1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Hear Res. Author manuscript; available in PMC 2019 October 01.

-, HHS Public Access
«

Published in final edited form as:
Hear Res. 2018 October ; 368: 28-40. doi:10.1016/j.heares.2018.03.002.

Pharmacokinetic principles in the inner ear: Influence of drug
properties on intratympanic applications

Alec N. Salt, PhD! and Stefan K. Plontke, MD?
1Department of Otolaryngology, Washington University School of Medicine, St. Louis MO USA

2Department of Otorhinolaryngology, Head and Neck Surgery, Martin Luther University Halle-
Wittenberg, Halle (Saale) Germany

Abstract

Local drug delivery to the ear has gained wide clinical acceptance, with the choice of drug and
application protocol in humans largely empirically-derived. Here, we review the pharmacokinetics
underlying local therapy of the ear using the drugs commonly used in clinical practice as
examples. Based on molecular properties and perilymph measurements interpreted through
computer simulations we now better understand the principles underlying entry and distribution of
these and other drugs in the ear. From our analysis, we have determined that dexamethasone-
phosphate, a pro-drug widely-used clinically, has molecular and pharmacokinetic properties that
make it ill-suited for use as a local therapy for hearing disorders. This polar form of
dexamethasone, used as a more soluble agent in intravenous preparations, passes less readily
through lipid membranes, such as those of the epithelia restricting entry at the round window
membrane and stapes. Once within the inner ear, dexamethasone-phosphate is cleaved to the active
form, dexamethasone, which is less polar, passes more readily through lipid membranes of the
blood-perilymph barrier and is rapidly eliminated from perilymph without distributing to apical
cochlear regions. Dexamethasone-phosphate therefore provides only a brief exposure of the basal
regions of the cochlea to active drug. Other steroids, such as triamcinolone-acetonide, exhibit
pharmacokinetic properties more appropriate to the ear and merit more detailed consideration.
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1. Introduction

It has been known for years that injecting a drug solution through the tympanic membrane

into the middle ear allows the drug to reach and influence function of the inner ear (Ersner et
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al., 1951; Schuknecht, 1956). The field of local drug delivery to the ear took on greater
relevance when in the mid-1990’s local delivery of gentamicin became a widely-accepted
clinical therapy for the treatment of Meniere’s disease (Lange 1989; Nedzelski et al., 1993;
Toth & Parnes, 1995). Since that time, we have learned that the pharmacokinetics of the
inner ear with locally-applied drugs is rather complex, involving the interaction of multiple
elements. Some share similarities with other systems of the body, such as entry from the
vasculature which has some similarities to that in the eye or the brain. Others, such as
passage through the round window membrane, distribution through the different fluid and
tissue compartments of the ear, and fluid exchange across the cochlear aqueduct, are unique
to the ear. Here we review what we know so far about inner ear pharmacokinetics with a
primary emphasis on drugs currently used in clinical practice.

The ear consists of a number of interconnected compartments that an applied drug can
access.

1) Middle ear

2) Inner Ear

The middle ear is normally gas-filled but becomes a fluid-filled space communicating with
perilymph when drug solution is applied there. The middle ear is lined with epithelium that
on the ventral surface, leading to the Eustachian tube, is of endodermal origin and is densely
ciliated. In contrast, dorsal surfaces of the epithelium and regions in the vicinity of the round
window membrane and stapes are of neural crest origins and are not ciliated (Thompson &
Tucker 2013). The epithelium is both highly vascularized and includes lymphatic drainage to
the retroauricular and junctional lymph nodes (Lim & Hussl; 1975). Fluid and/or drug loss
through the Eustachian tube, via the vasculature and via the lymphatics can all contribute to
the decline of middle ear concentration with time after drug application, as can fluid or
mucus secretion by the epithelium. An initial breakdown (metabolism) of drugs in the
middle ear also likely occurs but only limited quantitative data are yet available. The primary
function of the middle ear epithelium is to maintain the normal gas-filled state and removal
of applied drug solutions by these multiple processes occurs as a result of that specialization.

The inner ear comprises prominent fluid spaces containing endolymph or perilymph, but
drugs entering the inner ear do not remain confined to just the fluid spaces. Most of the
adjacent tissue spaces are not bounded by tissues with tight junctions so drugs rapidly
equilibrate with the extracellular spaces of the spiral ligament, the organ of Corti, the spiral
ganglion and of the auditory and vestibular nerves. Depending on permeability properties,
drugs may enter the intracellular compartments of these tissues or become membrane-bound
if lipophilic. Distribution between endolymph and perilymph depends on where the drug
enters the ear, whether by systemic or local application, and whether the drug can pass
through the tight, cellular endolymph-perilymph barrier. In the cochlea, distribution of
charged molecules between endolymph and perilymph is also influenced by the
endocochlear potential. Fluid spaces in the bone of the otic capsule also interact with
perilymph, with incomplete bone-lining cells (Chole & Tinling, 1994) and a lacuno-
canalicular system in the bone in open fluid communication with perilymph (Zehnder et al.,
2005).
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Perilymph is in open fluid communication with cerebrospinal fluid (CSF). The
endolymphatic sac also contacts the dura mater in the posterior fossa. These
communications raise the possibility that substances applied to perilymph may gain access
to the brain. In rodents, where the cochlear aqueduct is relatively large, passage of drugs
through the aqueduct is largely mitigated by the high rate of CSF turnover. While the CSF
may be providing a sink to which perilymphatic drugs are lost (Salt et al., 2015), drug
accumulation in CSF is generally low. Although in humans the aqueduct is longer and
narrower, there are instances of hearing loss after intrathecal administration of ototoxic drug
(Maarup et al, 2015). The passage of drugs from the ear to the brain via the auditory and
vestibular nerves has also been proposed (Praetorius et al. 2007, Zhang et al., 2012).

4) Vasculature

For the inner ear the vasculature represents a large sink to which drugs can be lost (or gained
following systemic applications), impeded by the tight blood labyrinth barriers. This
includes the blood-perilymph and blood-strial barriers which may have different
characteristics. Each of the tissues of the middle and inner ear, including the bone of the otic
capsule, has an associated vasculature that may contribute to the overall pharmacokinetics of
the inner ear. It should also be borne in mind that any barrier is only as good as its weakest
segment, with pharmacokinetics potentially influenced by local defects in the barrier.

