rinth barrier, partly due to their high vascularisation”".

The mammalian cochlea contains resident macro-
phages at normal/steady state" %! These macrophages
are phenotypically similar to the tissue macrophages in
other organs of the body (eg., microglia of the central
nervous system) and are found in small numbers pre-
dominantly in the spiral ligament and the spiral ganglion.
Moreover, it was recently reported that a large number of
perivascular resident macrophages (PVMs) are present
in the stria vascularis surrounding the endothelial cells
of the capillariesml. Data from radiation chimeras have
shown that these resident macrophages in the cochlea
form an exchanging and migratory population, supplied
continuously from haematopoietic precursors in the bone
marrow, and exhibiting slow turnover during steady-
state conditions™"*. These haematopoietic precursors
migrate into the cochlea and differentiate into tissue
macrophages. Bromodeoxyuridine (BrdU) labelling has
demonstrated that the marked increase in macrophage
numbers in the cochlea following an insult such as noise
exposure is not due to the proliferation of these resident
cochlear macrophages, but rather occurs by the migration
of macrophages from the vascular system! ™,

The signals that initiate the recruitment and infiltra-
tion of inflammatory cells into the cochlea are still under
scrutiny, and a wide range of soluble mediators (e.g.,
cytokines, chemokines) may be involved. The sources of
proinflammatory mediators in the cochlea include various
resident cochlear cells types (e.g., spiral ligament fibro-
cytes, supporting cells) and infiltrating leukocytes migrat-
ing from the cochlear vasculature. Iz vitro studies using
cultured murine spiral ligament fibrocytes have shown
that upon stimulation with proinflammatory cytokines,
fibrocytes secrete a variety of inflammatory mediators
such as tumor necrosis factor oo (ITNF-a), interleukin
(IL)-1B, IL-6, monocyte chemoattractant protein-1
(MCP-1), macrophage inflammatory protein-2 (MIP-2),
keratinocyte-derived chemokine, soluble intercellular ad-
hesion molecule-1 (SICAM-1) and vascular endothelial
growth factor, which play important roles in the recruit-
ment of inflammatory cells into the cochlea®™>"*! The
secretion of sSICAM-1 is compatible with an eatlier study
that reported strong intercellular adhesion molecule-1
(ICAM-1) expression in the spiral ligament and spiral
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modiolar vein in the early phase of labyrinthitis induced
by the inoculation of KLH into the scala tympaniﬁs‘. It is
speculated that chemokines produced by the fibrocytes
are presented to the surface of vascular endothelial cells
via the process of transcytosis, which consequently at-
tracts inflammatory cells. Fibrocytes, vascular endothelial
cells, and inflammatory cells together may form networks
interconnected by cytokines, chemokines and vatious
other inflammatory mediators”>"",

It is well documented that inhibition of TNF-¢ with
the soluble TNF-q receptor-FC fusion protein Etaner-
cept, given either systemically or directly into the cochlea,
significantly attenuates the cochlear inflammatory re-
sponsem. This suggests that TNF-ou plays a major role
in the development of cochlear inflammation. Studies on
organ of Corti explants have shown that TNF-q, alone,
in the absence of antigens or pathogens, has the ability
to induce the recruitment of inflammatory cells into the
cochlea from the systemic circulation””. TNF-q is also
expressed by infiltrating leukocytes, suggesting that it is
likely involved in a positive feedback loop that further
amplifies the recruitment of inflammatory cells. This is
supported by the evidence that TNF-q inhibition can
prevent the recruitment of inflammatory cells into the
cochlea®™. TNF-q can also induce nitric oxide synthesis
by stimulating the expression of inducible nitric oxide
synthase (INOS), which can further aggravate inflamma-
tion and degeneration in the cochlea®™.

The expression of many proinflammatory mediators
1s mostly regulated by nuclear factor kB (NF-kB) Pl NF-
kB comprises a family of inducible transcription factors
that play a pivotal role in immune and inflammatory re-
sponses. Activation of NF-kB induces the transcription
of cytokines such as TNF-q, IL-1f and 1L-6, as well as
iNOS, and the adhesion molecules, ICAM-1 and vascular
cell adhesion molecule-1 (VCAM-1). NF-kB activation in
the cochlea has been demonstrated following intraperito-
neal injection of lipopolysaccharide LPS)™, suggesting
that the cochlea can become immunologically active even
after systemic administration of bacterial toxins. Cochlear
activation of NF-kB has also been reported to occur fol-
lowing acoustic trauma (see the following section) and in
cisplatin-induced ototoxicity™!,

At present, it is technically impossible to positively
identify inflammatory processes within the human inner
ear. There are no well-defined detection methods avail-
able and diagnostic biopsy of the human cochlea is not
feasible. To overcome this limitation, high field magnetic
resonance imaging (MRI) techniques were recently devel-
oped by our group to quantitatively evaluate the develop-
ment of cochlear inflammatory processes in a guinea pig
model induced by the intratympanic injection of LPS™
For the first time, dynamic changes in cochlear vascular
permeability following cochlear inflammation was quanti-
fied using dynamic contrast enhanced-MRI and ultrasmall
superparamagnetic iron oxide particles were used to char-
acterise the recruitment of macrophages into the cochlea.
These methodologies therefore hold considerable poten-
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tial as diagnostic tools for human inner ear diseases such
as labyrinthitis and could also be used to quantitatively as-
sess the efficacy of treatments for cochlear inflammation.

NOISE-INDUCED COCHLEAR
INFLAMMATION

Recent years have advanced our understanding of the un-

derlying mechanisms of noise-induced cochlear damage.
One of the most compelling hypotheses postulates oxi-
dative stress (the excessive formation of reactive oxygen
species or free radicals) in the cochlea as a key mecha-
nism of noise-induced hearing loss"""**. An increase
in reactive oxygen species is also thought to be involved
in age-related and drug-induced hearing loss (ototoxic-
ity). Oxidative stress alters the redox balance of the cells,
leading to the activation of cell death pathways (apoptosis
and necrosis) in the cochlea and hearing loss.

Other studies, however, have implied the intrinsic
involvement of inflammation in noise-induced cochlear
tissue damage. Early ultrastructural studies in the noise-
exposed mammalian cochlea have identified macrophage-
like cells in the damaged organ of Corti, mainly in the
tunnel of Corti and in the outer hair cell region, appear-
ing 5 d after acoustic overstimulation'””. These mac-
rophages are likely involved in mopping up cell debris.
The presence of transforming monocytes in the area and
mononuclear leukocytes within the spiral lamina blood
vessels suggested that these dendritic macrophages origi-
nated from blood-borne monocytes'®”.

Several studies have demonstrated that after acoustic
trauma, a large influx of inflammatory cells from the vas-
culature can be observed in the cochlea, generally peaking
between 2 and 7 d after exposure to traumatic noise, and
diminishing thereafter! '+
the cochlea were identified immunohistochemically us-

. Inflammatory cells within

ing their cell surface markers CD45, a receptor tyrosine
phosphatase present on all hematopoietic/bone marrow-
derived leukocytes or F4/80, a marker of activated mac-
rophages and monocytes. The study by Tornabene ef a/'”
showed that CD45-positive cells increased from an aver-
age of 0.3 cells/section in the non-exposed cochlea to
a maximum of 88 cells/section at 2 and 4 d after noise
exposure. These infiltrating cells were localised predomi-
nantly in the spiral ligament, particularly in the inferior
region among type | and type IV fibrocytes and in the re-
gion adjacent to the bony cochlear capsule among type III
fibrocytes, and in the perilymph-filled spaces of the scala
tympani and scala vestibuli ", Leukocytes were also
observed within the spiral limbus, another region known
to be susceptible to acoustic injury, and in the spiral gan-
g]jon“()’M’GS]. A few cells were also found in the stria vascu-
laris and the perivascular spaces of the modiolus" ™. This
recruitment of macrophages to the cochlea following
excessive stimuli is similar to what occurs in other sensory
organs, such as the retina of the eye. Thus, exposure to
damaging light causes an infiltration of inflammatory cells
to the light-damaged region of the retina®.

K
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BrdU labelling has demonstrated that these inflam-
matory cells migrate from the vasculature, and it ap-
pears that most of these cells enter the cochlea through
the blood vessels of the lateral wall'”. The lateral wall
is highly vascularized, and the spiral ligament is the site
where the large majority of inflammatory cells can be
found. Immunostaining with other monocyte/macro-
phage markers (CD68, CX3CR1, Iba-1) demonstrated
that the vast majority of these infiltrating cells are derived
from the monocyte/macrophage lineage, with a small
number representing other leukocytes such as T and B
lymphocytes' **!. Hirose e a/'* coined the term “cochlear
macrophage” for those inflammatory cells, to indicate an
inducible exchanging population of phagocytic cells that
respond to acoustic injury.

The recruitment and extravasation of these inflam-
matory cells into the cochlea is mediated by cytokines (e.g.,
TNF-q, IL-1, IL-6), chemokines (¢.g., MCP-1, MCP-5,
MIP-1p) and cell adhesion molecules [e.g., ICAM-1, plate-
let-endothelial cell-adhesion molecule-1 (PECAM-1)],
which are upregulated immediately after noise expo-
surel M7, Fujioka ez al™ demonstrated an upregulation
of the proinflaimmatory cytokines TNF-q, IL-1f and
IL-6 in the noise-damaged cochlea as early as 3 h after
noise exposure. I1.-6 immunoreactive cells were observed
initially in the lower and lateral regions of the spiral liga-
ment, specifically in the cytoplasm of type IV and Il
fibrocytes, then throughout the spiral ligament and even
in the stria vascularis™”. Double labelling with NeuN, a
neuronal marker, showed IL-6 expression in the spiral
ganglion neurons 12-24 h after noise exposure. IL-6 up-
regulation in the noise-exposed cochlea likely contributes
to cochlear injury, as the inhibition of IL-6 suppressed
cochlear inflammation and mitigated the hearing loss™.
Chemokines that are chemotactic for macrophages such
as MCP-1/CCL2, MCP-5/CCL12, and MIP-1B3/CCL4
are upregulated in the noise-exposed cochlea 2 h follow-
ing acoustic trauma ", The early expression of chemo-
kines suggests that resident cochlear cells may be respon-
sible for this upregulation.

ICAM-1/CD54 is a vascular adhesion molecule that
plays a critical role in mediating temporary adhesion/im-
mobilisation of leukocytes to vascular endothelial cells
in preparation for extravasation. Increased expression of
ICAM-1 at the protein level is seen 24 h after noise ex-
posure, reaching a maximum at 2 and 4 d, and returning
to basal levels by 14 d"". This elevated expression is seen
chiefly in the vascular endothelial cells and fibrocytes oc-
cupying the root region of the spiral ligament, and less
intensely in the region of the spiral ligament adjacent to
the cochlear bony capsule. The endosteal cells lining the
scala tympani and scala vestibuli and capillaries of the stria
vascularis also show increased ICAM-1 immunolabelling,
Upregulation of ICAM-1 at the mRINA level is first ob-
served 2 h after noise exposure. The increased ICAM-1
expression in these cells regulates and directs the extrava-
sation and cellular infiltration of inflammatory leukocytes.
Results from our recent study on ICAM-1 expression fol-
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Pre-noise

Post-noise

Figure 1 Intercellular adhesion molecule-1 immunolabelling in the spiral
ligament of the cochlear basal turn in C57BL/6 mice. A: In the non-noise
exposed cochlea, intercellular adhesion molecule-1 (ICAM-1) was expressed
by type IV fibrocytes and vascular endothelial cells in the lowest region of the
spiral ligament; B: Mice exposed to traumatic noise (100 dB SPL, 8-16 kHz) for
24 h showed increased expression of ICAM-1, peaking at 24 h following acous-
tic trauma. ICAM-1 immunolabelling became more intense and expanded to
cover a much greater area in the inferior region of the spiral ligament. ICAM-1
immunoexpression was determined by immunoperoxidase histochemistry and
photomicrographs of mid-modiolar cochlear sections were taken with a digital
light microscope (Nikon Eclipse 80i) at 40 x magnification. SL: Spiral ligament;
SM: Scala media.

lowing acute noise exposure in mice are compatible with
these findings (Figure 1). Other adhesion molecules that
show increased expression following noise exposure in-
clude P-selectin, PECAM-1 and VCAM-1"". Shi ¢t /™
demonstrated that the expression of these adhesion mol-
ecules is modulated by poly(ADP-ribose) polymerase-1
(PARP-1), a DNA repair enzyme. They suggested that
noise activates PARP-1 in capillary endothelial cells of the
spiral ligament and stria vasculatis, which may act through
NF-kB to regulate the expression of adhesion proteins in
the lateral wall.

The expression of many proinflammatory media-
tors that participate in the acute inflammatory response
is broadly regulated by the transcription factor NF-xB.
Apart from its pivotal role in immune and inflammatory
responses, NF-kB is also implicated in a range of pro-
cesses such as cell survival, apoptosis, development, dif-
ferentiation and cell growth™. NF-kB comprises a family
of five inducible transcription factors, p50/p105 (NF-
kB1), p52/p100 (NF-kB2), p65 (RelA), RelB, and c-Rel™.
They exist as hetero- or homo-dimeric complexes, with
the p50/p65 hetero-dimer being the predominant form.
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In quiescent cells, NF-xB is expressed in the cytoplasm
in a latent form, with an inhibitory protein (IxB) bound
to the dimer. Upon stimulation, the inhibitory protein is
degraded, activating the NF-kB dimer, which then trans-
locates to the nucleus where it binds to the promoters of
its target genes. NF-kB activation in the cochlea has been
demonstrated following noise exposure[73’76’77]. Following
a 2 h exposure of mice to traumatic noise (124 dB SPL),
translocation of p65 and p50 to the nucleus of fibrocytes
in the lateral wall was observed, indicating NF-xB activa-
tion"”. Prominent nuclear localisation of NF-kB occurred
2 h after noise exposure, but the nuclear immunostaining
subsided after 72 h, suggesting an catly response of NF-
kB to acoustic overstimulation.

