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ABSTRACT

Perilymph pharmacokinetics was investigated by a novel
approach, in which solutions containing drug ormarker
were injected from a pipette sealed into the peril-
ymphatic space of the lateral semi-circular canal
(LSCC). The cochlear aqueduct provides the outlet for
fluid flow so this procedure allows almost the entire
perilymph to be exchanged. After wait times of up to 4 h
the injection pipette was removed andmultiple, sequen-
tial samples of perilymph were collected from the LSCC.
Fluid efflux at this site results from cerebrospinal fluid
(CSF) entry into the basal turn of scala tympani (ST) so
the samples allow drug levels from different locations in
the ear to be defined. This method allows the rate of
elimination of substances from the inner ear to be
determined more reliably than with other delivery
methods in which drug may only be applied to part of
the ear. Results were compared for the markers
trimethylphenylammonium (TMPA) and fluorescein
and for the drug dexamethasone (Dex). For each
substance, the concentration in fluid samples showed a
progressive decrease as the delay time between injection
and sampling was increased. This is consistent with the
elimination of substance from the ear with time. The
decline with time was slowest for fluorescein, was fastest
for Dex, with TMPA at an intermediate rate. Simulations
of the experiments showed that elimination occurred
more rapidly from scala tympani (ST) than from scala

vestibuli (SV). Calculated elimination half-times from
ST averaged 54.1, 24.5 and 22.5 min for fluorescein,
TMPA and Dex respectively and from SV 1730, 229 and
111 min respectively. The elimination of Dex from ST
occurred considerably faster than previously appreciat-
ed. These pharmacokinetic parameters provide an
important foundation for understanding of drug treat-
ments of the inner ear.
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INTRODUCTION

Pharmacokinetics in the ear is dominated by processes
represented by the acronym “LADME”, corresponding
to drug “L”iberation, “A”bsorption, “D”istribution,
“M”etabolism and “E”limination (Salt and Plontke
2009). For the widely used method of intratympanic
drug delivery, the most significant processes are: i) The
absorption of drug into the inner ear by entry through
the round window membrane (Goycoolea et al. 1988;
Salt and Ma 2001), via the stapes (King et al 2011; Salt et
al. 2012) or entry by other routes (Mikulec et al. 2009);

Correspondence to : Alec N. Salt & Department of Otolaryngology &

Washington University School of Medicine & 660 South Euclid
Avenue( Box 8115( St. Louis, MO 63110, USA. Telephone: +1-
314-3627560; fax: +1-314-3621618; e-mail: salta@ent.wustl.edu

JARO 13: 771–783 (2012)
DOI: 10.1007/s10162-012-0347-y
D 2012 Association for Research in Otolaryngology

771

JARO
Journal of the Association for Research in Otolaryngology



ii) the distribution of drugs from the sites of entry to
other fluids and tissues throughout the ear; and iii) the
elimination of drug from the ear to the vascular system.
The resulting perilymph drug concentration can be
regarded as a balance between the rate of influx from
the middle ear (absorption) and the rate of loss to the
vasculature (elimination), all made much more com-
plex by the influence of drug distribution through the
fluid and tissue spaces of the ear. Distribution is a slow
process, dominated by passive diffusion that results in
sizeable drug gradients along the scalae when substan-
ces are applied locally (Mynatt et al. 2006; Plontke et al.
2007, 2008b).

For a specific delivery protocol, the rate of elimina-
tion of substances from the cochlea to the blood plays a
major role in the amount of drug present in the ear, and
where in the ear the drug is distributed. For intra-
tympanic applications, the spread of drug apically
becomes less as the elimination rate increases. This is
because the drug may be lost to blood faster than it
diffuses. For high rates of elimination drugs may never
reach the apex in appreciable concentration. Instead, a
steady state gradient of drug along scala tympani is
established in which drug entering is balanced by loss to
blood along the scala. Although the elimination rate for
a specific substance is of major importance to define
drug spread and levels achieved, the perilymph elimi-
nation rate is remarkably difficult to quantify. For most
local drug applications drug levels are changing with
time as the drug distributes within the compartment
and to other compartments of the ear, as well as by
elimination to blood, making it difficult to quantify
elimination with any accuracy.