A schematic of the main processes and compartments underlying inner ear pharmacokinetics
with intratympanic drug applications is shown in Figure 1. The figure shows a drug-
containing formulation injected through the tympanic membrane into the middle ear cavity.
Drug enters the inner ear through multiple pathways, including through the round window
(RW) membrane and the stapes (King et al., 2011, Salt et al., 2012a). Drug is lost from the
middle ear by multiple mechanisms, as discussed above. As the drug enters perilymph it
initially distributes throughout the fluid and tissue spaces of basal turn and vestibule, with
spread along the scalae towards the cochlear apex occurring more slowly. In the basal turn of
ST, drug levels are diluted by CSF, either entering through the cochlear aqueduct as a
volume flow, or as a CSF-perilymph exchange caused by pressure-induced fluid oscillations
across the CA. Drug can be lost from the inner ear fluids by multiple processes, including
uptake, buffering or binding to cellular or non-cellular components of the ear, or through
elimination by the vasculature across the blood-labyrinth barriers.

2. Pharmacokinetics of the ear

Pharmacokinetics is the science of drug movements in the body, including absorption,
distribution, metabolism, and excretion. In practice, however, all the applied drug may not be
available so factors related to drug liberation are usually also considered, leading to the
acronym LADME: Liberation, Absorption, Distribution, Metabolism and Elimination. In
2009, we first applied this concept to the ear (Salt & Plontke, 2009), providing a structured
framework for systematically studying, interpreting, and computer modeling drug
movements in the ear.
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L: Liberation is used to represent the release of drug from its pharmaceutical or dosage
form into the middle or inner ear spaces. This encompasses controlled-release formulations
applied to the middle ear or inner ear spaces including polymers (solid or gels),
nanoparticles, liposomes, particulate suspensions, etc. It includes fluid injections into the
middle ear by implanted osmotic or digital pumps or solutions delivered directly into
perilymph by volume injection or oscillation of fluid across an application cannula. It
includes delivery from implanted devices specifically for controlled drug release or
implanted auditory prostheses with drug delivery cannulas and delivery from electrode
carriers through drug-filled compartments, drug-eluting coatings or drug incorporated into
the electrode carrier itself. Liberation can also include /n7 situ drug generation as a result of
gene or cell based therapy where specific cells are modified to synthesize a therapeutic
substance. Various articles have reviewed the approaches with different drug delivery
systems (Swan et al., 2008; Ayoob et al. 2015; Gillespie et al. 2014; Hendricks et al. 2008;
Nakagawa et al. 2011; Nguyen et al. 2017; Plontke et al. 2017; Pyykkd et al. 2011; Roemer
etal. 2017; Senn et al. 2017).

Delivery protocols play a prominent role in influencing liberation, including drug
formulations, application procedures and devices, injection pump rates, elution rates etc.
These are the main aspects of local drug delivery that are under the control of the
experimenter or physician.

A: Absorption at the body level is the process by which the drug reaches the bloodstream
from the site of administration, affected by the bioavailability of the drug and the ability to
pass through cellular boundaries, such as the gut for oral delivery or the endothelial cells of
the capillaries for intramuscular injections. For the ear, we used absorption to represent the
passage of drug into the inner ear from an application site outside the inner ear. This is
mostly applicable to drugs applied to the middle ear. Pathways from the middle ear include
the RW membrane, stapes and in some animals through areas of the otic capsule where the
bone is thin (King et al., 2011, Salt et al., 2012a, Mikulec et al. 2009). This inner-ear-
focused absorption can therefore also represent drug passage following systemic application
from the vascular system to the inner ear through the blood-labyrinth barriers. In contrast,
movement from the CSF to the inner ear following intracerebral or intrathecal applications
would not be included in absorption as this this does not occur across a cellular boundary.

D: Distribution for the body is the process by which drug diffuses or passes from the
systemic circulation into interstitial and intracellular fluids. The distribution of a drug
between tissues depends on various factors such as vascular permeability, blood flow,
binding of drug to tissue and plasma proteins, its lipid solubility and other factors. For the
ear, we use distribution to represent the multitude of processes whereby drugs spread
through the fluid and tissue spaces of the inner ear and to adjacent compartments. This
differs considerably from the whole-body distribution phenomenon, primarily because the
blood is highly stirred so drug distribution in the systemic circulation can be assumed to be
homogenous. In contrast, the inner ear fluids are not stirred so substantial drug gradients
commonly occur between different regions. Distribution in the ear is dominated by the
spread in open fluid spaces containing endolymph and perilymph, primarily by diffusion but
also influenced by volume flow of the fluids if present. Volume flow can be extremely slow
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in the normal, sealed cochlear state but can also be rapid when any part of the inner ear is
perforated. Distribution in the ear also includes spread from fluid spaces to extracellular
spaces of the tissue compartments (the organ of Corti, spiral ligament, spiral ganglion,
nerves, etc.) which occurs readily when boundary cell layers are incomplete or lack tight
junctions. Distribution also includes spread into the intracellular spaces of those tissues
across cell membranes, together with buffering and binding to extracellular structures (e.g.
basilar membrane and tectorial membrane), to intracellular proteins and to lipophilic
components to lipid membranes. Distribution also includes the redistribution processes from
tissues initially exposed to higher drug concentrations as perilymph drug levels decline with
time. Distribution therefore represents all forms of drug spread within the inner ear.

M: Metabolism, also called biotransformation, is the chemical conversion of drugs. For the
body, this commonly occurs in the liver where substances are converted to more hydrophilic
compounds which are more readily eliminated by the kidneys and by other routes. For the
ear, metabolism of drugs can be of great importance to their distribution and action, as we
consider extensively below. For dexamethasone-phosphate and triamcinolone-acetonide,
metabolism in the ear has great influence. The metabolite may have different affinity for the
receptor site and different physical properties that influence permeability properties through
cell layers, thus influencing, for example, the rate of elimination. Passage across the RW
membrane and stapes, and elimination to the vasculature can be highly influenced by
whether drug metabolism occurs in the middle or inner ear, and how fast metabolism occurs.

E: Elimination at the body level is the removal of unchanged drug or metabolite from the
body via renal, biliary, or pulmonary processes. For the ear, we use elimination to represent
losses of drug from the ear at multiple levels. From the middle ear, it can represent drug
losses to the pharynx (Eustachian tube), to vascular system, to the lymphatics. From inner
ear, it includes losses to the vascular system, to CSF (fluid oscillation across CA, or even
superior canal dehiscence), and to the middle ear (perilymph leaks through round or oval
window fistulas). Losses of drug from the inner ear to the middle ear would generally be
characterized as elimination, rather than negative or reverse absorption.