As mentioned earlier, a large population of PVMs
exist in the stria vasculatis, however, these cells are not
found elsewhere in the cochlea, including the spiral liga-
ment”. The PVMs play an important role in regulating
the integrity of the intrastrial fluid-blood bartier by mod-
ulating the expression of tight- and adherens-junction
proteins between the endothelial cells vz the secretion
of pigment epithelium growth factor (PEDF)"™., The
integrity of the barrier is critical for establishing and
maintaining the endocochlear potential and preventing
the entry of toxic substances into the cochlea™. Expo-
sure to excessive noise leads to breakdown and increased
permeability of the blood-labyrinth barrier by causing
PVMs to change morphology and detach from strial
capillaries and also by causing a significant downregula-
tion of PEDF production and tight junction protein
expression”'!. Similar to the cochlea, the retina of the eye
contains petivascular macrophages, which also contribute
to the maintenance of the blood-retinal barrier™. Recent
evidence has demonstrated that bone marrow-derived
cells (BMDCs) ate recruited to the stria vascularis during
the first week after acoustic injury to repair and restore
the noise-damaged blood vessels™ . These cells promote
angiogenesis and neovascularization, differentiating into
PVMs, pericytes and endothelial cells and integrating into
the strial blood vessels by 4 wk after noise exposure. This
recruitment is mediated by an intrinsic INOS)-dependent
stromal cell-derived factor-1ow (SDF-1q) signalling path-
way. Blocking the activity of iNOS or SDF-1q signifi-
cantly reduced both the number of infiltrating BMDCs
and the capillary density (vascular repair) in the stria vas-
cularis of the noise-exposed cochlea.

Similar to noise-induced hearing loss, oxidative stress
and inflammation are major contributing factors to
cisplatin-induced ototoxicity. Cisplatin has been shown
to increase the expression of inflammatory mediators
such as INOS, cyclo-oxygenase-2 and TNF-q, which are
downstream targets of the transcription factor, signal
transducer and activator of transcription-1 (STATD)™.
Cisplatin-induced activation of STAT1 is dependent on
ROS generation through NOX3, a member of the NOX
family of superoxide-generating nicotinamide adenine
dinucleotide phosphate oxidases. NOX3 is expressed al-
most exclusively in the inner ear and serves as the primary
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source of ROS generation in the cochlea™. siIRNA-medi-
ated gene silencing of NOX3 mitigates cisplatin-induced
hearing loss, demonstrating a key role of NOX3 in the
development of cisplatin-mediated ototoxicity[w. In con-
trast to these findings, recent data from our group showed
that exposure to noise results in a significant down-
regulation of NOX3 in the cochlea®™. We propose that
the reduction in NOX3 may represent an endogenous
protective mechanism to reduce oxidative stress in the
noise-exposed cochlea. These studies provide evidence
that NOX3 is involved in the development of noise- and
cisplatin-induced cochlear injury, albeit in a different way.

The exact role inflammatory cells play once recruited
to the noise-damaged cochlea remains unclear. It is pos-
sible that the inflammatory response exacerbates the
cellular damage in the cochlea by causing bystander
tissue injury. It has also been suggested that the recruit-
ment of inflammatory cells following acoustic injury is
part of a wound healing response, given that infiltrat-
ing cells are largely observed in the region of the spiral
ligament where noise-induced fibrocyte loss is most
evident"*"""| Teukocytes may play a critical role in
promoting repair by removing cellular debris created
by the primary insult. These cells may contribute to the
repair process by changing the local environment zia the
secretion of chemical mediators such as cytokines and
growth factors. Inflammatory leukocytes could function
along with resident fibrocytes of the spiral ligament to
regulate repair of the noise-damaged cochlear structures.
It has been speculated that the fibrocytes initiate the local
inflammatory processm. These cells express similar cyto-
kines, chemokines and adhesion molecules, and also re-
spond to signals used by leukocytes for cell-cell signalling.
Cochlear fibrocytes can perhaps be considered facultative
resident macrophages, serving some functions normally
performed by circulating macrophages.

TREATMENT STRATEGIES FOR
MITIGATING NOISE-INDUCED COCHLEAR
INFLAMMATION

At the present time, there is no cure for noise-induced
hearing loss, or any other types of hearing loss. The only
therapeutic intervention for the hearing impaired is the
use of hearing devices such as hearing aids that amplify
sound or cochlear implants. A cochlear implant is a neu-
ral prosthesis that functions by electrically stimulating
residual spiral ganglion neurons, the primary auditory
neurons of the cochlea.

Corticosteroids (glucocorticoids) are widely used in the
treatment of numerous acute and chronic inflammatory
diseases, and have also long been used in the management
of SNHL of various causes, including noise-induced
hearing loss. Corticosteroids ate typically administered sys-
temically, either intravenously or orally. Appropriate doses
of steroids supress excessive inflammation, but are unable
to completely recover the associated hearing loss. Higher
doses, on the other hand, can be deleterious to cochlear
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function in the long term and are often accompanied by
a wide range of adverse side effects™. Glucocorticoids
exert their actions by binding to and activating soluble
cytoplasmic glucocorticoid receptors, which translocate to
the nucleus and bind to specific DNA sites, culminating
in the downregulation of proinflammatory cytokines and
adhesion molecules™". Experiments have demonstrated
that dexamethasone, a popular glucocorticoid, suppresses
TNF-o-induced inflammatory mediator release from cul-
tured spiral ligament fibrocytes™. The otoprotective ef-
fects of steroids may be mediated through the actions of
NF-kB, as glucocorticoids are shown to be potent inhibi-
tors of NF-kB activation »iz the induction of the IxBo
inhibitory protein™. Local routes of steroid delivery have
been developed without the unfavourable side effects.
Direct infusion of dexamethasone into the perilymphatic
space using osmotic mini-pumps has been reported to
show protective effects against noise-induced injury in the
guinea pig cochlea™. Intratympanic administration of ste-
roids have also shown good therapeutic efficacy™.

From our existing knowledge of the underlying
mechanisms and pathways of the cochlear inflamma-
tory response, rational therapeutic approaches can be
devised to supress the inflammation and reduce cochlear
injury. It is speculated that there are networks in the co-
chlea among inflammatory cells, fibrocytes and vascular
endothelial cells, which are interconnected by various
proinflammatory mediators (chemokines, cytokines, and
adhesion molecules)*”. Appropriate control of these
networks could potentially attenuate the inflammatory
reaction in the cochlea. Because of their eatly expression
in the inflammatory response and their role in recruiting
inflammatory cells into the cochlea, targeting chemo-
kines/cytokines through direct inhibition may represent
an effective novel therapeutic strategy.

Satoh ¢ a/*” examined the therapeutic potential of
anti-TNF-q, therapy and showed that blocking the activity
of TNF-a using Etanercept, a soluble TNF-q receptor-
FC fusion protein, significantly attenuated the cochlear
inflammatory response (reduced inflammatory cell in-
filtration and cochlear fibrosis) in an animal model of
immune-mediated labyrinthitis induced by immunisation
with KLH. A further study showed that neutralisation of
TNF-o using Etanercept markedly decreased the expres-
sion and secretion of proinflammatory cytokines (INF-q,
IL-1p and IL-6) in the cochlea after cisplatin injection[zﬂ

Another potential treatment strategy would be to block
IL-6 signalling in the cochlea. It is interesting in this regard
that specific humanised neutralising antibodies against
IL-6 have recently been used clinically with promising ef-
fects in patients with rheumatoid arthritis and inflamma-
tory bowel disease. In fact, a recent study by Wakabayashi
et al*" showed that inhibition of IL-6 with TL.-6 receptor
neutralising antibody (MR16-1) resulted in a dramatic sup-
pression of the cochlear inflammatory response (reduced
infiltration of inflammatory cells) and significantly im-
proved hearing function in noise-exposed mice.

Recently, Nakamoto ¢# a/”" showed that administra-
tion of geranylgeranylacetone (GGA), an anti-ulcer drug,
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suppressed the expression of proinflammatory cytokines
(IL-6 and IL-1B) in the noise-exposed cochlea and also
improved auditory function. GGA activates heat shock
transcription factor 1 (HSF1), which induces the expres-
sion of heat shock proteins. HSF1 is also known to
directly or indirectly regulate cytokine expression, such
as inhibiting the expression of 1L-6 and IL-13. GGA
can also reduce inflammation in other organs (eg., liver)
without apparent side effects even at large doses. GGA
may therefore provide a novel beneficial strategy for the
prevention of noise-induced hearing loss.

The role of antioxidants in noise-induced hearing loss
has been the subject of extensive research. Antioxidants
have been demonstrated to provide a protective effect
in the cochlea by restoring the redox balance. A recent
study examined the effects of antioxidant treatment on
the inﬂammatory response in the cochlea following noise
exposure | This study reported that antioxidant treat-
ment not only reduced markers of oxidative stress, but
also significantly reduced the infiltration of inflamma-
tory cells into the cochlea. This finding suggests an anti-
inflammatory role of antioxidants in the cochlea.

Extensive evidence from 7 vitro and in vivo studies has
demonstrated the strong anti-inflammatory potential of
adenosine, a ubiquitous slgnalhn% molecule and neuro-
modulator, in a range of tissues” . Adenosine exerts its
anti-inflammatory action by influencing almost all aspects
of the immune response | The Aza receptor, reported
to be the crucial receptor involved in the suppression of
inflammation, is a promising target for the treatment of
inflammatory conditions. Selective A2 receptor agonists
have been used successfully in the therapy of sepsis,
inflammatory bowel disease, skin inflaimmation and ar-
thritis™, and a similar effect could be postulated in the co-
chlea. In addition, A2a receptor agonists have been report-
ed to suppress neuroinflammation in animal models””. In
the mammalian (rat) cochlea, A2a receptors are expressed
in the inner hair cells and supporting Deiters’ cells of the
organ of Corti, spiral ligament, spiral ganglion neurons,
and blood vessels'"”. This broad distribution suggests an
important role of Aza receptors in the cochlea. The sys-
temic administration of exogenous adenosine is limited
by its peripheral side effects” . An alternative approach
for augmenting the availability and actions of endog-
enous adenosine that has received increasing attention in
recent years is the inhibition of adenosine kinase™*'""'"?.
Adenosine kinase inhibitors, such as ABT-702, have dem-
onstrated excellent efficacy in animal models of acute and
chronic inflammation”'""" and may have considerable
therapeutic potential in cochlear inflammation. Adenosine
kinase is extensively distributed in the adult cochlea"™'",
and may have a critical role in the regulation of adenosine
signalling under physiological and pathological conditions.

CONCLUSION

The cochlea responds to trauma and infection like organs
elsewhere in the body by eliciting an inflammatory re-
sponse. Exposure to excessive noise triggers a cochlear in-
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flammatory response that is characterised by an initial up-
regulation of numerous proinflammatory mediators and
adhesion molecules by various resident cochlear cell types,
followed by the rapid recruitment and infiltration of in-
flammatory cells into the cochlea from the systemic circu-
lation. Much has been learned over the years of the noise-
induced inflammatory process in the cochlea from animal
models, but the exact mechanisms by which noise elicits
this response is still unclear. The noise-induced inflam-
matory response may be involved in propagating cellular
damage in the cochlea, but there is also a possibility that it
may be involved in reparative processes. The mechanism
and importance of this response in the noise-injured co-
chlea requires further exploration. With deeper knowledge
of the underlying cochlear inflammatory response, we can
explore and develop novel therapeutic interventions to
protect cochlear tissues from inflammation-induced injury
and noise-induced hearing loss.
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Abstract

AIM: To investigate a novel pharmacological interven-
tion to mitigate cisplatin ototoxicity using a selective
adenosine A: receptor agonist adenosine amine conge-
ner (ADAC).

METHODS: Male Wistar rats (8-10 wk) were exposed
to a two-cycle cisplatin treatment similar to clinical
course of cancer chemotherapy. Each cycle comprised
4 d of intraperitoneal cisplatin injections (1 mg/kg twice
daily) separated by 10 d of rest. ADAC (100 pg/kg) or
drug vehicle solution (control) was administered intra-
peritoneally for 5 d at 24 h intervals during the second
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cisplatin cycle (Regime 1), or upon completion of the
cisplatin treatment (Regime 2). Hearing thresholds
were measured using auditory brainstem responses
(ABR) before cisplatin administration (baseline) and
7 d after the end of cisplatin treatment. Histological
analysis of cochlear tissues included hair cell counting
and qualitative assessment of apoptosis using terminal
deoxynucleotidyl transferase mediated dUTP nick end
labelling (TUNEL) staining.

RESULTS: ABR threshold shifts in cisplatin-treated
Wistar rats ranged from 5-29 dB across the frequency
range used in the study (4-24 kHz). Higher frequencies
(16-24 kHz) were mostly affected by cisplatin ototoxic-
ity (mean threshold shift 25-29 dB). ADAC treatment
during the second cisplatin cycle reduced cisplatin-
induced threshold shifts by 12-16 dB (P < 0.01) at
higher frequencies compared to control vehicle-treated
rats. However, the treatment was ineffective if ADAC
administration was delayed until after the completion
of the cisplatin regime. Functional recovery was sup-
ported by increased survival of hair cells in the cochlea.
Qualitative analysis using TUNEL staining demonstrated
reduced apoptosis of the outer hair cells and marginal
cells in the stria vascularis in animals treated with ADAC
during the second cisplatin cycle.

CONCLUSION: A: adenosine receptor agonist ADAC
mitigates cisplatin-induced cochlear injury and hearing
loss, however its potential interference with antineo-
plastic effects of cisplatin needs to be established.

© 2013 Baishideng. All rights reserved.

Key words: Cisplatin; Cochlea; Ototoxicity; Hearing
loss; Adenosine receptors; Adenosine amine congener;
Otoprotection

Core tip: This study investigated a novel pharmacologi-
cal intervention to mitigate cisplatin ototoxicity using
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systemic administration of a selective adenosine Al
receptor agonist adenosine amine congener (ADAC).
Our study demonstrates that systemic administration of
ADAC confers partial protection from cisplatin-induced
ototoxicity. In rats exposed to cisplatin, ADAC amelio-
rated high frequency hearing loss, improved the surviv-
al of the outer hair cells and reduced apoptosis of the
outer hair cells and marginal cells in the stria vascularis.
This study provides support for the otoprotective role
of ADAC with potential clinical benefits extending from
noise-induced hearing loss to cisplatin ototoxicity.

Gunewardene N, Guo CX, Wong ACY, Thorne PR, Vlajkovic
SM. Adenosine amine congener ameliorates cisplatin-induced
hearing loss. World J Otorhinolaryngol 2013; 3(3): 100-107
Available from: URL: http://www.wjgnet.com/2218-6247/full/
v3/i3/100.htm DOI: http://dx.doi.org/10.5319/wjo.v3.i3.100

INTRODUCTION

Two major classes of therapeutic agents can induce sen-
sorineural hearing loss: aminoglycoside antibiotics and
platinum-containing chemotherapy agents'’. These drugs
primarily target the outer hair cells in the basal region of
the cochlea and cause high frequency sensorineural hear-
ing loss. Oxidative stress, triggering downstream cell death
signalling pathways, appears to be the common mecha-
nism of ototoxicity?.