There have been numerous pharmacokinetic stud-
ies of locally-applied corticosteroids in animals
(Nomura 1984; Parnes et al. 1999; Chandrasekhar et
al. 2000; Bachmann et al. 2001; Hahn et al. 2006,
2012; Liu et al. 2006; Plontke et al. 2008b; Yang et al.
2008; Wang et al. 2009; Borden et al. 2011; Salt et al.
2011a) and humans (Bird et al 2007; Bird et al. 2011),
but only a subset of these studies has been analyzed
quantitatively to derive an elimination rate. Plontke
and Salt (2003) analyzed prednisoline data of
Bachmann et al. (2001) from guinea pigs and found
it to be consistent with an elimination half-time from
perilymph of 130 min. An analysis of human methyl-
presnisolone data from Bird et al (2007) by Plontke et
al. (2008a) suggested an elimination half-time of
27 mins. Following intratympanic applications of
dexamethsone in guinea pigs, elimination half-time
was estimated to be 85 min for samples taken at 6 h
after application and 155 min for samples taken at
24 h after application (Salt et al. 2011a). In all the
above studies substantial gradients of drug existed in
the ear at the time of sampling which could have
distorted the estimates of elimination.

The present study was intended to overcome the
difficulty associated with distinguishing elimination
from distribution. In the study, we used injections into
perilymph of the LSCC to completely load the peril-
ymphatic space and adjacent compartments with drug
or marker. Injections at a low rate at this location
displace perilymph through the cochlear aqueduct in
the basal turn of ST with little influence on cochlear
function. This allows almost the entire perilymphatic
compartment to be reliably loaded with a well-defined
drug concentration. The absence of substantial gra-
dients within the fluid spaces means that drug move-
ments associated with distribution are minimized and
changes with time are dominated by the rate of
elimination to blood. The experiments were designed
to load the perilymphatic spaces with drug and then,
after a variable delay period of up to 4 h, collect
perilymph samples from the lateral canal to establish
how much drug remained in perilymph. Data were
interpreted with a recently-revised simulation pro-
gram of the cochlear fluids that includes all the fluid
and tissue spaces of the cochlea and vestibular systems
of the ear. This approach is expected to provide a
measure of elimination rate from perilymph with
minimum contamination of other kinetic processes.

METHODS

Pharmacokinetic measurements were made in 48
anesthetized pigmented NIH-strain guinea pigs,
weighing 400 – 600 g, of both sexes and bred in our
own colony. Experiments were conducted in accor-
dance with the policies of the United States
Department of Agriculture, the National Institute of
Health guidelines for the handling and use of
laboratory animals, and under protocol 20070147
approved by the Animal Care Committee of
Washington University. Animals were initially anesthe-
tized with 100 mg/kg sodium thiobutabarbital
(Inactin, Sigma, St Louis, MO) and maintained on
0.8 to 1.2 % isofluorane in oxygen. Animals were
mechanically ventilated through a tracheal cannula.
Tidal volume was set to maintain a 5 % end-tidal CO2

level. Heart rate and blood oxygen saturation were
monitored with a pulse-oximeter (Surgivet.
Waukesha, WI). Body temperature was maintained
near 38 °C with a thermistor-controlled heating pad.

Access to the LSCC was obtained with a post-
auricular incision and a lateral opening in the
auditory bulla. To prepare the LSCC for injection
and sampling, the bone over the canal was thinned
with a dental burr, where necessary removing a
branch of the facial nerve that in some animals runs
parallel to the LSCC for a short distance. When the
canal was visible through the thinned bone, a layer of
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thin cyanoacrylate glue was applied to the dry bone
followed by layers of two-part silicone adhesive (Kwik-
Cast, World Precision Instruments, Sarasota, FL). The
silicone was applied thinly over the canal but multiple
layers were built up at the periphery to form a
hydrophobic cup structure. A 30 – 40 μm fenestration
into the canal wall was made through the adhesives
and bone using a 30o House stapes pick (N1705 80,
Bausch and Lomb Inc.). The pick was sharp at the tip,
but rapidly widened so that entry into the canal, and
potential damage to the endolymphatic system, was
minimized. The glass pipette of the injection system
was blunt (i..e. not beveled sharply), broken to 20 –