3. Molecular Properties of Drugs used in the Ear

At present, only a small number of drugs are widely used in routine clinical practice for
therapy of the ear. The aminoglycoside gentamicin is used to treat Meniere’s disease (Lange
1989; Nedzelski et al., 1993) and corticosteroids, mainly dexamethasone and
methylprednisolone, are used to treat Meniere’s disease, idiopathic sudden sensorineural
hearing loss and other forms of acute hearing loss (Hamid & Trune, 2008). The different
forms of these molecules that are used for therapy of the ear are illustrated in Figure 2. For
ionized forms, the formula weights given do not include the counter ion. The drug molecule
dissociates from the counter-ions in aqueous solution so mobility and transport
characteristics are not influenced by them. The differences in chemical structure, such as
between the larger dexamethasone-phosphate compared to dexamethasone, confer different
physical properties which have a substantial impact on aqueous solubility (given in the
figure) and on inner ear pharmacokinetics.
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Gentamicin is highly soluble in aqueous solution and is typically available as a 40 mg/ml
solution, intended for intravenous (1V) use but used off-label as an intratympanic injection.
The pH of the solution is quite low (~4.5) so some groups, primarily in the USA, mix the
preparation with sodium bicarbonate solution (Nedzelski et al, 1993) to bring the pH closer
to the physiological value. This also results in a lower applied concentration (26.7 mg/ml).

Dexamethasone is typically applied intratympanically as a 4 to 12 mg/ml (sometimes 24
mg/ml) solution of dexamethasone-phosphate (disodium salt) formulated for IV use, and
used off-label. Dexamethasone-phosphate is a pro-drug and is inactive until phosphatases
cleave the polar phosphate group, converting to the active base form, dexamethasone.
Dexamethasone-phosphate is larger (FW 470.4), more polar and substantially more soluble
than the base form of dexamethasone (FW 392.5). The less-soluble form has been used as a
suspension in Poloxamer gel to provide a more prolonged delivery in animals (Wang et al.
2011) and in humans (Lambert et al. 2016). The base form of methylprednisolone is also
poorly soluble in aqueous solution and is typically administered as a more soluble form,
either as methylprednisolone succinate or methylprednisolone hemisuccinate (Solu-Medrol).
It is used in concentrations from 20 to 125 mg/ml (most commonly 40 mg/ml), again
formulated for IV or intramuscular use and used off label. Some formulations of
methylprednisonone include ~8.8 mg/ml benzyl alcohol as a preservative, a concentration
close to that which has been shown to increase RW membrane permeability (Mikulec et al.,
2008).

The ability of molecules to pass passively through biological membranes has been shown to
depend strongly on the lipid solubility and on the polar properties of the molecule (Egan et
al., 2000). The SwissADME website (http://http://www.swissadme.ch) enables calculation
of a number of physical properties for any defined molecule using uniform methodology.
Two important parameters are WLOGP, an estimate of the lipid partition coefficient for the
molecule, and TPSA/AZ, a measure of the topological polar surface area of the molecule.
TPSA/A? takes into account the extent and presence of polar, charged groups (dependent on
the size of the molecule) even when the overall molecule is uncharged. Molecules that are
lipid soluble (high WLOPG value), small and non-polar (low TPSA/A2) tend to pass through
membranes more readily than those that are hydrophilic (low WLOGP), large and polar
(high TPSA/A2). Plotting these two variables against each other gives a graphic
representation of the passive permeability properties of the molecule (Daina & Zoete, 2016)
as shown in Figure 3. The molecular properties of the drugs commonly used for inner ear
therapy have been calculated and are shown on the plots. The yellow ellipse (“egg yolk™) on
the plot encompasses the parameter range that typically allows a drug to pass through the
blood-brain barrier. The ellipse was derived from analysis of a dataset describing the entry of
260 molecules into the human brain. The white ellipse (“egg white”) similarly represents the
range of parameters for molecules that permeate the human gut, derived from a dataset
describing the entry of 600 molecules in humans (Daina & Zoete, 2016).

Figure 3A shows the base form of dexamethasone lies substantially to the left of the more
polar form, dexamethasone-phosphate, suggesting it would be more permeable through

membranous barriers. Gentamicin, in contrast is highly polar and hydrophilic. It lies at the
lower right side of the plot, suggesting gentamicin would less readily pass through cellular
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boundaries. Figures 3B and 3C show similar calculations for the different forms of
methylprednisolone and triamcinolone respectively. These calculations show that it is
critically important to know the exact form of the drug being used, as small differences in
molecular configuration influence polarity and lipophilicity, therefore altering the
pharmacokinetic properties of the molecule.

The same physical parameters also play a major role in the aqueous solubility of different
drugs. Small, nonpolar lipophilic drugs, such as the base forms of dexamethasone and
methylprednisolone, are relatively insoluble in water, as seen by comparing solubility data in
Figure 2 with properties plotted in Figure 3. Adding polar groups to the molecule, such as
the phosphate or succinate groups for dexamethasone and methylprednisolone respectively,
greatly increase aqueous solubility by increasing TPSA/AZ2. The use of these polar, more
soluble forms of steroids was a successful strategy to increase the total drug amount
delivered in 1V formulations. When given intravenously the soluble formulation is rapidly
dispersed by blood flow before the polar groups are cleaved in tissues such as the liver,
forming the less-soluble active molecule. Unfortunately, there has been little consideration
of how such molecular transformations influence the pharmacokinetics of the drug when
used with local applications to the ear.

It should be noted that permeability characteristics inferred from molecular properties all
relate to passive movements of small molecules across membranous boundaries. Many small
nonpolar lipophilic substances such as steroids which gain access to the brain are actively
transported out (Karssen et al., 2001; Lscher & Potschka 2005). Such transport,
superimposed on passive movements, can potentially influence and even dominate
pharmacokinetics for the substance. Active transport of drugs across the boundaries of the
ear, however, has not yet been demonstrated.

4. Middle Ear Kinetics

When drug solution is injected into the middle ear it does not remain “undisturbed”, waiting
for the dissolved drug to diffuse into the inner ear. As discussed earlier, the middle ear has a
number of powerful mechanisms to remove fluids and drugs. For intratympanic applications
in humans, the patient lies in a supine position for 20 — 30 min with the head orientated to
keep the Eustachian tube uppermost, so that drug solution applied to the RW niche does not
immediately drain towards the Eustachian tube and be swallowed. Also, depending on
middle ear and mastoid anatomy (e.g. pneumatization and mucosal state) fluid can easily be
disseminated through the mastoid cells or diluted by fluid in the middle ear.