Platinum-containing agents, such as cisplatin, carbo-
platin and oxaliplatin, are widely used to treat malignancies
ranging from testicular, ovarian and bladder cancers to
lung, head and neck malignanciesm. These platinum com-
plexes cause cross-linking of DNA and proteins and for-
mation of adducts which ultimately trigger apoptosis in
tumor cells'™”. The use of these anti-cancer drugs is lim-
ited by setious side effects, which include nephrotoxicity,
neurotoxicity, gastrointestinal toxicity, leukopenia, throm-
bocytopenia and ototoxicity'. Cisplatin is considered the
most ototoxic among platinum-containing agents, but it is
generally more effective than carboplatin and oxaliplatin
against different forms of cancer'”, Cisplatin ototoxicity
affects most patients, and is mainly manifested as tinnitus
and bilateral high-frequency hearing loss, in the absence
of the vestibular symptoms'. With prolonged cispla-
tin treatment, hearing loss extends to lower frequencies
necessary for speech perception, and the spiral ganglion
neurons degenerate concomitantly with the loss of hair
cells”, Platinated DNA has been detected in the nuclei of
the outer hair cells, marginal cells of the stria vascularis
and the fibrocytes of the spiral ligament"”. Cross-linking
of DNA by cisplatin may lead to p53-mediated apoptosis
of the outer hair cells and the lateral wall tissues, the spiral
ligament and stria vascularis” . A reduction in the endo-
cochlear potential, probably resulting from a dysfunctional
stria vasculatis, often precedes outer hair cell loss in the

. : .0
acute model of cisplatin ototoxlcrtyl !
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Cisplatin reacts with the outer hair cells to form the
highly reactive monohydrate complexesm, and these com-
plexes activate the NOX3 isoform of NADPH oxidase,
which in turn generates superoxidem’m. This leads to
formation of more toxic reactive oxygen species (ROS),
such as hydroxyl radicals and peroxynitrite”. Excessive
ROS production can overwhelm endogenous anti-oxidant
mechanisms (e.g., glutathione, superoxide dismutase, cata-
lase, glutathione peroxidase and glutathione reductase),
and activate c-Jun N-terminal kinase signalling pathways
in cochlear tissues, leading to apoptosis via caspase-
dependent mechanisms!". ROS can also activate nuclear
factor kB (NF-kB), which regulates the expression of
pro-inflammatory cytokines such as interleukin-1f§ and
tumor necrosis factor-o' " and triggers the inflammatory
cascade.

Cisplatin ototoxicity can be ameliorated by vatrious
protective agents targeting oxidative stress, inflammation
and apoptosis' . Enhancing the endogenous antioxidant
system of the cochlea and administration of free radical
scavengers has been the main approach to reduce ototox-
ic effects of cisplatin[z’m]. Systemic antioxidant administra-
tion, however, can interfere with the anti-tumour activity
of cisplatin, whilst local (intratympanic) administration is
an invasive procedure with its own limitations™'®. There
is no ideal protective agent for clinical use at present,
and finding safe and effective treatments for cisplatin
ototoxicity would significantly improve the quality of life
of many cancer sufferers. In this study, we investigated a
novel pharmacological intervention to mitigate cisplatin
ototoxicity using systemic administration of a selective
adenosine A1 receptor agonist adenosine amine congener
(ADAC).

It has been shown that cisplatin treatment induces a
fivefold increase in adenosine A1 receptor expression in
the chinchilla cochlea'”, suggesting a potential role of
these receptors in cochlear response to cisplatin. Other
studies have reported that the local administration of ad-
enosine A1 receptor agonists R-phenylisopropyladenosine
(R-PIA) or 2-chloro-IN6-cyclopentyladenosine (CCPA)
to the round window membrane of the cochlea reduces
cisplatin-induced auditory threshold shifts". The capac-
ity of A1 receptor agonists to protect the cochlea from
cisplatin opened a new realm of therapeutic strategies to
combat cisplatin ototoxicity.

Systemic administration of A1 receptor agonists is
generally limited by their cardiovascular side effects'”.
However, a selective A1 receptor agonist ADAC is charac-
terized by reduced cardiovascular side effects (bradycardia,
hypotension and hypothermia) compared to other drugs
acting on adenosine Ai receptors” . This suggests that
ADAC can be administered systemically, avoiding the sut-
gical procedures required to deliver drugs to the inner ear.
Our previous studies have shown that ADAC can attenu-
ate noise-induced heating loss and ameliorate cochlear in-
jury in instances of acute and extended noise exposure™.
The improvement of hearing thresholds was supported
by increased survival of sensory hair cells and reduced
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expression of oxidative stress markers in the cochlea.
Here, we demonstrate that ADAC ameliorates cochlear
injury and partially prevents cisplatin-induced hearing loss,
providing further support for the role of A1 receptors in
cochlear protection from ototoxic anti-cancer drugs.

MATERIALS AND METHODS

Animals

Male Wistar rats (8-10 wk) were used in this study. Ani-
mals with pre-existing hearing loss or abnormalities in the
external or middle ear were excluded from the study. All
procedures complied with international guidelines for the
ethical use of animals and were approved by the Univer-
sity of Auckland Animal Ethics Committee.

Cisplatin administration

A two-cycle cisplatin treatment resembling a clinical
course of chemotherapy was used in this study. This
model has a low mortality rate, and provides an excellent
tool to study cisplatin ototoxicity and its prevention'
Each cycle consists of 4 d of cisplatin injections (1 mg/kg
7p twice daily) separated by 10 d of rest. Each rat received
a total of 16 mg/kg of cisplatin. Cisplatin (Sigma Aldrich)
was dissolved in saline (0.5 mg/mL), aliquoted and stored
at -20 C. Cisplatin aliquots were heated in a 37 ‘C water
bath before administration.

Treatment with ADAC

ADAC treatment was initiated concomitantly with the sec-
ond cycle of cisplatin administration (Regime 1) or immedi-
ately after completion of cisplatin administration (Regime 2)
(Figure 1). In both studies, ADAC was given as five daily
injections (100 pg/kg pet day 7) at 24 h intervals. This is
the same dosing schedule that was previously used to miti-
gate noise-induced hearing loss™. In the control group,
injections of the drug vehicle (200 pul./100 g per day 7)
wete administered at the same intervals as ADAC. ADAC
(Sigma-Aldrich) was dissolved in 1 mol/L HCI and then
in 0.1 mol/L phosphate buffered saline (PBS; pH 7.4) to
prepatre a 50 ug/mlL stock solution, as desctibed previ-
ously™. The stock solution was then aliquoted and stored
at -20 C. Light-protected ADAC aliquots were heated in a
37 °C water bath for 30 min before administration.

Auditory brainstem responses

Auditory brainstem responses (ABR) were measured be-
fore cisplatin administration (baseline) and 7 d after the end
of cisplatin treatment. The acoustic stimuli for ABR were
produced and the responses recorded using a digital signal
processing package and associated BioSig software (Tucker
Davis Technologies, Alachua, FL, United States). ABR
measurements were conducted in a double walled sound at-
tenuating chamber (Shelburg Acoustics, Pty Ltd., Croydon
North, Australia). The rats were anesthetized with a mix-
ture of ketamine (75 mg/kg) and xylazine (10 mg/kg), and
placed on a heating pad to maintain body temperature at
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Figure 1 Study design. Cisplatin injections (1 mg/kg ip) were given twice daily
in two cycles separated by 10 d of rest, and adenosine amine congener (ADAC)
(100 nglkg ip) was administered as five daily injections at 24 h intervals. ADAC
treatment was administered along with the second cisplatin cycle (Regime 1) or
immediately after completion of both cycles (Regime 2).

37 °C. To obtain ABR responses, fine Grass F-E3 stain-
less steel electrodes were placed subdermally at the vertex
(reference), at the mastoid region of the ear of interest
(active electrode) and the ground electrode was inserted
at the mastoid region of the opposite ear. The electrodes
were attached to a TDT Bioamp head stage and ampli-
fied 100000 times in a TDT DB4 amplifier. Sound stimuli
were supplied va a DT 48 Beyerdynamic transducer con-
nected to a 10 cm plastic tubing placed into the external
auditory canal of the animal’s ear. Rats were tested by ap-
plying a series of tone pips (5 ms duration, 1.5 ms rise and
fall times) at varying intensities to determine the auditory
threshold at the set frequency (4-24 kHz). The threshold
of the ABR complex (waves i-v) were determined by
progressively attenuating the sound intensity in 5 dB steps
until the wave i-v complex of the averaged ABR wave-
forms was no longer distinguishable from noise floor in
recorded traces. The ABR threshold was defined as the
lowest intensity (to the neatest 5 dB) at which a response
could be visually detected above the noise floor. Repeat
waveforms were analysed at each frequency to determine
the consistency of the responses and to identify the recur-
ring peaks.

Hair cell counts

After the last ABR measurement, rats from the first
ADAC treatment group (Regime 1, see Figure 1) were eu-
thanised with an overdose of anaesthetic (Pentobarbitone,
100 mg/kg 7p) and cochleae removed for histological
analysis. After the overnight fixation in 4% paraformal-
dehyde (PFA), the cochleae were decapsulated and the
organ of Corti removed. The surface preparation of the
organ of Corti was separated into the apical, middle and
basal turns, and the tissues were permeabilized with 1%
Triton-X 100 for 1 h. Alexa Fluor 488 phalloidin (Invit-
rogen) dissolved in 0.1 mol/L PBS (pH 7.4) was used to
stain F-actin in the hair cells and their stereocilia. Tissues
were incubated in 1% phalloidin (2 U/mL) for 40 min,
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Figure 2 The effect of adenosine amine congener on cisplatin-induced auditory brainstem responses threshold shifts. A: Auditory brainstem responses (ABR)
thresholds before (baseline) and 7 d after cisplatin administration (final). Adenosine amine congener (ADAC) was co-applied with cisplatin during the second cycle
(Regime 1); B: ADAC reduced ABR threshold shifts when administered concomitantly with the second cisplatin cycle; C: ABR thresholds before (baseline) and 7 d af-
ter cisplatin administration (final). ADAC was administered after the completion of cisplatin treatment (Regime 2); D: ADAC had no effect on cisplatin-induced threshold
shifts when applied after the completion of cisplatin treatment. In the control group, injections of the vehicle solution were administered at the same intervals as ADAC.
ABRSs were measured in response to tone pips (4-24 kHz). Data are expressed as mean + SE (n = 8). °P < 0.01 vs control group, one-way analysis of variance.

washed with PBS for 30 min, and mounted onto glass cubated with the TUNEL reaction mixture (fluorescein
slides using Citifluor AF1 antifading mounting medium nucleotide label solution and TdT enzyme solution at 1:10
(Agar Scientific, London, United Kingdom). The slides dilution) for 2 h at 37 'C in a dark humidified chamber.
were visualised using a Zeiss epifluorescence microscope Negative controls were incubated with the label solu-
equipped with an Axiocam camera and Axiovision v3.1 tion only. The sections were rinsed several times in PBS,
software. Images were taken for the entire length of the mounted in Citifluor, and visualised using a laser scanning
cochlea, and the number of missing hair cells was count- confocal microscope (FluoView™ FV1000, Olympus)
ed for each turn and presented as a percentage of total and processed with Olympus FluoView v.1.6a software.
number of hair cells in that turn. The cochleae obtained from the ADAC treatment Re-
gime 1 were analysed and the images representative of at
Assessment of cell death using transferase mediated least five individual experiments are shown.
dUTP nick end labelling staining
Apoptosis in the cisplatin-treated rat cochleae was identi- Statistical analysis
fied by terminal deoxynucleotidyl transferase (TdT) medi- Results were presented as the mean = SE (# = 8 per
ated dUTP nick end labelling (TUNEL) using a commer- group). The comparison of ABR thresholds was per-
cial In S7tu Cell Death Detection Kit (Roche Diagnostics formed using one-way analysis of variance followed by

GmbH, Mannheim, Germany). After fixation with 4% a Holm-Sidak pairwise multiple comparison and hair cell
PFA, decalcification in 5% EDTA solution for 7 d and loss was analysed using a Student’s unpaired #test assum-
overnight cryoprotection in 30% suctose, the cochleac ing unequal variances. The ¢ level was set at 0.05.

were embedded in Tissue-Tek optimal cutting tempera-
ture compound (OCT, Miles Laboratories, Elkhart, IN,
United States), snap-frozen in isopentane, and stored RESULTS

at -80 'C. Mid-modiolar cochlear cryosections (30 pm) ABR threshold shifts

from ADAC- and vehicle-treated rats were permeabilised ABR were used in this study as a standard functional
with 1% Triton X-100 and blocked with 5% normal goat method of assessing cochlear function in animals. ABR
serum in PBS for 1 h. The sections were washed and in- thresholds were measured prior to the start of the first

(49

Zoishigenge  WJO | www.wijgnet.com 103 August 28,2013 | Volume 3 | Issue3 |



Gunewardene N et a/. ADAC mitigates cisplatin ototoxicity

A RATEE

I ADAC
H Vehicle

% Hair cell loss

Middle Basal

Cochlear turn

Figure 3 The effect of adenosine amine congener on hair cell loss in the rat cochleae exposed to cisplatin (Regime 1). A: The surface preparation of the
middle turn organ of Corti in the vehicle-treated cochlea; B: The middle turn organ of Corti in the adenosine amine congener (ADAC)-treated cochlea; C: Percentage
of hair cell loss in the cochleae exposed to cisplatin treated with ADAC or drug vehicle solution. Data presented as mean % SE (n = 8). °P < 0.05, °P < 0.01 vs control

grou, unpaired ¢ test. IHC: Inner hair cells; OHC: Outer hair cells.

Vehicle

Figure 4 Transferase mediated dUTP nick end labelling staining in the
rat cochleae exposed to cisplatin. A: Apoptotic marginal cells (MC) of
the stria vascularis (SV) in the control vehicle-treated cochlea; B: Reduced
number of apoptotic marginal cells in the adenosine amine congener (ADAC)-
treated cochlea; C: Terminal deoxynucleotidyl transferase mediated dUTP
nick end labeling assay staining in the organ of Corti of the control vehicle-
treated cochlea; D: Reduced apoptosis in the organ of Corti of the ADAC-
treated cochlea. Images are single optical sections of the middle turn. IHC:
Inner hair cells; OHC: Outer hair cells.

cisplatin cycle and 7 d after the completion of cisplatin
treatment, and the threshold shift was calculated for each
animal as a difference between these two measurements.
Baseline ABR thresholds before cisplatin administration
were similar in all groups of animals (Figure 2A and C).
Intraperitoneal administration of cisplatin caused signifi-
cant elevation of ABR thresholds in all animals (Figure 2),
which was more substantial at higher frequencies (16-
24 kHz; mean threshold shift 25-29 dB). ADAC treat-
ment during the second cycle of cisplatin (Regime 1)
reduced ABR threshold shifts by 12-16 dB at higher fre-
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quencies (P < 0.01) compared to control vehicle-treated
rats (Figure 2B). However, when ADAC treatment was
delayed until after the completion of both cisplatin cycles
(Regime 2), there was no improvement of ABR thresh-
olds (Figure 2D).