30 μm tip diameter. The pipette was positioned at the
fenestration site, again minimizing insertion depth to
avoid damage to the endolymphatic system. The
injection pipette was sealed in place using cyanoacry-
late glue, after first wicking away any emerging fluid
from the hydrophobic surface. With this procedure
the injection pipette could be placed in the peril-
ymphatic space of the LSCC with no subsequent fluid
leakage at the insertion site.

Drug injection procedures

Injections were performed with a digitally-controlled
Ultrapump (World Precision Instruments, Sarasota, FL)
mounted on a manipulator. A 100 μL gas-tight syringe
(1710TLL Hamilton) was mounted on the motor unit
and a plexiglass coupler (MPH6S10, World Precision
Instruments, Sarasota, FL) was used to attach a 1 mm
diameter glass injection pipette to the syringe. The
coupler was permanently sealed to the injection syringe
with cyanoacrylate glue to ensure that no fluid leakage
could occur at the connection. Injections were per-
formed at a rate of 1 μL/min typically for a 60 min
period, although other durations were used as specifi-
cally stated. The cochlear pressure increase during
injection is estimated to be less than 2 mmHg (Salt
and DeMott 1998). Injection solutions were made in a
background artificial perilymph containing (in mM)
NaCl (125), KCl (3.5), NaHCO3 (25), CaCl2 (1.3),
MgCl2 (1.2), NaH2PO4 (0.75) and Dextrose (5). In
different experiments the markers 2 mM trimethylphe-
nylammonium chloride (TMPA) or 0.5 – 1 mM sodium
fluorescein were added to the solution. Dexamethasone
solution with concentration comparable to perilymph
concentrations after intratympanic application (Salt et
al. 2011a) was made by taking the supernatant of a
saturated suspension of micronized dexamethasone
(mDex) (pure dexamethasone in a crystalline, powder
form; Pfizer Inc., Kalamazoo,Mich., USA) in artificial
perilymph and diluting it 1:19 in additional artificial
perilymph. The concentration of the injected solution
averaged 6.7 μg/ml (SD 3.3, n010). In three experi-
ments, 2 mg/ml dexamethasone phosphate (DexP)

(Fortecortin 10 mg/ml diluted 1:4 in artificial peri-
lymph) was injected.

Sequential perilymph sampling and assay
procedures

At times varied from 15 min to 4 h after the end of
injection, multiple perilymph samples were taken from
the LSCC. The injection pipette was first removed and
the drop of cyanoacrylate glue that sealed it in place was
broken up with the pick, taking care to leave the silicone
cup intact. The fenestration was widened to 50 – 70 μm
to allow perilymph leakage and the emerging perilymph
was collected in blunt-tipped capillaries (#53432–706,
5 μL, VWR International, Radnor, PA). Each capillary
was marked at a nominal volume of 1 μL. Sixteen to
twenty individual 1 μL perilymph samples were collect-
ed sequentially, over a 20–30 min time period. The
length of each sample was immediately measured with a
calibrated dissecting microscope. The specific sample
volumes and times were later used to simulate the
experiments. Samples were expelled into dilutent, with
pairs of samples pooled, resulting in 8 – 10 measure-
ments each representing samples nominally 2 μL in
volume. All data are presented as the 8–10 measured
samples from each experiment. The dilutents used were
25 μL artificial perilymph for TMPA, 150 μL artificial
perilymph for fluorescein, 48 μL of 50:50 methanol/
water mixture for mDex, and 25 μL water for DexP.