Middle ear drug kinetics has not been extensively studied but even in anesthetized
recumbent animals applied substances are rapidly lost from the middle ear. The
concentration time course of drug in the middle ear, the so-called “residence time” of the
drug critically influences the perilymph drug level achieved with intratympanic applications
(Salt & Plontke, 2009.). Mikulec et al., (2009) reported the decline time course of the marker
TMPA measured in real time in the RW niche with ion-specific microelectrodes. Within just
30 min, concentration of marker solution in the niche fell to 52% of that initially-measured.
Figure 4 shows the normalized decline of middle ear concentration measured for gentamicin
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(Salt et al., 2016) and for dexamethasone-phosphate in our studies. In both cases, solutions
were applied to the round window niche in experiments where perilymph was collected after
a 1 hr application period. After perilymph collection, the drug solution remaining in the RW
niche was sampled. For gentamicin, a substance that is retained well in the inner ear, the
middle ear concentration was found to fall to an average of 46% after 83 min (Salt et al,
2016). For dexamethasone-phosphate the decline in concentration was even more rapid,
falling to 10% of that applied at 93 min after application (Salt et al., 2018). It is notable that
gentamicin was lost more slowly than dexamethasone-phosphate, in accordance with its
molecular properties calculated in Figure 3. These studies show that applied drugs are
eliminated rather rapidly from the middle ear when applied as a solution.

In other studies, we applied dexamethasone base in its micronized form to the RW niche as a
4.5% suspension in phosphate-buffered saline. The concentration of dexamethasone in the
aqueous supernatant of this formulation was measured to be 94.2 pg/ml, which is close to
the solubility published on Pubchem (https://pubchem.ncbi.nlm.nih.gov) of 89 pg/ml. There
was insufficient volume in the RW niche to collect uncontaminated supernatant so no
measure of middle ear concentration was possible. It is assumed that dexamethasone
concentrations remain high during the application period due to the presence of solid drug.
This is shown in Figure 4 as an unchanging concentration over this short period. These
studies show that for drugs dissolved in a solution, drug concentration in the applied solution
falls remarkably rapidly, even though the primary systems for elimination of volume from
the ear, specifically the ciliated epithelium and Eustachian tube, are dysfunctional in the
anesthetized preparation.

Middle ear kinetics is also potentially influenced by many factors not studied here, including
variances in petrous bone pneumatization, and pathologic conditions such as infection or
inflammation of the middle ear when substantial vasodilation and fluid effusion may occur.
Another important consideration is that with intratympanic drug applications, tissues of the
middle ear are exposed to substantially higher drug levels than are tissues of the inner ear
and to the composition of the delivery vehicle. Histological examination of the middle ear
after intratympanic injection of drugs has shown some inflammation but no major middle
ear pathology (Wang et al., 2009; Wang et al, 2014)

5. Inner ear: Entry and elimination kinetics

5.1 Barriers of the ear

The main barriers to drug entry into the inner ear are formed by specialized cell layers, as
reviewed elsewhere (Salt & Hirose, 2017). Endothelial cells of blood vessels provide the
blood-perilymph and blood-strial barriers. They restrict the entry of systemically-applied
drugs into the ear and control the elimination of locally-applied drugs. For drugs applied
intratympanically, the primary barrier restricting passage into perilymph is the epithelium of
the middle ear, which covers both the round window (RW) and the oval window at the
stapes, the main sites for drug entry (Goycoolea, 2001; King et al., 2013). For both
endothelial and epithelial cell layers, tight junctions between adjacent cells restrict
paracellular solute movements. The lipid membranes of the cells restrict passive solute
movements through the cell layer. A plethora of transport proteins within the membranes
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(ion channels, water channels, pumps and transporters) further influence movements of
specific solutes through the layer with about 1500 genes (about 8% of the genome)
dedicated to membrane transport functions (Ye et al. 2014).

5.2 Elimination measurement

Interpretation of perilymph concentrations measured following intratympanic drug
application is made difficult by the measure also depending on how rapidly the drug is
eliminated from perilymph. The perilymph concentration resulting from rapid entry at the
round window combined with rapid elimination from scala tympani (ST) could be similar to
that with slow entry at the round window combined with slow elimination from ST.
Although there have been many pharmacokinetic studies focused on kinetics in ST resulting
from drug entry through the round window membrane, it has recently been appreciated that
drugs enter perilymph independently through both the RW membrane, into ST, and through
the stapes, into scala vestibuli (SV) and the vestibule (King et al., 2011, Salt et al., 2012a).
Pharmacokinetic studies therefore often need to consider the entire perilymphatic space, not
just ST.

We have pioneered techniques to quantify elimination kinetics throughout the perilymphatic
spaces by first loading the ear with drug by injection from a pipette sealed into the lateral
SCC. As the cochlear aqueduct provides the outlet for fluid during injection, the procedure
fills virtually the entire perilymphatic space with drug solution. After delays of zero to 4
hours, perilymph was then sampled from the fenestration used for injection with a sequential
sampling method. This allows the distribution of drug throughout the perilymphatic space to
be documented as a function of time. Figure 5 shows the group mean sample curves for our
3 drugs of interest established for gentamicin by Salt et al., (2016) and for dexamethasone
and dexamethasone-phosphate by Salt et al. (2012b). A progressive decline of each drug
over time is apparent, differing in rate for each substance. The elimination half-times for SV
and ST derived from simulations fitted simultaneously to all the delay times for each
substance are also shown in the figure. Simulations used consistent perilymph flow and
perilymph-CSF interaction parameters derived from recent marker studies with a high
molecular weight fluorescent dextran (Salt et al., 2015). The analysis confirms the visual
interpretation of the decline curves, showing that gentamicin is best retained in perilymph
(with longest half-time) and also showing that the base form of dexamethasone is eliminated
most rapidly. The differences in elimination rate are generally in accordance with the
molecular properties calculated in Figure 3. Gentamicin, having low WLOGP and high
TPSA/AZ, was expected to be least permeable while the base form of dexamethasone was
expected to be the most permeable, as found here.