Hair cell loss

To determine the extent of hair cell loss with ADAC
treatment during the second cycle of cisplatin administra-
tion (Regime 1), the outer hair cells were counted in the
basal, middle and apical turns of the cochlea. Figure 3A is
a representative image of the surface preparation of the
middle cochlear turn showing cisplatin-induced loss of the
outer hair cells in the vehicle-treated cochlea. The inner
hair cells were mostly unaffected by exposure to cisplatin.
The survival of the outer hair cells was improved in the
ADAC-treated cochlea (Figure 3B), suggesting a cytopro-
tective effect of this compound. Quantitative assessment
of the cisplatin-induced hair cell loss in the vehicle-treated
cochleae (Figure 3C) demonstrated a high percentage of
missing hair cells in the basal and middle turns (36% and
25%, respectively), whilst the hair cell loss in the apical
turn was less than 5% (data not shown). ADAC treatment
during the second cisplatin cycle significantly (P < 0.05 for
the middle turn and P < 0.001 for the basal turn) reduced
hair cell loss in the basal and middle turns of the cochlea

(Figure 3C).

TUNEL staining

TUNEL staining is a technique used for detection of
apoptosis at a single cell level, based on labeling of frag-
mented DNA in the nuclei of apoptotic cells. In this
study, TUNEL staining was used for qualitative assess-
ment of apoptosis in the midmodiolar cross-sections of
the cisplatin-treated cochlea (Figure 4). This study was
performed on cochlear tissues of animals treated with
ADAC or vehicle solution during the second cycle of cis-
platin treatment (Regime 1). TUNEL staining was mostly
limited to the marginal cells of the stria vascularis and the
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outer hair cells, whilst the inner hair cells were occasion-
ally positive for TUNEL staining (Figure 4A and C). As
expected, the number of apoptotic cells was the highest
in the basal turn, slightly lower in the middle turn and
minimal in the apical turn. In the basal and middle turns,
we mostly observed 1 out of 3 or 2 out of 3 TUNEL-
positive outer hair cells, whilst in the apical turn TUNEL-
positive cells were observed only occasionally. Supporting
cells were mostly unaffected except in the basal turn,
where some TUNEL-positive Deiters’ cells were ob-
served. Figure 4C shows two TUNEL-positive outer hair
cells and an inner hair cell in an advanced stage of apop-
tosis, judged by diffuse TUNEL staining which correlates
with disrupted chromatin and cellular disintegration. In
all turns, however, there were more advanced stage outer
hair cells than inner hair cells, and in extreme cases com-
plete disintegration of the outer hair cells was observed.
TUNEL staining in the spiral ganglion was limited to
satellite cells, whilst the neurons appeared unstained (data
not shown). ADAC treatment during the second cycle of
cisplatin regime consistently decreased TUNEL staining
in the stria vascularis and the organ of Corti in the basal
and middle turns of the cochlea (Figure 4B and D).

DISCUSSION

Our study demonstrates that systemic administration of
ADAC, a selective A1 adenosine receptor agonist, con-
fers partial protection from cisplatin-induced ototoxic-
ity. In rats exposed to cisplatin, ADAC ameliorated high
frequency hearing loss and improved the survival of the
outer hair cells. As a qualitative outcome, ADAC treat-
ment reduced apoptosis of the outer hair cells and mar-
ginal cells in the stria vascularis.

In this study we have taken advantage of the two-
cycle model of cisplatin treatment, which mimics the
clinical course of chemotherapy™ and avoids a high
mortality rate known to exist in other animal models of
cisplatin toxicity™*!. A previous study using the two-
cycle model® established that hearing loss and the loss
of outer hair cells occurs after the second cycle of cispla-
tin injections, suggesting that this period should be thera-
peutically targeted to reduce cisplatin ototoxicity. Indeed,
ADAC was most effective when administered concomi-
tantly with cisplatin during the second cycle. After the
completion of cisplatin treatment, the ototoxic effects
of cisplatin were irreversible and the hearing loss was
permanent. These results suggest that the role of ADAC
is to facilitate the recovery process of the hair cells and
other cochlear tissues at early stages of cochlear injury.

Previous studies have shown that apoptotic cell death
is the main mechanism of cisplatin ototoxicity™. In the
present study, ADAC reduced the loss of outer hair cells
and apoptosis in the organ of Corti and stria vascularis,
cochlear tissues particularly vulnerable to cisplatin ototox-
icity®. Our results thus suggest that ADAC improves
the survival of sensory and secretory tissues critical for
normal cochlear functioning,
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It is possible that ADAC targets multiple mechanisms
of cochlear injury, reducing oxidative stress and apoptosis
upon stimulation of adenosine A1 receptors. It has been
established that A1 receptors exert a strong cytoprotec-
tive role in the cochlea”* most likely by inducing
the activation of antioxidant enzymes™". A1 adenosine
receptors are up-regulated after local cisplatin admin-
istration to the cochlea, and this is considered to be a
compensatory mechanism to counter excessive ROS pro-
duction"”. Local administration of R-PIA (A1 adenosine
receptor agonist) to the round window membrane can
increase the production of antioxidant enzymes super-
oxide dismutase and glutathione peroxidase and signifi-
cantly reduce the levels of malondialdehyde, a marker of
lipid peroxidation™. In addition, selective A1 adenosine
receptor agonists, such as CCPA and ADAC, reduce the
production of a toxic metabolite nitrotyrosine (marker
of oxidative stress) in the noise-exposed cochlea™?,
providing further support for antioxidant actions of ad-
enosine A1 receptor agonists. Anti-apoptotic activity of
At receptors has also been established. A1 receptors are
positively coupled to extracellular signal-regulated kinase
1/2 mitogen-activated protein kinases””, known to medi-
ate pro-survival signals in tissues™. In addition, the in-
creased expression of adenosine receptors in response to
oxidative stress is regulated by transcription factors NF-
kB and activator protein 1, which facilitate cell survival in
tissues exposed to oxidative stress .

At adenosine receptors have been previously shown
to reduce cisplatin-induced auditory threshold shifts
after local administration of adenosine A1 receptor ago-
nists, such as R-PIA or CCPA, onto the round window
membrane of the cochlea®. The potential advantage of
ADAC in comparison with other adenosine A1 receptor
agonists is the possibility of systemic administration due
to reduced cardiovascular effects™ . However, transla-
tion from animal models to clinical practice is essential
to assess the effectiveness of ADAC. Further studies are
required to assess potential side effects, optimal dose and
route of drug administration, and bioavailability. Another
important caveat is to establish whether systemic admin-
istration of ADAC interferes with anti-cancer effects of
cisplatin. Nevertheless, this study provides further sup-
port for the otoprotective role of ADAC with potential
clinical benefits extending from noise-induced hearing
loss to cisplatin ototoxicity.

COMMENTS

Background

Cisplatin is one of the most commonly used chemotherapeutic agents highly
effective in treatment of various malignancies. The principal dose-limiting side
effects of cisplatin include ototoxicity, neurotoxicity and nephrotoxicity. Cisplatin
ototoxicity affects most patients, and is manifested as tinnitus and bilateral high-
frequency hearing loss.

Research frontiers

Cisplatin ototoxicity can be ameliorated by various protective agents targeting
oxidative stress, inflammation and apoptosis. There is no ideal protective agent
for clinical use at present, and finding safe and effective treatments for cisplatin
ototoxicity would significantly improve the quality of life of many cancer sufferers.
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Innovations and breakthroughs

Cisplatin-induced cochlear injury and hearing loss can be reduced after local
administration of adenosine A1 receptor agonists. The advantage of adenos-
ine amine congener (ADAC) in comparison with other adenosine A+ receptor
agonists is the possibility of systemic (e.g., oral) administration due to reduced
cardiovascular effects of ADAC at the therapeutic dose.

Applications

This study may lead to therapeutic management of ototoxic side effects in pa-
tients receiving cisplatin anti-cancer therapy. An important caveat is to establish
whether systemic administration of ADAC interferes with anti-cancer effects of
cisplatin.

Terminology

ADAC is a selective A1 adenosine receptor agonist. Adenosine acts as a cy-
toprotective substance released from tissues in response to stress. Released
adenosine may account for tissue protection and regeneration in a range of tis-
sues via adenosine A1 receptors.

Peer review

The authors present compelling evidence for the ability of ADAC to reduce loss
of hearing function and loss of cochlear hair cells induced by cisplatin in Wistar
rats, a recognized model of cisplatin ototoxicity. These data are of particular in-
terest due to the possibility of systemically treating humans undergoing cisplatin
cancer therapy with ADAC, which has reduced cardiovascular side effects com-
pared to other adenosine agonists.
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Abstract

Although the pectoralis major myocutaneous flap is of-
ten used in head and neck reconstruction, the extension ~ INTRODUCTION
of the skin paddle beyond the inferior limits of the mus-
cle has not been well described. We aim to clarify the
design and application of this extended flap in head and
neck reconstruction. In this retrospective study, con-
secutive cases of extended pectoralis major myocutane-
ous flap reconstruction of post-ablative head and neck i .
defects at a single tertiary referral center were included ~ n¢¢k region. Currently however, free dssue transfers,
for analysis. In 7 cases an extended pectoralis major ~ Which offer superior pliability and ability to be contoured
flap was utilized, in which the skin paddle was extended ~ t© the defect, have largely superseded the pectoralis major

The pectoralis major flap was first described in 1968
and later popularized for head and neck reconstruction
by Ariyan™ in 1979. Due to its ready availability, ease
of harvest and reliability, it soon became the choice of
reconstruction for post-ablative defects in the head and

beyond the inferior border of the pectoralis major to in-  flap- Nevertheless, the latter retains an important place in
clude the rectus sheath. Skin and soft tissue as well as ~ contemporary head and neck reconstruction, particularly
composite defects of the oral cavity, parotid/temporal in resource constrained settings, high risk patients and as
region and neck were reconstructed. All flaps healed salvage after free flap failure.

satisfactorily with no loss of skin viability. The extended The principal blood supply to the flap is from the

pectoralis major myocutaneous flap is robust and has thoracoacromial artery, a branch of the axillary artery
versatile applications for reconstruction of large, high that enters the deep muscle surface from beneath the
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middle third of the clavicle. In most large series, the skin
paddle has been limited to within the surface area of
the pectoralis major muscle, Ze., territory supplied by the
thoracoacromial artery, as extension beyond this border
is thought to compromise blood supply™. In this report,
we describe our experience with the extended pectoralis
major flap, wherein the skin paddle was extended beyond
the inferior border of the pectoralis major to include rec-
tus sheath.

CASE REPORT

All cases of head and neck defects reconstructed by the
pectoralis major myocutaneous flap at our tertiary referral
center from 2010 to 2013 were retrospectively reviewed.
Among these, cases of extended pectoralis major flap re-
constructions were selected for analysis. For the purpose
of this report, an extended flap was defined as the design
and harvest of a skin paddle with the proximal portion
ovetlying the pectoralis major muscle, and the distal por-
tion extending beyond the inferior border of the muscle
to include rectus sheath. The dimensions of the skin
paddle were as closely matched as possible to that of the
defect. The distal margin of the skin paddle was designed
in a curvilinear manner to avoid a sharp tip. The pedicle
length was designed so as to ensure an adequate arc of
rotation (pivoted on the middle third of the clavicle) and
sufficient tension free reach of the inferior margin of the
skin paddle to the highest or most distal reach of the de-
fect. A curvilinear line was drawn from the supero-lateral
corner of the skin paddle to the anterior axillary fold
(Figure 1). From this line an inferior flap was raised su-
perficial to the pectoralis fascia to define the inferior bor-
der of pectoralis major muscle. This border was assessed
in relation to the inferior border of the skin paddle. The
portion of skin paddle extending beyond the inferior
border of muscle was harvested with the correspond-
ing underlying rectus sheath in a plane just superficial
to rectus muscle. The cut margin of rectus sheath was
sutured to the subcutaneous layer of the skin paddle to
prevent shearing and disruption in blood supply during
harvest. Further proximal harvest continued in a plane
deep to pectoralis major muscle and superficial to pec-
toralis minor muscle. The vascular pedicle was identified
on the deep surface of pectoralis major and protected
during further harvest. If a second lateral pedicle (lateral
thoracic artery) was present, it was divided to obtain ade-
quate arc of rotation. Muscle around the vascular pedicle
was thinned if necessaty to facilitate distal reach of skin
paddle. Pectoralis major muscle fibers were released from
rib attachments and the humeral head was also detached
completely. The flap was finally mobilized superiorly un-
der the neck skin and the skin paddle was sutured to the
defect margins in a single layer. Care was taken to ensure
minimal tension and kinking of the vascular pedicle.

In the postoperative petiod, normal saline was infused
at the rate of 100-120 cc/h for the first 24 h. Urinary
output was monitored with the Foley catheter in-situ to
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Figure 1 Flap design and elevation. A: Marking of skin paddle with inferior
line representing costal margin; B: Flap being elevated along with rectus sheath
(exposed rectus muscle inferiorly).

ensure it remained above 50 cc/h. Packed red blood cell
was transfused to maintain blood hemoglobin concentra-
tion at or above 9 g/dL. Oral or nasogastric tube feeding
was commenced 24-48 h following surgery and gradu-
ally increased to approximately 3 L/d at which point
intravenous fluids was completely stopped. The patient’s
head was kept elevated by 45 degrees and maintained in a
neutral position as far as possible. On the first postopera-
tive day, the patient was made to sit in a chair and daily
chest physiotherapy was commenced. Ambulation was
started on the second postoperative day, and the Foley
catheter was typically removed on the third day. In cases
that required mucosal repair, nasogastric feeding and nil
by mouth orders were continued until at least the 14"
postoperative day and full healing of mucosal incision
lines. Flap viability was checked on the first postopera-
tive day by needle prick and then by visual inspection of
skin color and turgor on a daily basis until discharge from
hospital. Any loss of viability, such as skin necrosis, was
recorded.

A total of 7 cases of extended pectoralis major myo-
cutaneous flap repairs were done. Patient demographics
are given in Table 1. No patient had received preoperative
radiotherapy. The distal tip of the skin paddle extended
beyond the lower border of pectoralis major by 2-5 cm.
In all cases, this cut distal margin was confirmed to ex-
hibit brisk bleeding during harvest. The indications for
the extended flap were large defects of mucosal and/or
skin surface, high defects involving soft palate or extend-
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Table 1 Patient demographics and operative details

Pt No. Age (yr)/sex Primary tumor Defect nature Approximate skin
paddle dimension (cm)
1 60/F CA thyroid Large cutaneous and soft tissue defect 7x4
2 54/M CA retromolar trigone Composite defect of oral mucosa and mandible 6x3
3 45/F CA buccal mucosa Large full thickness composite defect cheek 5x4
4 56/F CA alveolus Composite defect of oral mucosa and mandible 6x4
5 66/M CA retromolar trigone Composite defect of oral mucosa and mandible 6x4
6 55/M CA parotid Large cutaneous defect of cheek reaching temporal line 8x6
7 50/F CA alveolus Large full thickness composite defect cheek 8x4

F: Femal; M: Male.