TMPA was measured in micro-wells with TMPA-
selective microelectrodes (as detailed by Mynatt et al.
2006). Fluorescein was measured with a Synergy HT
plate reader (Bio-Tek Instruments, Winooski, VT).
Dexamethsone was measured by HPLC with mass
spectrometry detection as described by Wang et al.
(2009) for mDex and Plontke et al. (2008b) for DexP.
In the DexP experiments, analysis gave both DexP
and Dex-base components, which were summed and
analyzed as total Dex distribution.

In each experiment, two or three 1 μL samples of
the injection solution were collected from the injec-
tion pipette and subjected to the same dilution and
assay procedures as the perilymph samples. In most
cases, perilymph sample concentrations have been
normalized with respect to the injected solution
concentration to decrease variation and to simplify
comparisons across substances.

In vivo TMPA recording

TMPA-selective microelectrodes were made by proce-
dures that are detailed elsewhere (Salt et al. 2003,
2012). Double-barreled electrodes were pulled, one
barrel silanized by exposure to dimethyldichlorisilane
vapor, and their tips beveled to a diameter of 3 –

4 μm. The silanized ion barrel was filled with 500 mM
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KCl, the non-silanized reference barrel was filled with
500 mM NaCl. A column TMPA-selective ion exchang-
er was drawn into the tip of the ion barrel. Ag/AgCl
wires connected each barrel to a high-impedance
electrometer. Electrodes were calibrated in standards
containing 0, 2, 20, 200 and 2,000 mM TMPA in a
background of artificial perilymph, at 39 °C in a
custom water circulation chamber. Electrodes were
sealed into the basal turns of ST or SV using
procedures to prevent fluid leakage at the insertion
site. The mucosa covering cochlea was removed, the
bony scala wall was thinned with a flap knife.
Cyanoacrylate and silicone adhesives were applied to
the dry bone as described above. A small (30 – 40 μm)
fenestra was made through the adhesives and the
bone. The electrode was inserted into the fenestra
and a tissue wick was used to remove perilymph as a
drop of cyanacrylate glue was applied to seal the
electrode in place.

Cochlear sensitivity assessed by compound action
potential (CAP) thresholds

In experiments using fluorescein and mDex, and in 3
control experiments (artificial perilymph injection
with no perilymph sampling) , sensitivity of the ear
was monitored during and following injections from a
ball electrode placed on the bony annulus next to the
round window membrane. Contact with the round
window membrane was avoided to prevent fluid leaks
that could compromise the pharmacokinetic purpose
of the experiment. Furthermore, we made no attempt
to keep the round window niche dry as touching the
round window area with wicks could induce leaks or
cause failure of the glue seal at the injection site. So
part of the measured functional changes may result
from fluid accumulation in the niche.

Sound stimuli were delivered in a closed system
using an Etymotic ER-10C microphone / speaker
system driven by Tucker-Davis System 3 hardware.
Stimulus delivery and data acquisition were controlled
by custom software. The sound field in each animal
was calibrated across the frequency range. CAP
responses were obtained in response to 10 tone burst
stimuli summed with responses to 10 inverted stimuli.
A 10 μV amplitude criterion was used to establish
threshold. During injections, thresholds at multiple
test frequencies were followed with time using an
automated tracking procedure.

Computer simulation of pharmacokinetic data

Our finite-element computer program for simulating
solute movements in the cochlear scalae has recently
been updated to include the tissue spaces of the ear
and the fluid and tissue spaces of the vestibule and

semi-circular canals. The latest version of this pro-
gram (v 3.080) was made available for download at
http://oto.wustl.edu/cochlea/ in February 2012. The
program allows quantitative simulations of all aspects
of the experiments in this study. It replicates the drug
injection procedures, including the flow of solution
from the lateral canal injection site to the cochlear
aqueduct through the perilymphatic spaces, the
elimination and movement of drugs over time during
the delay period between injection and sampling, and
replicates the fluid flows associated with sampling
from the lateral canal, with the timing and flow rates
defined by the sample collection data from each
experiment. Experimental data from the study were
fitted by varying just 4 parameters of the simulation. i)
the elimination rates from the semi-circular canals; ii)
elimination from the combined vestibule and scala
vestibuli; iii) elimination from scala tympani; iv) the
slow perilymph flow rate, driven by CSF entering the
cochlear aqueduct during the entire delay period.
This latter flow rate is unrelated to the much higher
flow rates during drug injection and perilymph
sampling procedures.