5.3 Entry measurements

Entry from the middle ear into perilymph from intratympanic drug applications has also
been quantified by sequential perilymph sampling from the lateral semicircular canal. In all
studies, the perilymph samples were collected after a 1 hour drug application to the RW
niche. The short application time allows entry at the round window membrane and at the
stapes to be distinguished before being significantly influenced by local inter-scala
communication between ST and SV (Salt et al., 2012a). It also allows the entry
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measurement to be dominated by the initial period when the middle ear concentration is
high, and therefore less influenced by a declining middle ear drug level. Perilymph
concentrations measured for the three drugs of interest, normalized with respect to their
applied concentrations, are shown in Figure 6. The mean measured perilymph levels (black
lines) were highest for dexamethasone, reaching an average across all 10 samples of 2.3 %
of the applied concentration. Measured perilymph levels with application of dexamethasone-
phosphate were substantially lower averaging just 0.13 % of the applied concentration. This
measurement included both forms of the drug, dexamethasone-phosphate and
dexamethasone base summed, which in these samples averaged 11% dexamethasone-
phosphate and 89% dexamethasone base. Dexamethasone levels averaged across all samples
were therefore almost 18x those of dexamethasone-phosphate with RW niche applications.
Gentamicin was found at an intermediate concentration, reaching a mean of 0.62 % of the
applied concentration.

Interpretation of these measurements needed to take into account the differences in middle
ear Kinetics, established in Figure 4, and of perilymph kinetics, established in Figure 5, for
the 3 drugs. As concentrations were normalized to the applied concentration, the lower
measured dexamethasone-phosphate concentrations could partially result from the rapid
decline of this drug in the middle ear. The colored curves in Figure 6 with solid symbols
show simulations of the experiments for the appropriate, corresponding middle ear drug time
course and perilymph kinetics, with RW membrane and stapes permeability characteristics
adjusted to best fit the measured curves. In each case, sample concentrations were also
calculated for the other two middle ear decline conditions as indicated by the letters. These
calculations show that the drug time course in the middle ear does substantially influence the
amount of drug in perilymph, but not to the degree necessary to account for the 18x
measured difference between dexamethasone and dexamethasone-phosphate. For example,
the blue curve “A” for dexamethasone-phosphate indicates the predicted sample
concentrations if middle ear concentration had remained constant, rather than declining as
measured and shown in curve “C”. Even when middle ear declines for gentamicin and
dexamethasone-phosphate are taken into account (e.g. comparing curves A or curves C for
the two drugs), entry remains about 8x times greater for dexamethasone than for
dexamethasone-phosphate, in accordance with the molecular properties of the two forms.
Gentamicin entry was measured to be at an intermediate level, greater than that of
dexamethasone-phosphate, which does not follow the expectation based on molecular
properties calculated in Figure 3.

6. Comparisons between drugs

The above analysis confirms that dexamethasone enters the ear far more readily than
dexamethasone-phosphate, but can only be applied at low concentration due to its limited
solubility. An important question is therefore which form of dexamethasone gives the
highest perilymph concentration in absolute terms. The measured perilymph concentration,
averaged across all 10 samples collected, was 2.18 pug/ml for dexamethasone (applied at a
concentration of 94.2 pg/ml) and was 4.15 pg/ml for dexamethasone-phosphate (applied at a
concentration of 4000 pug/ml). Measured perilymph concentration was therefore higher in
absolute terms when dexamethasone-phosphate was applied compared to the lower
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solubility base form. However, the comparison of samples taken after 1 hour application is
quite misleading and it is also important to consider the time courses resulting from the two
forms of drug, as shown in Figure 7.

On a logarithmic scale, the exponential decline of dexamethasone-phosphate concentration
(shown in Figure 4) appears as a declining straight line. At this rate, it takes approximately 3
hours for the middle ear concentration to fall below the free concentration in the applied
suspension of micronized dexamethasone. Due to the higher initial concentration, even
though dexamethasone-phosphate is less permeable through the RW membrane, ST
perilymph levels will initially be higher, in accordance with the sample data on which the
simulations are based. However, due to the declining middle ear concentration combined
with ongoing elimination from perilymph, perilymph concentration falls rapidly with time
for dexamethasone-phosphate applications. Dexamethasone-phosphate thus provides only a
brief exposure, largely confined to the basal regions of the cochlea (distribution with
location not shown here).

The use of gentamicin as an effective therapy for Meniere’s disease was largely responsible
for the initial advance in the field of local drug delivery. Our pharmacokinetic studies show
that gentamicin enters the ear at both the RW membrane and the stapes more readily than
dexamethasone-phosphate. It is possible that passage of gentamicin through the
membranous boundaries at the RW membrane and stapes are influenced by factors other
than lipid membrane permeability, such as by some form of transport. Alternatively, it is also
possible that other factors related to the commercial gentamicin formulation applied to the
middle ear could have influenced permeability of the cell layer to the drug. As the applied
formulation is of non-physiologic pH (pH 3 — 4) and osmolarity (Mikulec et al, 2008) and is
applied directly to the epithelial layer of the middle ear the non-physiologic composition
could disrupt the cell’s properties, thereby influencing permeability to gentamicin.

Although methylprednisolone is also used extensively for inner ear therapy, there are only
limited pharmacokinetic data related to its pharmacokinetics in the ear. In an interpretation
of human samples from the cochleostomy site after intratympanic application (Bird et al.,
2007), the combined clearance half time for methylprednisolone from the middle ear and the
inner ear was estimated as 27min (Plontke et al. 2008a). In similarity with the different
forms of dexamethasone, the soluble forms of methylprednisolone typically administered
would be expected to be less permeable through the membranous boundaries at the RW
membrane and stapes compared to the base, less polar form, as suggested by its molecular
properties in Figure 3. However, to our knowledge there are still no data showing that the
succinate or hemisuccinate forms are metabolized to the base form in the ear, and if they are
metabolized, at what rate. These important issues related to the molecular properties and
potency of different forms of methylprednisolone need to be added to the long list of
uncertain aspects of steroid therapy (Trune & Canlon, 2012).