Figure 2 Reconstruction of large cutaneous defect (Patient 1). A: Large locally invasive thyroid malignancy with skin involvement; B: Post-ablative defect; C:

Marking for flap; D: Wound 1 wk after surgery.

ing up to and beyond the temporal line, and complex,
multi-dimensional intraoral defects requiring tension-free
circumferential closure. Patients 3 and 7 had full thick-
ness defects of the cheek with loss of skin, buccal soft
tissue and mucosa. In the former patient, the surface area
of the cutaneous defect was near-identical to that of the
buccal defect (5 cm X 4 cm), while the cutaneous defect
was much smaller (2 cm X 1 c¢m) in the latter. The skin
paddle of the flap was used to resurface the cutaneous
defect in the former and the buccal defect in the latter.
The corresponding large buccal and small external cuta-
neous defects were reconstructed with split skin grafts.
The donor site was closed primarily in 6 cases and a local
rotation flap was required in 1 case. No patient required a
second simultaneous flap for reconstruction (Figures 2-5).

One patient developed a seroma in the neck anterior
to the flap muscle that settled on repeated aspiration.
Two other patients developed orocutaneous fistula that
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healed by daily dressing. All flaps survived fully with no
loss of skin viability or necrosis over a minimum follow-
up of 60 d. Similarly, there was no major donor site com-
plication.

DISCUSSION

The pectoralis major myocutaneous flap offers a very im-
portant reconstructive option in contemporary head and
neck surgery. However, limiting the skin paddle to within
the surface area of the pectoralis major muscle may oc-
casionally restrict the ability to reconstruct large, high
or complex defects. In this report, extension of the skin
paddle inferiotly beyond the pectoralis major muscle has
been shown not to compromise blood supply and this
extended and robust skin paddle can be utilized to reli-
ably reconstruct large or high defects.

The main blood supply to the pectoralis major is the
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Figure 3 Reconstruction of full thickness cheek defect (Patient 3). A: Post-ablative defect; B: Marking for skin paddle; C: Immediate post-reconstruction; D: Two

months following surgery.

Figure 4 Reconstruction of large mucosal defect (Patient 4). A: Elevation of flap; B: Two months following surgery.

thoracoacromial artery. There are two other vessels sup-
plying the muscle: internal mammary artery with its per-
forating branches and lateral thoracic artery. The internal
mammary vessels continue into the rectus sheath as the
superior epigastric artery and vein with large perforators
in the periumbilical region of the abdomen. The cutane-
ous vascular territories of these three vascular systems
overlap to supply the skin of the antetior chest and up-
per abdomen'. Cadaveric dye injection studies have con-
firmed overlap of the skin territories of perforators from
the internal mammary, superior epigastric and thoracoac-
romial systems over the sternum and upper abdominal
wall™”. It has been shown that in some cases, the skin
paddle of the traditional pectoralis major flap can have
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a limited supply by the thoracoacromial artery, with the
remaining area borne by the perforating branches of the
internal mammary artery®”. Extending the skin paddle
inferiotly to include the rectus sheath as done in this
report can capture the rich fascial vascular plexus of the
lower chest and anterior abdominal wall. The distal skin
must be designed in a curvilinear fashion to avoid a sharp
tip and include the fascia covering the anterior abdominal
wall to maintain the fascial vascular plexus. Proximally,
the skin island must be designed to ovetlie the pectoralis
muscle to allow the thoracoacromial perforating vessels
access into the distal fascial plexus. The edges of the
rectus sheath and superficial layers of pectoralis muscle
must be sutured to the corresponding subcutaneous layer
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Figure 5 Reconstruction of large parotid skin defect (Patient 6). A: Tumor parotid with skin involvement; B: Post-ablative defect; C: Skin paddle with marked line
representing approximate level of inferior border of pectoralis major muscle; D: Immediately following reconstruction.

of the skin paddle to prevent shearing and loss of blood
supply. Further harvest must be done gently, avoiding
tension or torsion of the pedicle. Similarly, when muscle
around the pedicle needs to be thinned, care must be
taken to avoid thermal or crush injury to the pedicle. Pro-
vided these principles are strictly adhered to, we believe
an inferiotly extended skin paddle can be safely harvest-
ed, avoiding previously reported complications with the
pectoralis major flap™'”. Further, the distance between
the lower skin margin and the inferior border of the
pectoralis major muscle has been limited to 5 cm or less
in this report. Future studies may assess whether further
extension of the skin paddle inferiorly is feasible.

The indications for the extended flap in this report
were large defects of mucosal and/or skin surface, high
defects involving soft palate or extending up to and be-
yond the temporal line, and complex, multi-dimensional
intraoral defects requiring tension-free circumferential
closure. In our assessment, the traditional pectoralis
major flap would have been insufficient for tension-free
resurfacing of these defects. Even though a few flaps in
this series had a relatively smaller skin paddle size, the
extended flap conferred the advantage of superior reach,
rotation and contouring for high and complex defects.
We believe the extended flap overcomes several of the
limitations imposed by the traditional pectoralis major
flap by conferring a larger skin paddle for big defects and
superior reach for high defects, thereby minimizing ten-
sion and overall compromise of blood supply to the flap.
It is plausible that some of the complications reported
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previously with the pectoralis major flap®™” might have
been avoided by utilizing the extended flap. Done in an
appropriate manner as outlined here, the extended flap
increases the versatility of pectoralis major myocutaneous
flap in head and neck reconstruction.

Post-ablative head and neck defects that involve large
surface areas of the skin and/or mucosa, or extend high
to involve the soft palate or up to and beyond the tempo-
ral line, are challenging to reconstruct. In this report, the
extended pectoralis major myocutaneous flap has been
shown to be ideal for repairing these large and complex
defects. Further larger studies are required to confirm
and expand our findings.
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Abstract

Synthetic nanoparticles can be used to carry drugs,
genes, small interfering RNA (siRNA) and growth fac-
tors into the inner ear, to repair, restore and induce
cellular regeneration. Nanoparticles (NPs) have been
developed which are targetable to selected tissue,
traceable /n vivo, and equipped with controlled drug/
gene release. The NPs are coated with a “stealth”
layer, and decorated with targeting ligands, markers,
transfection agents and endosomal escape peptides.
As payloads, genes such as the BDNF-gene, Mathl-
gene and Prestin-gene have been constructed and
delivered /in vitro. Short-hairpin RNA has been used /n
vitro to silence the negative regulator of Mathl, the in-
hibitors of differentiation and DNA binding. In order to
facilitate the passage of cargo from the middle ear to
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the inner ear, the oval window transports gadolinium
chelate more efficiently than the round window and is
the key element in introducing therapeutic agents into
the vestibule and cochlea. Depending upon the type
of NPs, different migration and cellular internalization
pathways are employed, and optimal carriers should
be designed depending on the cargo. The use of NPs
as drug/gene/siRNA carriers is fascinating and can
also be used as an intraoperative adjunct to cochlear
implantation to attract the peripheral processes of the
cochlear nerve.

© 2013 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Synthetic vector; Gene delivery; shRNA
delivery; Targeted cochlear therapy; Minimally invasive
therapy

Core tip: Several novel, multifunctional nanoparticles
have been developed, which are targetable to selected
tissue, biodegradable, traceable /n vivo, and equipped
with controlled payload release. They can be used to
transport therapeutic agents, such as drugs, genes,
small interfering RNAs and growth factors into the in-
ner ear. To visualise the targetability and accuracy of
the delivery, the nanoparticles can be traced with mag-
netic resonance imaging. It is hoped that this technol-
ogy will come to be used as an alternative carrier to
viral vectors traditionally used in gene delivery, but
without the severe adverse effect.

Pyykkd I, Zou J, Zhangy, Zhang W, Feng H, Kinnunen P.
Nanoparticle based inner ear therapy. World J Otorhinolaryngol
2013; 3(4): 114-133 Available from: URL: http://www.wjgnet.
com/2218-6247/full/v3/i4/114.htm DOTI: http://dx.doi.org/10.5319/
wjo.v3.i4.114

INTRODUCTION

Hearing loss is the leading birth defect in western societ-
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Figure 1 Histology of cochlea and targets for cell specific pharmaco-/
gene therapy. Three fluid filled compartments characterize the mammalian
hearing organ. Nerve fibres and neurons (Spiral ganglion, peripheral processes
and central processes), sensory epithelium (Corti’'s organ). Tyrosine kinease B
receptor (TrkB) is indicated as a target for therapy.

ies affecting 2-3 children per 1000 born. In the EU more
than 60 million people are affected by hearing loss and
hearing loss is rated as the 9" most severe disease. The
burden of the hard of hearing is considerable, in terms
of physical, social and mental Well being, educational
development and employment'" In the United States
people with hearing impairment represent an economic
cost estimated at €222.4 billion and in the EU the costs
of hearing deficit are second only to brain disorders (€
386 billion). Moreover, because of the increasing age of
population, the developed wotld will face an increasing
number of hearing handicaps”. For mild to moderate
forms of hearing impairment, conventional hearing
aids alleviate communication problems in hearing loss.
In severe hearing loss and deafness however, auditory
function can only be restored by insertion of a neuro-
prosthesis that functionally replaces the lost inner ear
sensory cells by directly stimulating the auditory neurons.
By using a cochlear implant, formerly deaf or deaf-born
children can achieve functional hearing and learn to
communicate with speech, and over 150000 devices are
currently in use worldwide. We now know that many of
these hearing impairments can be significantly alleviated
with targeted drug delivery.

The inner ear has been a difficult organ to access ther-
apeutically, due to membrane based partitioning, protected
sensory cells and neural elements and its closed fluid dy-
namics (Figure 1). Nevertheless, the relative isolation, low
immunoreactivity, availability of quantitative and objective
measures of function, and the new imaging measures
available for the inner ear, makes it an ideal test model by
which to assess the efficacy and safety of putative thera-
peutic interventions, applied locally and based on the use
of nanoparticle delivery systems. Moreover, cochlear im-
plant surgery offers the opportunity of direct access in a
low risk (deafened) ear for the eventual clinical testing of
the nanotechnology based targeted drug delivery.

The inner ear comprises the vestibular apparatus for
balance control and the coiled cochlea. Sound entets
the cochlea through tympanic membrane that mediates
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the compression waves in the air to vibration of the os-
sicular chain. The vibration enters along ossicular chain
to the oval window that forces the fluid in the scala ves-
tibuli to vibrate in the same phase. The scala vestibule
is confluent on the apical tip with the scala tympani and
contains perilymph. The vibration activates the separate
membrane covered fluid space of scala media containing
the organ of Corti. In the organ of Corti the sensory
epithelium consists of three rows of outer hair cells
and one row of inner hair cells. Isolated by the tectorial
membrane and the basilar membrane the Corti’s organ is
bathed in the endolymph of the scala media.

The hair cells convert sound into electrical signals
and wind up 32-40 mm two and a half turns around
the spindle shaped modiolus that houses the spiral gan-
glion cells containing the primary neurons. The sensory
epithelium contains one row of inner hair cells and 3-4
rows of outer hair cells, and rests on the basilar mem-
brane. This membrane vibrates when stimulated by
sound in a tonotopic manner; high frequencies show
maximum vibration in the basal part whilst low frequen-
cies are mapped in the apical regions. The motile outer
hair cells actively tune the displacement of the basilar
membrane and thereby amplify and sharpen the pitch
discrimination. A loss of hair cells and a retrograde de-
generation of spiral ganglion cells lead to irreversible
hearing loss. Cochlear implants can partly supplement
the lost hair cells by direct electrical stimulation of the
cochlear nerve. The inner ear is therefore an attractive
model organ for treatment as it contains circumscriptive
sensory elements, as well as neurons and vasculature that
can be systematically analysed.

The application of a novel drug or gene therapy into
the inner ear is hindered by a lack of vectors that are
safe, efficacious and cell/ tissue-selective” ™. To treat the
“difficult-to-reach” tissues of the inner ear, different ef-
forts have been tried such as the use of bio-implantable
drug reservoirs', implantable catheters with a drug
reservoir'”, viral carriers for DNA and plasmids Bl and
the recent development of synthetic vectors'. Viruses
offer their own set of safety limitations for wider use.
Implantable drug reservoirs have been of limited success
and been mainly used for the delivery of corticosteroids
on the round window membrane (RWM)". There are
also an abundance of commercially available plasmid
vectors, that express the selected drug/DNA (albeit in a
very transient manner) in the inner ear™"". Some newer
plasmids can penetrate the cell membrane, integrated in
the cell genome (episomatic presentation) and remain for
a longer period than conventional plasmids[12’13] but still
the efficacy of this delivery mode is limited. This factor
however provides an opportunity for synthetic vectors
to be used as a future drug carrier to improve safety.

NANOPARTICLES: SIZE AND ADMINIS-
TRATION IN INNER EAR THERAPY

The first nanoparticles were developed in the 1950s, but
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Table 1 lllustration of average size of different object with
reference to nanoparticles

Object Size (nm)

Red blood cell 7000
Bacterium 1000

Virus 70-150
Nanoparticle 20-100
Gadolinium chelate 15

Width of DNA 25
Aspirin molecule 1

have been used for therapeutic applications only over
the past two decades'". Drugs and genes have been
recently successfully encapsulated within nanoparticles
for the purpose of prolonging the circulation time of
therapeutics and to protect them from enzymatic de-
struction”. Different types of nanoparticles have been
developed to treat cancer, pain, and infections, as well
as age-related and inherited diseases"'*". Due to an
increased porosity of the blood vessels in cancer tissue,
nanoparticles accumulate in cancer cells. Nanoparticle-
based anticancer drugs have shown less adverse effects
than non-capsulated drugs, for example in the case of
doxorubicin™. For inner ear drug delivery, nanoparticles
have been functionalized with peptides to achieve target-
ing,

Usually, a batch of nanoparticles has a wide and non-
uniform size distribution and this size pattern is usually
described as a dispersity index. Some nanopatticles can
be very tiny and the largest may exceed a micrometre in
size. Particles below 1 nm may be excluded in order to
avoid mixing them with the terms of clusters of atoms
(Table 1). Biologically however, if the particle size is less
than 5 nm then they tend to pass through cell mem-
branes and structures without any obstruction. When
the particle size increases, different uptake mechanisms
are involved in cellular entry and intracellular trafficking
and these play an important role. There is no accepted
international definition of a nanoparticle size, but one
offered in the new PAS71 document developed in the
United Kingdom is: “A particle having one or more di-
mensions of the order of 100 nm or less” (PAS 71:2011
Vocabulary-Nanoparticles). The ASTM standard also
defines that two or three dimensions must be between
1-100 nm (ASTM 2456-06). The current agreement
amongst the standards groups is that a scale from 1-100
nm defines the size range of a nanoparticle ISO ISO/
TS 27687:2008). This provides for example for carbon
nanotubes to be included as a nanostructure. Their di-
ameters are less than 100 nm but the length may vary
from 200 to 2000 nm. Due to their diameter however,
they biologically act as nanostructure, therefore a loose
definition of size is more applicable to nanoparticles.

Choosing an appropriate delivery method is neces-
sary for the efficient distribution of therapeutic agents
in the inner ear while minimizing any adverse effects.
The low delivery efficacy and the associated adverse ef-
fects of systemic administration however, do not make
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. . . . 21,22
this method an ideal treatment for inner ear diseases” .

Topical RWM surface delivery has proved moderately
efficient, and systemic delivery has the lowest efficien-

v Local drug RMW delivery is now used extensive-
y g y

ly in the clinic for treating and diagnosing diseases”>*
At present, intracochlear delivery through cochleostomy
appears to be the most effective method for delivering
nanoparticles to cochlear cells®, however cochleostomy
can be performed only under certain circumstances as it

can potentially result in inner ear damage.

BASIC CONSTRUCTS OF NANOPARTI-
CLES FOR INNER EAR THERAPY

The characteristics of nanoparticles are determined by

specific chemical compositions (Figure 2). Nanoparticles
can be produced by a variety of techniques including
interfacial deposition, emulsion or sonication. Polymer
matrices currently used for drug delivery include poly-
lactic-co-glycolic acid (PLGA), polylactic acid (PLA),
polyg-caprolactone (PCL), polyethylene glycol (PEG),
silica and chitosan. PLGA, PCL, PEG and PLA are
biodegradable and FDA approved polymers, but typi-
cally suffer from low drug incorporation efficacy and
rapid drug release rates for organic molecules with low
molecular weight. Other materials such as silica based
matetials and chitosan may be manufactured with bet-
ter incorporation and slower release rates, but may suf-
fer from poorer biodegradability or biocompatibilitym.
Composite nanoparticles are composed of two block
copolymers, e.g., AB-type PLLA-PEG and ABA-type
PLLA-PEG-PLLA. These nanostructures may be con-
structed as “shell-in-shell’ nanospheres using, e.g., PLLA-
PEG@PNIPAAmM-PDLA, containing the drug inside
PNIPAAm-PDLA nanospheres which can be released
at a specific temperature. Combinations of different
isomers are used in order to manipulate the degree of
porosity and rate of degradability of the matrix. Besides
containing the drug, the composite nanoparticles can
also incorporate environment-sensitive components and
visualization agents (either as MRI-contrast agents or
fluorescent materials).

Liposomes

Liposomes (termed as lipoplexes when containing the
payload) are the most common nanoparticles. They
are composed of a dual lipid layer with a hydrophilic
component outside and inside and a hydrophobic com-
ponent in the middle®™. The core or outer surface of li-
posomes can carry hydrophilic drugs and genes whereas
the bipolar lipid layer can carry hydrophobic drugs. In
designing the liposomes, appropriate amounts of the de-
sired lipid stock solution and the indicated lipid-peptide
conjugate are mixed to obtain the desired composition.
For lipoplexes used in inner ear drug delivery, the lipid
films are composed of Sph, eggPC, DSPE-PEG-2000,
peptide-PEG-lipid conjugate, and DPPRho. The sol-

vents are thereafter removed and mixed with the cargo
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Figure 2 Examples of nanoparticles. The 3G-multifunctional nanoparticle (MNFP) indicates the functionalized third generation multifunctional nanoparticle. The red
dots indicate drug/gene incorporation. The respective nanoparticle sizes are shown for each nanoparticle (NP).

by ultrasound""*”,

Amorphous silica

Amorphous silica based nanoparticles are biocompat-
ible and biodegradable. These nanoparticles represent a
new class of mesoporous materials, which exhibit a high
surface area and pore volume, in combination with a tu-
neable pore size in the range of 2-15 nm. Furthermore,
the particle sizes can also be tuned and it is possible to
synthesize nanostructures with a size range of 30-1000
nm particles in diameter, with a narrow particle size dis-
tribution. Both direct synthesis methods (wet process-
ing) and spray-drying for the synthesis of mesoporous
silica nanoparticles is used™

Polymerosomes

Polymerosomes may have various structures: diblock™,
triblock, graft™ and dendritic copolymers®". Polymero-
somes used in inner ear delivery consist of di-block co-
polymers and have hydrophobic and a hydrophilic com-
ponentsm’m. Polymerosomes have a quite stable struc-
ture compared to liposomes; they are stable for several
months at 4 C and release their loaded drugs for up to
5 wk at 37 ‘C". Unlike liposomes which self-assemble
from low-molecular weight lipids, polymerosomes self-
assemble from amphiphilic block copolymers, which
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consist of linked hydrophilic and hydrophobic polymer
chains. Amphiphiles can self-assemble into spherical mi-
! and network phases™. By manipu-
lating the molecular weight of the hydrophobic chain,
the size of the polymerosomes and the thickness of the
lamella can be modified””. By manipulating the weight
fraction of the hydrophilic component in the amphiphi-
lic block copolymer, the morphology of the formations
can be modulated”™. The lamella of the polymerosome
is thicker than that of the liposomes, and the aqueous
core of the polymerosome can be larger than that of the
liposome. The polymerosome lamella can load up to 10
mol% of a hydrophobic substance, and is quite stable
at room temperaturemj. Polymerosomes can be easily
loaded with hydrophilic and hydrophobic molecules in
their internal cavity and their membrane respectively”"",

celles, rod micelles”

Chitosan

Chitosan is a natural polymer consisting of a biode-
gradable polysaccharide primarily consisting of chains
formed of N-glucosamine units. Due to its polycationic
nature, chitosan has been found especially useful in
condensating plasmid DNA into particles”'. Chitosan
nanoparticles are prepared by mixing a solution con-
taining chitosan dissolved in lactic acid and trisodium-
polyphosphate solutions, and the variation of the ratio

November 28, 2013 | Volume 3 | Issue4 |
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of the two solutions allows the formation of nanopar-
ticles ranging from 20 to several hundred nanometers,
with a narrow size distribution. The fabrication method
does not include harsh chemical conditions which may

be harmful to the drugs or genes to be incorporatedw.

Hyperbranched polylycine

Hyperbranched polylycine is based on the dendritic and
hyperbranched systems containing poly (o-hydroxy ac-
ids) or amino acids. These highly branched polymers are
formed by iterative chemical reactions. Such polymers
are of a fractal nature, containing a maximum 2D sur-
face area within a minimum 3D space and are below 20
nm in diameter. Poly L-lycine acid forms the polymeric
building block as it is possible to produce it with an ac-
curate control of molecular weight, molecular weight
distribution and end-group functionality™”. The amino
acid based hyperbranched polymers can complex with
DNA for gene delivery and the manufacturing param-
eters and composition can be tailored for the desired
dendrimer/hyperbranched nanostructure!™,

Lipidic-core nano-capsules

Lipidic-core nano-capsules (LNCs) are a novel class of
very stable nanopatticles, dispersed in aqueous solutions.
They are biocompatible and biodegradable molecules
and can be fabricated without the use of organic sol-
vents™. The size of LNC nanoparticles can be tailored
by the modification of the composition, to the range
of 10-200 nm, with a very narrow particle size distribu-
tion. The synthesis of LNCs is made possible through
the self-organization of poly ethylene glycol like surfac-
tants'. LNCs are constructed as a lipidic core (triglycer-
ides, mineral oils, vitamin A, e#z.) surrounded by a surfac-
tant shell (stearate of PEG and lecithin), where lecithin
is located in the inner part of the shell. The properties
of their self PEGylated surface can be tuned simply by
the modification of the PEG chain length used. These
nanocapsules are particularly suitable for the encapsula-
tion and release of hydrophobic drugs dispersed in the
oily core, which makes them excellent candidates for the
delivery of drugs and DNA™!,

FUNCTIONALIZATION OF NANOPARTI-
CLES

Immunoshielding

Although the inner ear is an immune-privileged site, a
delayed immune response may occur in the inner ear and
lead to an inflammation of the cochlea and vestibule,
caused by the nanoparticles. To reduce the opsonization

and immune defence, nanoparticles are often coated,
commonly with PEG or polyethylene oxide (PEO)™,
Coatings can be created in two main ways; by the ad-
dition of a PEG containing surfactant at nanoparticle
production, or if the nanoparticles are reasonably re-
sistant to aggregation, coating can be performed after
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the nanoparticle manufacture’”’. An alternative method
is through the covalent conjugation of PEG to the
polymer during particle manufacture™. PEO and PEG
tend to repel macromolecules from the coating and
reduce contact on the nanoparticle surfaces. The mo-
lecular mass and surface density of PEO and PEG mol-

49,50
ecules™!

must be tailored to achieve a protein repelling
effect. Nanoparticle coatings should also inhibit aggre-
gation and reduce non-specific uptake by non-targeted
cells”. Unless particles demonstrate significant charge
stabilization, they will tend to aggregate, due to their
hydrophobicity. Hydrophobic particles and positively
charged complexes (for example uncoated polyplexes)
will also tend to bind to cell surfaces, which in turn
will lead to a non-specific uptake. PEGylated “stealth-
nanoparticles” have prolonged circulation times, but can
still activate the complement systemm. A single intrave-
nous injection of PEGylated liposomes elicited an anti-
PEG immunoglobulin M responseml, similar to that of
PEGylated liposomesm. In cancer therapy however,
nanoparticles can cause anaphylactic shock by comple-

NEPRE
ment activation””.

Targeting of nanoparticles

The concept of the specific targeting of nanoparticles
to inner ear has been recently introduced'”’. The sur-
face of nanoparticles is functionalized with targeting
moieties, specific to the selected cell population. Previ-
ously, antibodies and proteins have been conjugated to
nanoparticles to induce a targeted delivery of drugs and
genesﬁi’sﬂ. To reduce the size of nanoparticles, short
peptides have been developed and these suit different
targeting purposesﬁs]. Cell-penetrating peptides have also
been designed to enhance the internalization and cel-
lular penetration of nanoparticlesﬁg]. The use of short
peptides as a targeting moiety is favoured as the immune
response is minimal and the increase of the nanoparti-
cles size is a few nanometers. However, the discovery of
targeting peptides is both time consuming and laborious
work and therefore monoclonal antibodies can provide a
more practical choice.

Bitsche ¢ o/ demonstrated that at the onset of
hearing, TrkB-immunopositive staining occurred in in-
ner hair cells and in cell bodies of the spiral ganglion
neurons. TrkC was detected in nerve endings beneath
inner and outer hair cells and in supporting cells. Root
cells within the spiral ligament and the spiral ganglion
neurons in the Rosenthal’s canal showed a high level
of TrkC expression. The p75 neurotrophin recep-
tor (p75NTR) was found in the organ of Corti similar
high rate of expression to TrkC, and scattered neurons
showed strong immunoreactivity in the Rosenthal’s ca-
nal®. Neurotrophic receptors are therefore, attractive
targets for inner ear therapym’éml. Peptide-functional-
ized PMs were shown to be capable of targeting specific
inner ear cell populations. For example, nerve growth
factor-derived peptide-functionalized PEG-4-PCL PMs
can specifically target the cochlear nerve and SGCs!™,
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Ranjan ez al”” targeted TrkB positive SH-SY5Y cells
using a TrkB ligand (18-mer peptides)-conjugated lipo-
some. Specific binding and augmented uptake were con-
firmed for TrkB positive SH-SY5Y cells, with the target-
ing liposome appearing in the cytoplasm after 20 min of
incubation. Ranjan ¢# al”" demonstrated the feasibility of
targeting TrkB-expressing cells with a TrkB ligand con-
jugated-liposome and the promotion of cellular uptake
(entering at least partly into endosomes) viz receptor-
mediated pathways.

Potential targetability with TrkB affinity peptide-
functionalized liposome nanoparticles was observed in
the adult rat cochlea™. Zou et /" evaluated the inter-
nalisation of liposomes functionalized to target TrkB
receptors. Roy ez al* investigated the utility of nerve
growth factor-derived peptide (hNgf-EE) functionalized
polymerosomes to target the cells of the inner ear. The
nanoparticles were introduced to organotypic explant
cultures of the mouse inner ear and to rat pheochro-
mocytoma cells (PC-12). Specific targeting and a higher
binding affinity to spiral ganglion neurons, Schwann cells
and nerve fibres of the explant cultures were achieved
through the ligand mediated multivalent binding to TrkB
and p75NTR. Nonspecific uptake of nanoparticles
was investigated using nanoparticles conjugated with a
scrambled hNgf-EE peptide. The results indicated a se-
lective cochlear cell targeting;

Zhang ef al” evaluated the targeting ability of poly-
mersomes to the cochlear nerve by functionalizing the
polymersome surface with a tetanin peptide (Tetl) se-
quence.Tetl peptide specifically binds to the trisialogan-
glioside clostridialtoxin receptors abundantly present
in the cochlear nerve. Tetl functionalized PEG-4-PCL
polymersomes were administered using transtympanic
injection and cochleostomy. The delivery iz cochleos-
tomy of Tetl functionalized polymersomes resulted in a
cochlear nerve targeting which in contrast was not seen
after transtympanic injection.

Surovtseva ¢t al' evaluated prestin binding ligands
to target nanoparticles to the outer hair cells. In biopan-
ning, two 12-mer peptides (AG65 and AG66) with an af-
finity to prestin were identified. The binding properties
of the A665 and A666 ligands shown by flow cytometry
demonstrated a selectivity to prestin expressing Chinese
hamster ovary cells. PEG6K-b-PCL19K polymersomes
covalently labelled with these peptides demonstrated an
effective targeting to the outer hair cells of a rat cochlear
explant.

Internalization and transfection

Previous efforts have mostly relied upon diffusional,
non-targeted methods to deliver the nucleic acid into the
cell and nucleus. The use of dynamic chemical processes
have provided improved directionality and functionality
to carry, for example small interfering RNA (siRNA) and
DNA to target cells and into target locations by develop-
ing better nanoparticles. Factors that increase internaliza-
tion include the smaller size of the nanoparticles, a posi-
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tive charge, higher nanoparticle concentrations, longer
incubation times, higher incubation temperatures and
the use of internalization enhancing peptides[“’ég]. The
surface charge of the delivery vehicle is an important
property of nanoparticles that affects their interaction
with cells. A charge promotes cellular uptake but also
promotes non-specific interactions with non-target cells
and extracellular components such as serum proteins
and extracellular mattices™”

Clathrin-mediated endocytosis, caveolae-mediated
endocytosis and macropinocytosis are the primary inter-
nalization pathways of nanoparticles. The pathway by
which the carrier enters the cell depends on the carrier
type, surface charge, and surface modifications ",
In polymerosomes it was demonstrated that the core/
corona structure (determined by the composition of
the hydrophobic and hydrophilic fractions) affects the
internalization pathway, whereas the polymerosomes
size does not!™. Peptide-modified nanoparticles are
most likely to be internalized vz caveolae-mediated en-
docytosis or macropinocytosis’ ™. When clathrin and
caveolae-mediated endocytotic pathways are inhibited,
the internalization »/a the macropinocytosis pathway
increases”’. The internalization of the block copolymer
micelles endocytotic pathways seems to involve pinocy-
tosis, caveolae, clathrin, and caveolae-clathrin indepen-
dent processesm’m.