Triamcinolone has properties quite unlike dexamethasone and methylprednisolone in its
common molecular forms and could potentially overcome some of the obstacles to effective
steroid use in the ear. As shown in Figure 3, the form most commonly administered is
triamcinolone-acetonide, the less-polar and less water-soluble form (aqueous solubility
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21-33 pg/ml), which is used because it has higher potency (8 times the potency of
prednisone) compared to triamcinolone (1-2 times the potency of prednisone), and because
the crystal suspension provides a depot effect, at least in other indications outside the ear.
Similar to the base form of dexamethasone, it is given as a suspension of micronized solid
drug particles in a physiological background solution of normal pH and osmolarity.
Preliminary pharmacokinetic measurements show that triamcinolone-acetonide readily
enters the ear at the RW membrane and stapes, but is also, as expected, rapidly eliminated
from perilymph (Salt at al. 2018). However, perilymph analysis also showed that
triamcinolone-acetonide was metabolized to triamcinolone, the less potent but less
permeable form, which exhibits a distribution profile in perilymph consistent with it not
being rapidly eliminated. These properties (readily entering the ear, being metabolized there
to a form that is eliminated slowly and which therefore becomes widely distributed
throughout the ear) could make triamcinolone-acetonide a better candidate for local therapy
of hearing disorders. Intratympanic triamcinolone-acetonide suspension (applied form
verified with the authors) has been used clinically in patients with Ménieré’s syndrome and
reported to be a safe and potentially effective procedure for vertigo control (Jumaily et al.,
2017). It has also been used as a standard therapy for secondary (salvage) treatment of
idiopathic sudden sensorineural hearing loss in some institutions including in one the
authors (SKP), (Loader et al. 2013, Plontke 2017). Animals treated with dexamethasone or
triamcinolone-acetonide delivered intratympanically in hydrogels were found to have
reduced inflammation but no significant improvement post-implantation hearing (Honeder et
al., 2015). However, hearing changes when normally-hearing animals are implanted could
arise from trauma or mechanical factors that may not be remedied by steroids.

The dependence of steroid properties on molecular structure further raises the importance of
drug metabolism in the middle and inner ear and its influence on pharmacokinetics. For
steroids, the potency of each form of the drug is also relevant. Potency is influenced by the
affinity of the cytosolic glucocorticoid and/or mineralocorticoid receptors to the drug and on
the ability of the drug to penetrate the cell membrane to reach the cytosolic receptors
(Grossmann et al., 2004). Dexamethasone-phosphate is metabolized in the middle ear and to
an even greater degree in the inner ear, as evidenced by samples from the middle ear and of
perilymph showing dexamethasone present as the phosphate and the base forms (Plontke et
al. 2008b, Hahn et al. 2012). In the liver, dexamethasone is metabolized by the enzyme
CYP3A4 and to a lesser extent by CYP17A. CYP17A has been demonstrated to be present
in the inner ear (Lecain et al., 2003), leading to the possibility that local degradation in the
ear could contribute to the rapid elimination of dexamethasone from perilymph. Inhibitors of
these pathways, specifically using 10 uM ketoconazole and 10 uM abiraterone respectively
had no influence dexamethasone elimination with time suggesting that they do not
contribute significantly to loss of dexamethasone from perilymph. (Salt et al., 2014).

Little is known about whether the polar, more soluble forms of methylprednisolone,
methylprednisolone-succinate and methylprednisolone-hemisuccinate, are metabolized in
the ear, or the differences in potency of these different molecular forms. Kinetic studies are
lacking with the exception one compromised by technical problems (Parnes et al., 1999; Salt
& Plontke, 2005). We would expect that, like dexamethasone, the more soluble, polar forms
would less-readily enter the at the RW membrane and stapes than the less polar form, but

Hear Res. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Salt and Plontke Page 13

this has never been measured. More importantly, it has not been shown whether the polar
forms are metabolized in the ear to the base form or whether they act on the receptors in the
applied form.

7. Delivery protocols compared

7.1 Intratympanic applications

The amount and distribution of drug in perilymph depends both on the substance applied and
on the application protocol. Based on the kinetic properties for the 3 drugs presented above
we can calculate their likely distribution throughout the human inner ear for the application
protocols typically used clinically, as shown in Figure 8. This calculation assumes that
pharmacokinetic properties derived from animal experiments are comparable to those in
humans when scaled to the larger human ear. For a dexamethasone suspension,
concentration in the vestibule will be higher than that in the cochlea, due to the faster rate of
elimination from ST compared to SV and the vestibule. Even when a steady-state is
achieved, a substantial gradient in concentration will remain along the cochlea, with higher-
frequency regions exposed to higher drug levels than low-frequency regions. The 500-Hz
region is calculated to be exposed to a 500x lower drug concentration than the 8-kHz region.

For drug solutions applied intratympanically we have assumed the entire injected volume
remains in place for 30 mins, with drug elimination rates comparable to those shown in
Figure 4, after which there would be a superimposed decline of drug volume in the middle
ear, corresponding to the loss down the Eustachian tube when the patient resumed their
normal posture. With dexamethasone-phosphate, concentrations in the vestibule and at the 8-
kHz region of the cochlea are calculated to transiently exceed those generated with a
suspension, due to the higher solubility of this form of the drug. However, the drug exposure
is transient with even larger gradients along the cochlea, so that exposure of low-frequency
regions to drug is extremely limited. In this case, the 500-Hz region (not shown as it is
below the graph minimum) would be exposed to over 2000x lower peak drug concentration
than the 8-kHz region. In comparison, for gentamicin the vestibule is again exposed to
higher drug level than the 8-kHz cochlear region but the decline of gentamicin concentration
occurs more slowly with distance along the cochlea than with dexamethasone-phosphate so
the gradients along the cochlear are considerably smaller. For gentamicin, it is calculated
that the 500-Hz region would be exposed to only 34x lower peak drug concentration than the
8-kHz region. A complete interpretation of these curves would also require knowledge of the
therapeutic (for steroid) or toxic (for gentamicin) dose of the drug for inner ear tissues, and
whether each region of the inner ear must be treated locally or whether treating part of the
ear is sufficient. Such detail is not yet available for tissues of the ear.