Soo et al™ investigated the endocytic trafficking of
silica nanoparticles within the immortalized inner ear cell
line (HEI-OCT1 cells). They used different sizes of silica
nanoparticles of 50, 70 and 100 nm. The 50 nm NPs
were the easiest to be internalized and macropinocytosis
was the dominant mechanism. During intracellular traf-
ficking, silica nanoparticles were localized in the early
endosomes. The trafficking to lysosomes was delayed,
however the particles could not escape the endosomes.
Similar to these findings is that fluorescent-labelled mi-
celles do not enter the nucleus but can also be found in
endosomes/lysosomes, as can most other nanoparticles.

An enhancement of internalization can be achieved
through the incorporation of specific ligands to the sur-
face of the nanoparticle. Transferrin has been used as
a cell penetrating peptide as most cells have transferrin
receptors[79]. The transferrin targeting licands theoreti-
cally have a disadvantage as transferrin is recycled in the
cells and the nanoparticles may be transported outside
of the cell. The transcriptional transactivator peptide,
tat-peptide, or a modified sequence of the human im-
munodeficiency virus surface peptide, is commonly used
to enhance nanoparticle delivery efficacy. Tat-peptide
usage also improves the transfection, Ze., the delivered
DNA reaching into, and reading within the nucleus. In-
ternalization peptides are usually covalently bound on
the PEG layer. The targeting peptides, internalization
and transfection peptides cover about 1%-2% of the
surface of the PEGylated nanoparticle[(ﬁ’so]. Functional-
ized nanoparticles offer opportunities to achieve many
desired characteristics. Figure 3 shows an example of
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Figure 3 Composition of a targeted nanoparticle. MRI: Magnetic resonance imaging.

ideal nanoparticle for inner ear therapy. It contains nerve
stimulating growth factor (BDNF), the Azh-1 gene
for transformation of supporting cells to outer hair
cells"" | siRNA for removing the inhibition of E-Box of
Atob-1 gene action] dexamethasone to diminish tissue
trauma during surgery®’, SPION to allow visualization
of the nanoparticle payload in MRI™, tat-peptide to
improve internalization™ and TrkB receptor-peptide for
targeting[4’44].

Endosomal escape
Depending on internalization pathways, nanoparticles
usually enter the early endosomes, continue to the late
endosome and finally are stored and destroyed by lyso-
somes (Figure 4). A promising method to escape the late
endosomes and lysosomes is to create nanoparticles that
are chemically dynamic, and are able to cleave the chemi-
cal bonds of lysosomes. An example of this approach is
the use of endosomal escape mediating proteins that im-
prove the release of nucleic acids from the endosomes, a
key step during the transport of genetic material "
Several peptides have been shown to disrupt the en-
dosomal membrane and allow pathogens, therapeutics
and plasmids transit to the cytoplasm®, These fuso-
genic, pH sensitive peptides are mostly derived from
bacterial pathogens. This conceptual approach was first
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revealed using the cationic peptide melittin and cyclic
anhydrides™. Melittin is an extremely cytotoxic, mem-
brane lytic peptide that contains several critical lysine
residues. To mask melittin’s membrane activity, its lysine
epsilon amino groups were reversibly modified using
cyclic anhydrides. The key to this strategy is the choice
of the labile bond. When the endosomal escape mediat-
ing peptides (EEMPs) enter the acidic environment of
the endosome, a pH-labile bond is broken, so releasing
the agent’s endosomolytic capabi]jty[%]. The use of labile
bonds to mask membrane activity provides a critical
design feature of EEMPs, because it enables efficient i
vivo delivery without sacrificing endosomolytic function
for release into the cytoplasm. The HA2/INF peptide
has been used by several researchers” . The fusogenic
pH sensitive peptide GALA provides a different strat-
egy to combat endosome trapping™*”*"". Some of these
peptides form pores in the membrane. Recently, an en-
dosomolytic agent used within dynamic polyconjugates,
enabled the efficient delivery of siRNA into hepatocytes
in vivd”™. In gene transfer, in vitro luciferase gene expres-
sion was increased 1800-fold when melittin was modified
with dimethylmaleic anhydride and covalently coupled
to poly-L-lysine (PLL), when compared to unmodified
PLL™.

In liposomes, citraconic anhydride has been used to
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Figure 4 Internalization and cellular trafficking of nanoparticles. TrkB: Tyrosine kinease B receptor; BDNF: Brain derived neurotrophic factor; TAT: Tactical arrival

time.

reversibly modify the primary amine of dioleoyl phos-
phatidylethanolamine (DOPE), to form citraconyl-
DOPE"™. In an acidic environment, the citraconyl group
is cleaved reforming DOPE. In nanoparticles, pPDNA
was complexed with poly-lysine, which was then mixed
with negatively charged liposomes containing citraconyl-
DOPE, DOPE and DOPE-PEG-folic acid. This ternary
complex showed a higher transfection activity than those
liposomes containing cholesterol hemisuccinate instead
of citraconyl—DOPE[%]. An extensive review on the use

of escape peptides has been provided elsewhere”.

Nuclear entry and DNA integrating in the genome

DNA introduced into cells by synthetic carriers is usu-
ally trafficked to the cell interior along the endocytic
pathway. Once released from the endosomes, the DNA
or nanoparticle with DNA must travel through the cyto-
plasm in order to reach the nuclear envelope. However,
the diffusion of large (> 500 kDa) molecules through
the molecularly crowded and sterically obstructed en-
vironment of the cytoplasm is highly restricted. The
results of non-viral gene transfer have shown surpris-
ingly low levels of overall transfection, with < 1% of
the DNA, which is taken up by a cell, ever being ex-
pressed”™”’. The unique structural properties of DNA
further attenuate its diffusion. However, when plasmids
with different sizes were injected into the mice tail vein,
the efficiency of delivery was independent of the vectors
size™. Even if a DNA vector reaches the nuclear enve-
lope it must then translocate across nuclear pore com-
plexes in order to reach its destination”. Nuclear pore
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complexes (NPC), which operate as selective conduits
for nucleo-cytoplasmic exchange in eukaryotes, support
two modes of transport. For non-dividing, differenti-
ated target cells, the nuclear entry is highly dependent
on transport via NPCs. Particles smaller than 8-9 nm
may enter by diffusion, while larger particles are ushered
selectively by soluble receptors of the karyopherin/im-
portin 3 family, which recognise the specific nuclear im-
port signal (NLS) or export signal peptides displayed by
the cargo“oo’mﬂ. This mode is used to transport objects
below 40 nm in diameter. Given its large hydrodynamic
radius and the lack of nuclear targeting signals, DNA
is expected to translocate very pootly through nuclear
pore complexes. Unless assisted, the translocation of
DNA through nuclear pores is limited. Only very short
segments, in the order of approximately 100-500 bp can
pass the NPC"". Obstruction of these two important
cellular processes therefore render transfection efficien-
cies by synthetic carriers as unacceptably low, particulatly
in the case of non-dividing cells and localised gene deliv-
ery.

Extensive effort has been placed on enhancing the
nuclear import of delivered DNA by direct or indirect
association with NLS moieties""'"". This effort has
largely been in vain, because the size and chemical prop-
erties of the DNA dramatically attenuate its transport
into the cell cytoplasm and through the nuclear pore
complex channel, so resulting in poor nuclear transfer.
The use of nano-carrier DNA complexes, functionalized
by moieties with nuclear-targeting activity, offers a highly
promising means to overcome the nuclear barrier and in-
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Figure 5 Example showing nuclear pore complexes targeted Tat-coated nanoparticle containing Math-1 plasmid and PiggyBac transposome. NLS: Nuclear
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duce the efficient nuclear import of DNA". To maxi-
mize nuclear targeting, various nucleus targeting moieties
(NLSs) chosen from aptamer libraries and sulfhydryl-
reactive linker molecules, have been utilized""™. With the
goal of identifying the most efficient NLSs, the nuclear
accumulation and kinetics of the nuclear import of vari-
ous quantum dots-NLS complexes have been used"™.
Despite present knowledge of the interaction of NLSs
with their cellular partners, it remains impossible to pre-
dict their effectiveness in nuclear penetration.

This limitation of biological activity is exacerbated by
the fact that in most cases, DNA remains epi-chromo-
somal, so necessitating repeated administrations (Figure
5). Kim ez al"™ reviewed the possible use of transposons
to integrate DNA in the genome with nanoparticles.
Transposons have proved promising elements for gene
integration and the Sleeping Beauty system has been
predominant for many years, although there have been
several other transposon systems available, for example,
Tol2""™. Recently however, another system known as
PiggyBac has been introduced and developed for ful-
filling the same purposes (for example, mutagenesis,
transgenesis and gene therapy). In some cases there has
been improved transposition efficiency and advantages
over the Sleeping Beauty transposon system have been
demonstrated. The improved hyperactive transposase
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in PiggyBac has increased the transposition efficacy of
Sleeping Beauty[ms]. PiggyBac is still to be tested however
in the context of different functionalized nanoparticles.
A further hindrance in the development of successful
gene therapy has been the detrimental response of the
immune system. Understanding the sequence of inflam-
matory responses which occur after PiggyBac delivery,
may though enable the identification of points at which
immune modulation could dramatically improve the ef-
ficacy of gene therapy of the inner ear",

PAYLOAD

Delivering growth factor to non-targeted cells may cause
adverse effects. This has been recently well illustrated
in the innovative treatment of Parkinson’s disease with
glial nerve growth factor (GDNF), in that the drug was
delivered via catheters locally into the CNS. However,
the therapy was partly unsuccessful and caused seri-
ous adverse effects as the drug could not be sufficiently
targeted to specific cells""”. This issue may be managed
with targeted delivery™**>"",

Nanoparticles loaded with tracers, drug, genes and
siRNA have been examined in the context of the inner
ear. When compared to pDNA, the much smaller size
of the siRNA and a need to achieve only a cytoplasmic
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Figure 6 lllustration of the tyrosine kinease B receptor-targeting liposome nanoparticles that express short hairpin RNA to silence inhibitor of differentia-
tion and DNA binding-2 and a reporter enhanced green fluorescent protein. shRNA: Short hairpin RNA; EGFP: Enhanced green fluorescent protein; TrkB: Tyro-

sine kinease B receptor.

delivery, renders the delivery of siRNA more tractable.
McCall ef a review the use of siRNA in silencing
dominant mutations of genes. Although RNAI tech-
niques are still in the eatly stages of development, their
potential to dramatically alter human inner ear disease
is enormous in nanoparticle based therapy'”. RN Ai
technology seems particularly well-suited for treating
dominant-negative forms of hearing loss by reducing
the amount of aberrant mRNA available for transla-
tion. It has been successfully applied in a mouse model
for GJB2-related hearing loss caused by an autosomal
dominant nonsyndromic form of hearing loss caused
by a dominant-negative mutation"'"), RNAi has also
been used to reduce cisplatin-related hearing loss in a
rat model?. Tamura ef a/™ investigated the efficacy of
PLGA nanoparticles to deliver therapeutic molecules to
the cochlea. After a systemic application of rhodamine
labelled nanoparticles, fluotescence was identified in the
liver, kidney, and cochlea. A sustained delivery of rho-
damine however, only took place in the liver and not in
the kidney or cochlea. Rhodamine nanoparticles placed
on the RWM were identified in the scala tympani, indi-
cating that PLGA nanoparticles can permeate through
the RWM. Furthermore, the local application of rhoda-
mine nanoparticles to the RWM was more effective in
targeted delivery to the cochlea than in systemic applica-
tion. In a successive study, PLGA nanoparticles encap-
sulating lidocaine wete placed on the RMW of guinea
pigs, and resulted in reasonable concentrations of lido-
caine being seen in the cochlea without serious adverse
effects!""". The authors of the study postulated its use
against tinnitus. They also applied insulin-like growth
factor-1 in combination with a gelatine hydrogel on the
RWM to improve hearing after sudden deafness"'" and
the phase I /T a clinical trial of these experiments has
now been commenced.

Gene therapy offers new treatment possibilities for a
large number of commonly acquired and inherited hu-
man inner ear diseases where conventional therapy has
proven ineffective. Effective methods to stimulate new
functional hair cell regeneration in the inner ear would
be of therapeutic value for treatment of hearing and
balance deficits. One potential strategy to regenerate hair
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cells is to induce a phenotypic trans-differentiation of
the non-sensory cells that reside in the inner ear by using
Marh-1 gene, or to remove the inhibition exerted by id-
proteins™>'",

A TrkB affinity peptide was synthesized and coupled
to liposome nanoparticles carrying the plasmid pGene-
Clip™ hMGFP encoding shRNA, to transiently silence
the inhibitor of differentiation and DNA binding-2 (I1d2)
along with the reporter EGFP™* (Figure 6). Internaliza-
tion and targetability were analysed in primary cochlear
cell culture, cochlear explants, and live rats. There was
efficient internalization in primary cochlear cell culture
for both peptide-functionalized liposome nanoparticles
and blank liposome nanoparticles in a concentration-
dependant manner. Both particles showed uptake in
the spiral ganglion cells and adjacent nerve fibres in live
rats. A more efficient gene expression was seen for the
peptide-functionalized liposome nanoparticles, and the
function of shRNA was demonstrated in cochlear ex-

561 Tt was concluded that

plants and adult rat cochleae
the functionalization of liposome nanoparticles with a
TrkB ligand did not change cellular internalization, but
did enhance gene expression.

Zhang et al* studied transduction of the Math1 gene
using nanoparticle based gene delivery. After construct-
ing the pCDNAG6.2/C-EmGFP-Mathl expression plas-
mid, the plasmid was transfected into different cell lines
and primary cochlear cells. Liposome nanoparticles con-
taining the Math1 plasmid expressed the gene with vari-
able efficiencies, depending on the particle size, surface
charge and PEGylation status. The unique intracellular
trafficking of Mathl with dynamics from the cytoplasm
to the nucleus was demonstrated. The modification of
mesenchymal stem cells by Mah1 gene delivery together
with BDNF and GDNF treatments can potentially be
applied to cell replacement for the treatment of cochlear
spiral ganglion cell loss in deafness.