These calculations present an enigma in that dexamethasone-phosphate administration,
which is often given with the intended purpose of providing therapy for hearing disorders,
provides far less exposure of middle and apical cochlear regions to drug than does
gentamicin, which is given to ablate vestibular hair cells while trying to avoid damage to
hearing. When applied in the form of dexamethasone-phosphate solution the expected drug
distribution along the cochlea, based on pharmacokinetic studies in animals, appears
contrary to its intended purpose.
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Although the polar molecular properties of the phosphate form confer higher aqueous
solubility, it also makes dexamethasone-phosphate substantially less permeable through the
membranes of the RW and stapes than the base form of dexamethasone. When the lower
entering amount does reach perilymph of the ear, it is then metabolized to the active base
form, dexamethasone, which is both predicted to be more permeable though membranous
boundaries of the vasculature and confirmed here by measurements to be rapidly lost from
perilymph. An additional consequence of the rapid elimination rate is that dexamethasone
does not distribute apically very far along the cochlea, exposing the speech frequency
regions of the human cochlea to only low drug levels and for only a brief period of time.
These properties are not just “less than ideal” for treating cochlear disorders but represent a
highly unfortunate combination of pharmacokinetic properties. /ntratympanically-applied
dexamethasone-phosphate therefore appears to have physical properties completely
Inappropriate for treating cochlear disorders. This conclusion may be supported by the
absence of improvement of auditory symptoms of Meniere’s disease (Silverstein et al. 1998)
and a lack of correlation between outcomes and dexamethasone dosing in patients with
SSNL (Liebau et al. 2017). Recent studies have reported that a higher dosing regimen using
24 mg/ml dexamethasone-phosphate may give better recovery of hearing in ISSNHL
(Alexander et al., 2015; Kordi$ & Battelino, 2017). Nevertheless, our analysis raises serious
concerns that when administered as the dexamethasone-phosphate form, the speech regions
of the human cochlea will only be exposed to low drug levels and that exposure will be for a
brief period. Drugs with physical properties more appropriate for their purpose in the ear
should be sought. In addition, there needs to be greater awareness that the applied form of a
specific drug can make a substantial difference to perilymphatic drug levels. This is
especially problematic as drug nomenclature in many publications is often not precise, with
the base form of the drug (e.g. dexamethasone, methylprednisolone or triamcinolone)
commonly stated without details of the exact form of the drug used. As shown here, the
applied form of drug may have physical properties substantially different from the stated,
base form.

7.2 Intracochlear and intralabyrinthine applications

Intracochlear and intralabyrinthine applications have the advantage of bypassing adsorption
barriers like the RW, the stapes, and the blood labyrinth barriers. This is of special interest
for the application of substances that do not readily cross these barriers (see above), and for
gene and cell-based therapies. In addition, it has been demonstrated that intracochlear
application of only small amounts e.g. of dexamethasone phosphate by injection through the
round window membrane leads to a lower variability of the intracochlear concentration, to
an increased absolute perilymph concentration, and to a more uniform distribution of the
substance in scala tympani (Hahn et al. 2012). Losses of the substance due to leaks in the
round window membrane, which occur by injections through the round window membrane,
however, must be taken into consideration. These losses may be reduced by using “sealing”
materials such as biopolymer gels or biocompatible tissue glue (Plontke et al. 2016).

For chronic intracochlear delivery of drugs, micropumps have been developed (as for
instance with reciprocating infuse-withdraw technology). These reciprocating delivery
systems distribute drugs into a volume in the base of the cochlea, while the primary
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determinant of distribution throughout more distal regions of the cochlea is diffusion. It was
observed that over longer time courses maintenance of drug concentration in the basal part
of scala tympani may prove more advantageous for extending apical delivery than increases
in flow rate, but basal-apical concentrations gradients remain even after longer intracochlear
delivery time periods. (Chen et al. 2005, Pararas et al. 2011).

For gene therapy and cell transplantation, intracochlear or intralabyrinthine delivery methods
are essential. However, translation of these experimental approaches on the application of
biological therapies is presently at an early stage, and pharmacokinetic data have yet to be
collected (Roemer et al. 2017).

Another approach on intracochlear drug delivery is the application of substances in
combination with auditory implants, specifically cochlear implants, aiming to reduce
adverse events of cochlear implantation and improvement of the frequency spectrum,
resolution, and the dynamic range of auditory implants (Hendricks et al. 2008). Initial work
focused on the use of neurotrophic factors in order to induce afferent fiber growth towards
the implant electrodes and preventing or at least diminishing spiral ganglion degeneration
(Landry et al., 2013).

Intracochlear applications of neurotrophin-eluting nanoparticles have been shown to
improve survival of neurons in the spiral ganglion (Wise et al., 2016). The current focus is
more on the use of steroids and anti-apoptotic agents to minimize fibrous tissue and hearing
loss due to surgical trauma and reactions to implant with the major goal of preserving
hearing for combined electro-acoustic stimulation (EAS) but also to maintain impedance and
functions of conventional implants (Faramand et al., 2010; Plontke et al. 2017).

Intracochlear drug application during Cl implantation has the advantage that the cochlea is
already opened. It possible to inject substance (e.g. glucocorticosteroids) into scala tympani
at the time of ClI electrode insertion (De Ceulaer et al. 2003, Ye et al. 2007, Paasche et al.
2006, Honeder et al. 2015). It has also been suggested to insert both a conventional cochlear
implant and a controlled release, biodegradable drug delivery system, into scala tympani
(Plontke et al. 2017).

The main focus of research, however, is the development of drug-device combinations with
drug release from cochlear implant electrode carriers. Different options are available for
releasing substances by the electrode carrier into the cochlea: the substances may be
incorporated in the CI electrode carrier; the electrode carrier may be coated with the
substance, or the electrode carrier may contain a delivery channel, which is then connected
to a drug reservoir or a pump system (reviewed in: Plontke et al. 2017).

The delivery of glucocorticosteroids from cochlear implants has been shown to reduce
fibrous tissue growth after cochlear implantation. It is safe for auditory neurons, increases
the neuroprotective effect of chronic electrical stimulation in animal models (Douchement et
al. 2015, Scheper et al. 2017, Wilk et al. 2016), and decreases electrode impedances in
humans (Briggs et al. 2016).
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Initial pharmacokinetic investigations on delivery of drugs from CI electrode carriers show a
release kinetic with an initial burst release, followed by stable concentrations over the
observed period with the loading concentration influencing the peak and duration of the
burst release (Liu et al. 2016).

Another way of applying drugs with ClI is to incorporate a cannula into the implant, through
which drug solution is driven (Salt et al. 2017). Based on prior pharmacokinetic data, the
initially observed drug gradients along the scala were expected to decline over a period of
8-12 hours. However, concentration gradients declining along scala tympani towards the
apex persisted after 24 hours of sustained injection and were still present in some animals
after 7 days injection. One explanation is that inner ear pharmacokinetics are altered in the
period after cochlear implantation, possibly by a permeabilization of the blood-labyrinth
barrier as part of the immune response to the implant (Salt et al. 2017).