DELIVERY ROUTES OF NANOPARTICLES
INTO THE INNER EAR

Therapeutic agents for the treatment of inner ear dis-
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eases are being rapidly developed, although the delivery
methods are still undergoing improvement. Nanoparticle
based delivery into the inner ear has been investigated
using either systemic or local delivery """ There
are two different approaches to deliver the nanoparticles
locally: (1) Through transtympanic delivery (viz an intact
RWM or oval window); and (2) intracochlear deliv-
ery™ " Tamura e a/*” compared PLGA nanoparticles
delivered za systemic injection, administered either lo-
cally onto an intact RWM or injected into the vestibulum
of the inner ear. The results indicated that an injection
into the vestibulum was the most efficient method, with
intact RWM delivery being moderately efficient and
systemic delivery exhibiting the least efficiency™”. In an-
other study, the systemic delivery of viral vectors result-
ed in no cochlear gene expression'*. The low delivery
efficiency and obvious adverse effects render systemic
administration as a non-optimal method with which to
treat inner ear diseases”™”.

A comparison of topical RWM surface delivery,
transtympanic injection and cochleostomy provided
information regarding the optimization of inner ear
drug delivery using polymerosome nanoparticles®.
Although transtympanic injection was not superior to
topical RWM surface delivery (using a gelatin sponge) of
nanoparticles into the cochlea, it was more efficient in
delivering nanoparticles into the vestibulum. However,
both methods failed to introduce nanoparticles into the
spiral ganglion or into Corti’s organ 7z vivo. Among the
evaluated delivery approaches, cochleostomy is the most
promising method with which to deliver polymerosomes
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into these locations ™, For RWM delivery, Zhang ez a/*
concluded the passage of nanoparticles as taking the
following steps: polymerosomes were first taken up by
the endothelial cells, then diffused into the connective
tissue core through the loose intercellular gaps of the
endothelium. They were finally internalized by the epi-
thelial cells when they were delivered into the cochlear
perilymph. However, most of the polymerosomes were
unable to cross the tight junction of the epithelial layer
of the RWM when they wete administered either via
topical RWM surface delivery or transtympanic injec-
tion (Figure 7). The topical RWM surface administration
of gadolinium chelate results in the efficient loading of
the contrast agent in the rat inner ear as shown by 7 vivo
magnetic resonance imaging (MRI)"". Transtympanic
injection of PEGylated liposome nanoparticles encapsu-
lating gadolinium-tetra-azacyclododecane-tetra-acetic acid
(Gd-DOTA) passed through the RWM efficiently in vivo
as determined by the Gd-DOTA MRI signal in the inner
ear™. The variable efficacies of different substances in
crossing the middle-inner ear barriers may be dependent
upon the surface characteristics of the nanostructures.
Permeability of the RWM is influenced by several
factors, including the thickness of the membrane and
the size, configuration, concentration, liposolubility,
and electrical charge of the delivered substance!*. The
thickness of the RWM is variable depending on the
species studied. In mice this thickness is 6-10 pm™*”, in
rats 15 pm™”, in chinchillas 10-14 um"™, in guinea pigs
10 p,m“zg], and in humans 70 um[m]. Humans have the
thickest RWM, which is thicker at the rim than in the
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Figure 8 Porous annular ligament between the stapes footplate and vestibular window. Source: Reference

pes.

central region. The epithelial layer of the RWM has tight
junctions“zs], whereas the connective tissue layer and
the endothelial layer are loosely arranged. The results
showing that polymerosomes were detected only in the
epithelial layer of the RWM following topical RWM sut-
face delivery and transtympanic injection, but detected
in all three RWM layers when administered through
cochleostomy, suggest that the epithelial layer is the flow
limiting structure for polymerosomes in their transport
from the middle ear to the cochlea'". Nanoparticles,
such as liposomes, polymers and polymer-encapsulated
SPIONs wete shown to cross the RWM!">**"*. However,
the penetration efficacy of nanoparticles is not as high as
that of viral vectors. The chosen delivery method also in-
fluences the passing of substances through the RWM. For
example, BDNF administrated by a single transtympanic
injection or by sustained RWM application in rats resulted
in 0.0001% and 0.002% of the original concentration in
the perilymph after 3 d, respectively" .

PEG-4-PCL polymerosomes, LNCs and silica nanopat-
ticles loaded with fluorophores can pass through the
RWM and the oval window, and are detected in the co-
chlea and the vestibulum!*"*"*, PEG-PLA and PLGA
nanoparticles can deliver drugs to the inner ear via cither
local RWM or systemic application[&’m‘. Contrast agents,
such as Gd-DOTA and superparamagnetic iron oxide
nanoparticles (SPIONS), encapsulated in liposomes, poly-
mers and copolymers were visualized in the inner ear us-
ing MRI, light microscopy and electrical microscopy. The
penetration of the SPIONs was enhanced through the
use of an external magnetic field!"'o I,

Several efforts have been made to improve the per-
meability of the RWM for delivery. For example, a dis-
ruption of the RWM epithelial layer was attempted with
silver nitrate, trichloroacetic acid and phenol, but these
methods did not achieve satisfactory results’**"*". A par-
tial digestion of the RWM using a collagenase solution
increased the RWM permeability to recombinant adeno-
associated virus (tAAV) vectors and enhanced the trans-
fection efficacy™, Cell-penetrating peptides were also
used to improve the passage of nanoparticles through
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[141]

, with permission. VW: Vestibular window; S: Sta-

139,140
model membranes! 1

Oval window delivery

The oval window (OW) is the barrier between the peri-
lymph in the vestibulum and the middle ear cavity. A
histological study in rats demonstrated that the annular
ligament across the stapedio-vestibular joint is a porous
structure composed of fibrillin, 36-kDa microfibril-asso-
ciated glycoprotein (MAGP-36), and hyaluronic acid"*!
(Figure 8). The distance from the oval window to the sac-
cule is 1.66 mm in humans, and the distance to the utricle
is 2.25 mm"*. In vivo MRI studies of guinea pigs, rats, and
humans indicate that the oval window is more permeable
to gadolinium than the RWM"**>™ Selective vestibular
delivery via the oval window pathway was demonstrated
in a recent MRI study performed by Zou ez al™™ in which
the contrast agent was injected into the epitympanum.
This novel method was translated into practice in the ear
clinic to treat Meniere’s disease, and we have therefore
changed our own clinical practice and currently use a 50
pL injection into the upper posterior tympanic cavity to
allow the OW penetration of gentamicin. This seems to
be more effective than filling the whole tympanic cavity
and so far we have not experienced severe hearing loss
(personal information). Therefore, for nanoparticle deliv-
ery, the OW provides an alternative pathway especially to
the vestibulum and cochlea.

Intracochlear delivery

At present, intracochlear delivery is the most efficient
method for gene delivery to the inner ear ™AL
though hydrogel-administered BDNF to the topical RWM
surface with sustained release was reported to partially
protect SGCs from degeneration, an intracochlear applica-
tion of BDNF resulted in full preservationll}l’mj. During
cochlear implantation, protective therapeutic agents such
as neurotrophins and dexamethasone, can also be admin-
istered with an electrode array ', However, intraco-
chlear application of a given substance is not an optimal
method except in cochlear implants, as it has the potential
to induce deafness and inflammation™.
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Nanoparticle imaging

Figure 9 Schematic representation of imaging of nanoparticles in the inner ear of guinea pig with magnetic resonance imaging. The cochlear nerve (8n) and
cochlear basal turn (basal) are indicated. As nanoparticle transmission electron microscopy of multifunctional poly-lactic-co-glycolic acid -nanoparticle is shown. The
star-like dots in the fluid spaces of the cochlea and the cochlear nerve demonstrate the distribution of gadolinium chelate used for visualization. The small dots indi-
cate nanoparticles, their ingredients and dye for histological confirmation of targeting.

Trans-cochlear pathways

In vivo MRI studies on small animals, including guinea pigs,
rats, and mice have demonstrated novel routes of gado-
linium through the modiolus and lateral walll! S0
Increased evidence for this novel communication route
was obtained through combined SEM and light micros-
copy in the human cochlea, so demonstrating that the
modiolar wall of the SV and ST in the first and second
turn is porous, forming a perilymphatic communication
route to the peti-vasculatr and peri-neural spaces in the
modiolus. A “peri-modiolat lymph” or fluid space can
be identified in the modiolar periphery”". The openings
on the modiolar wall may be used therapeutically, in that
nanoparticles migrate to SGCs from the perilymph of
the ST Migration can also take place from the
ST to the SV iz either the SL or the modiolus" "',
When substances enter the perilymph of the ST through
the RWM or intracochlearly, they perfuse through fi-
brocytes of the SL »ia openings in the mesothelial sheet
facing the perilymphlm’lﬁ]. A fourth pathway is through
Corti’s organ which has a loose structure, and drugs ap-
plied to the perilymph of the ST can access nearly all of
the cochlear cell populations and the nerve fibres of the
peripheral processes of the SGCs!"™. Lastly, perfusion
can [{'.1512]50 occur between the basal SV and the vestibu-
lum" ™.

IMAGING OF THE NANOPARTICLE /N
VIVO

Tracking the distribution of nanoparticles within the
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inner ear is an important parameter that can be deter-
mined with expert imaging tools”'*”, In experimental
studies, several investigations have been carried out with
4.7 T magnetic resonance imaging (MRI) to evaluate the
dynamics of nanoparticles (Figure 9). When injected
into the middle ear, the nanoparticles containing contrast
agent allow the determination of the dynamic distribu-
tion rate of nanomaterial in a living organism. Both
SPION nanoparticles and gadolinium chelate containing
nanoparticles have been used. The resolution obtained
in vivo by the system is at best 78 um X 78 um X 78 um.
The two contrast agents are complementary to each
other and can be applied to human studies to describe
accurately the pathway and destiny of the nanoparticles
in the inner ear.

Zou et al”" developed MRI traceable tracking lipo-
plexes by encapsulating gadolinium-tetra-azacyclo-do-
decane-tetra-acetic acid (LPS + Gd-DOTA) within the
liposome nanoparticles. The functionalized nanoparticles
could be traced after either intratympanic or intraco-
chlear administration and their distribution in the inner
ear could be visualized. LPS + Gd-DOTA with 130 nm
size were efficiently taken up by the inner ear 3 h after
transtympanic injection and disappeared after 24 h',
With intracochlear injection, LPS + Gd-DOTA were
rapidly distributed throughout the inner ear, including
the cochlea and vestibule. The transportation efficacy of
LPS + Gd-DOTA across the middle-inner ear barriers
depends on the size of the liposome!"™. The disadvan-
tage of using chelated gadolinium is that the concentra-
tion of gadolinium must be high enough to be detected:
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Figure 10 Magnetic resonance imaging of the inner ear of rat using SPION as contrast agent. The upper figure shows T1 weighted imaging where all cochlear
fluid spaces are visible. The lower figure shows T2 weighted image where SPION injected into the perilymphatic space will reduce the T2 signal and the perilymphatic
space signal is extinguished. Only the fluid in scala media (endolymph) is visible. Am: Ampulla; Coch: Cochlea; Sa: Saccus; LSCC: Lateral semicircular canal; SSCC:

Superior semicircular cananal; PSCC: Posterior semicicrcular canal; SM: Scala media.

when compared for example to using SPION, the de-
tectable amount of gadolinium (Gd) must be 100-500
times greatet.

Poe ¢t al™ compared SPION with Gd in MRI in the
visualization of the inner eat in a rat model (Figure 10).
While Gd demonstrated enhancement of the perilymph,
SPION attenuates the proton signal in perilymph and in
MRI was devoid of a signal, yet the sensitivity of SPION
was much greater than Gd. Zou e al'* used SPION
in the visualization of the cochlear compartments with
a 4.7 T MRI scanner. POA@SPION was administered
through intracochlear, intratympanic and intravenous
routes. It passed through the middle-inner ear barriers
in only small amounts, but stayed in the perilymph for 3
d. There was no traverse of the blood-perilymph barrier
ot blood-endolymph barrier. The inner ear distribution
of POA@SPION was confirmed by histology. POA@
SPION is a promising T2 negative contrast agent. The
authors of the study demonstrated that POA@SPION
can be introduced into the perilymph space, after which
it becomes widely distributed. As such, SPIONs can
be used to demonstrate the integrity of the perilymph-
endolymph barrier.

Labelling cells with SPIONs has potential advantages
over gadolinium. These are owing to the high spatial res-
olution of MRI and the fact that SPION labels are non-
toxic to the cells since the iron oxide nanoparticles are
biodegradable and metabolized by the same cells"™*"".
SPION labelling of cells may provide researchers with a
tool to understand the role or contribution of a specific
cell population in normal and abnormal development or
in pathological processes. I vitro labelling of cells with
SPIONS allows for the detection of single labelled cells
within target tissues using MRI, following either direct
implantation or intravenous injection*". In vitro experi-
ments have shown that SPION labelled cells can move
towards an external magnetic field and magnetically
labelled cells can be delivered and retained at a site of
interest by applying an external magnetic field"". The
magnetic targeting of genetically altered cells or cells
serving as delivery vehicles for genes may be feasible in
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the future by infusing SPION labelled cells during an-
giography or invasive procedures and by placing an ex-
ternal magnet over a predetermined region, using image
guidance to maximize the delivery and retention of cells
in a target tissue'™".

It has been suggested that 7 vivo imaging will provide
demonstration of biocompatibility, membrane penetra-
tion, and targetability of the MFNP within the cochlea.
With the development of novel magnetic nanoparticles,
MRI has led to wider biomedical applications in “ther-
agnostic” (therapeutic and diagnostic) applications such
as in hyperthermia®", stem cell tracking'*”, gene expres-

. 163 . 164] . . 165
sion"” cancer detection"*”, and inflammation*".

CONCLUSION

Hearing loss is a large burden affecting around 13% of
the European population. Novel techniques to downsize
drug carriers to nano-sizes and attach them with target-
ing moieties demonstrate new opportunities for success-
ful drug/gene delivery into the inner ear. Nanoparticle-
mediated gene transfer is an attractive methodology
because of its simplicity and reduced toxicity, and it
holds promise in providing a major break-through for
future therapy. In spite of the modest efficacy of gene
transfection, several disease models have been success-
fully modulated by use of the synthetic vector system.
To enhance the utility of these vectors it is necessary to
increase their packing capacity and the level of gene ex-
pression of which they are capable. It is also important
to prolong gene expression, as well as to increase their
target cell specificity. For protection of hostile DNAse
from hostile enzymes, PEGylation and covalently attach-
ing targeting moieties, peptides enhancing internalization
and peptides that mediate the nuclear localization signal,
may provide a solution for a drug delivery system for or-
gans difficult to reach, such as the inner ear.
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