8. Conclusions and Future Directions

In the past decade, our capability to perform quantitative pharmacokinetic studies of the
inner ear has improved dramatically. We now have fluid delivery and sampling techniques
that have overcome serious technical artifacts that have plagued the field since its outset. We
also have computer simulations of delivery and sampling procedures available for the ear
that closely reproduce the measured data, allowing pharmacokinetic studies to be interpreted
in detail in terms of amount and distribution of drug in the ear. Enough data have been
accumulated with a range of drugs to understand the underlying scientific basis of inner ear
pharmacokinetics. Unfortunately, this knowledge is revealing that we still have some serious
obstacles to overcome. The assumption that any substance can be applied intratympanically
and will distribute throughout the inner ear in therapeutic amounts has been shown to be
false.

Nevertheless, as we better understand how pharmacokinetics depends on drug properties we
are now able to select from an enormous range of drugs that may have value to the ear.
Kinetic data derived from the eye or the brain can be used to guide the selection of
potentially suitable molecules to treat the ear. Rather than developing inner ear therapies
empirically, we are now in a much better position to proceed on a scientific, rational basis.
While inner ear drug therapy is very much in its infancy, the future looks very bright indeed.
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Highlights

Quantitative pharmacokinetic studies of the inner ear allow drug therapies to be
compared.

Molecular properties determine how readily drugs pass through membranous boundaries
of the ear.

The properties of dexamethasone-phosphate make it unsuitable as a therapy for hearing
disorders.
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Figure 1.
Schematic of drug applied intratympanically to the inner ear. Colored arrows indicate

movements of drug; Purple: Distribution; Red: Elimination to blood; Cyan: CSF-Perilymph
fluid exchange; Gray: Elimination to lymphatics; Black: Elimination via the Eustachian
tube. Abbreviations are: CSF: Cerebrospinal Fluid; CA: Cochlear aqueduct; Esac:
Endolymphatic Sac; ES: Endolymphatic Space; ET: Eustachian tube; ME: Middle Ear; RW:
Round Window; SA: Saccule; SS: Sigmoid Sinus; ST: Scala Tympani; SV: Scala Vestibuli;
UT: Utricle.
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Dexamethasone
FW: 392.5
Sol: 89 pg/ml

~

Methylprednisolone
FW: 374.5
Sol: 120 pg/ml

Drugs in common use for intratympanic therapy of the inner ear. Formula weights (FW)

given do not include counter ions from which they dissociate in solution. “Sol” indicates the

solubility in aqueous solution. Formulae courtesy of the Pubchem website (https://

pubchem.ncbi.nlm.nih.gov).
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Figure 3.
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Membrane permeation-related characteristics, WLOGP (lipid solubility, Y-axis) and TPSA
(topological polar surface area; X-axis) for a number of drugs calculated by the
SwissADME website (http://http://www.swissadme.ch). The yellow ellipse bounds the
statistical range for molecules that pass through the blood-brain barrier and the white ellipse
bounds the range for molecules that permeate the gut (Daina & Zoete, 2016; Daina et al.,
2017). Based on this analysis, dexamethasone and methylprednisolone would be expected to
permeate membranes more readily than dexamethasone-phosphate, methylprednisolone-
hemisuccinate, and methylprednisolone-succinate. Gentamicin would be expected to be
substantially less permeable than all forms of the steroids.
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Figure 4.
Data points show the measured drug concentration remaining in the RW niche in perilymph

sampling experiments that used a single 20 uL application to the RW niche in the guinea pig.
For dexamethasone-phosphate the measure was the sum of that metabolized to the base form
(72%) and that remaining as the phosphate form (28%). Subsequent calculations have
assumed an exponential decline of concentration with time as indicated by the curves. For
dexamethasone applied as a suspension of micronized solid drug, a uniform concentration
over the application period was assumed in calculations.
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Figure 5.

Perilymph elimination compared by perilymph loading followed by sequential sampling
from the LSCC after the delay times indicated. The approximate origins of the samples are
indicated in the first panel. These curves show the progressive decline of perilymph drug
concentration with time. Dexamethasone and dexamethasone-phosphate data are from Salt

etal., (2012b) and gentamicin data are from Salt et al., (2016).
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Figure 6.
Perilymph concentrations resulting from RW niche applications for 3 drugs. Black lines

show the group mean measured perilymph concentrations in 10 sequential samples taken
from the lateral semi-circular canal. The number of experiments were 4, 4 and 5
respectively. Concentrations are normalized (as %) of the drug concentration applied to the
RW niche. The applied concentration of dexamethasone was 94.2 pug/ml (dissolved
concentration in an applied 4.5% suspension), of dexamethasone-phosphate was 4 mg/ml
and of gentamicin was 40 mg/ml respectively. The approximate spatial origins of the
perilymph samples are given in the first panel. Colored curves are simulations of the
experiments calculated for each of the 3 time courses of drug decline in the middle ear. A,
blue: unchanging with time, comparable to micronized dexamethasone suspension, B, red:
74.5 min middle ear decline half-time, comparable to gentamicin solution, C: green: 25.7
min middle ear decline half-time, comparable to dexamethasone phosphate. These decline
rates correspond to the curves shown in Figure 4, and are detailed in the text.
Dexamethasone and dexamethasone-phosphate data are from Salt et al., 2018 and
gentamicin data are from Salt et al., 2016.
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Figure 7.

Time courses of dexamethasone-phosphate and dexamethasone base concentrations derived
from simulations fitted to the measured sample data. Concentrations are shown for
perilymph of the entire scala tympani pooled. Perilymph concentration is initially higher
with application of dexamethasone-phosphate, due to the higher applied concentration, and
was higher at the time of sampling which commenced after 1 hour as indicated.
Nevertheless, the higher dosing is short-lived and after 2.3 hours concentration falls below
that when dexamethasone suspension is administered.
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Figure 8.
Influence of drug properties and application protocols on calculated drug levels achieved in

different regions of the human inner ear using Kinetic parameters established in the studies
above. Sustained delivery from a suspension of dexamethasone results in the generation of a
steady-state, with substantial concentration gradients between the vestibule and the cochlea,
and between high-frequency and low-frequency cochlear regions. In contrast, delivery of
dexamethasone-phosphate solution results in a transient drug exposure, primarily to
vestibular and high-frequency cochlear regions, due to the rapid rate of elimination of
dexamethasone from perilymph. Delivery of gentamicin also results in a transient drug
exposure, with greater spread to low frequency cochlear regions then dexamethasone-
phosphate, due to a lower rate of elimination from cochlear perilymph.
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