RESULTS

Injection into the perilymphatic space of the lateral
semi-circular canal displaces perilymph towards the
cochlear aqueduct at the base of ST. This is demon-
strated in Fig. 1, in which TMPA concentration
changes with time were monitored simultaneously
from TMPA-selective electrodes sealed into the basal
turns of ST and SV. The initial injection of 7 min
duration was used to elevate TMPA concentration
only in SV while the subsequent, 20 min injection
elevated the concentration at both SV and ST
measurement sites. The measured concentrations do
not reach the perfused values due to ongoing losses
from elimination and distribution. The observations
are completely consistent with perilymph being dis-
placed from the ear through the cochlear aqueduct
during injection. In a computer simulation of this
experiment (Figure 1, right panel) almost identical
results were calculated for comparable locations in SV
and ST based on the injections inducing flow from
the LSCC injection site to the cochlear aqueduct at
the base of ST. Injection into the LSCC thus allows
most of the perilymphatic spaces to be filled with drug
or marker solution. During and following the initial
7 min injection, the small rise detected in ST
(Figure 1B, inset) was used to establish the rate at
which TMPA could pass from SV to ST through local
pathways such as the spiral ligament. The use of
lateral canal injections to fill the perilymphatic space
with drug is shown schematically in Fig. 2.
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The perilymphatic spaces of the guinea pig have a
volume of approximately 16 μL (Shinomori et al.
2001). The measurements in Fig. 1 show that a 20 μL
injection was not sufficient to elevate the basal turn
ST recording site to an asymptotic value, so that this
injected volume does not completely load ST with
TMPA. Initial kinetic studies with TMPA therefore
used a 30 μL injection (30 min duration) to load the
perilymph spaces. The results of filling the ear with
2 mM TMPA, followed by perilymph sampling from
the lateral canal after various delay periods are
summarized in Fig. 3A. The time to collect the
8 samples in these experiments averaged 21.8 min.
The initial samples represent perilymph originating
from the LSCC and vestibule, followed in sequence by
perilymph from the SV, ST and CSF (schematized in
Figure 3B). In each of these curves, there was a slow
decline of concentration over the first 4 or 5 samples,
followed by a steeper decline in later samples. The
decline of specific samples with time was quantified by
fitting exponential curves to the concentration of the
samples for different delay times. Figs. 3C and D show
the curves fitted to sample 2 and sample 5 of each
experiment respectively. The half-times of decline of the
fitted curves were 132 min and 72 min respectively. The
fitted half-times for each of the 8 samples are summa-
rized in Fig. 3E. Samples 2–4 (originating from the
vestibule and scala vestibuli) showed longer half-times
than samples 5–7 (originating from ST). This analysis
gives a preliminary indication that TMPA kinetics is not
uniform throughout the perilymphatic spaces.

In view of the observed high rate of TMPA loss from
ST, we were concerned that even the 30 min injection
procedure was possibly insufficient to fully load the

perilymph and adjacent tissue spaces. If the ear is not
fully loaded with marker, then the decline of concen-
tration after injection could include contributions from
distribution processes as well as elimination. We there-
fore systematically varied the duration of TMPA injec-
tions, the results of which are summarized in Fig. 4. A
constant delay period between the end of injection and
the start of sampling of 120min was used and 10 samples
(each nominally 2 μL in volume) were measured from
each animal. The data are shown normalized relative to
the measured concentration of solution injected for
each experiment (mean 1.81 mM, SD 0.32 mM, n013).
ANOVA analysis of these data showed there was no
significant difference between injections of 15 and 30 or
60 and 90 min, but there was a significant difference

FIG. 1. In vivo recordings of TMPA concentration during lateral
semi-circular canal (LSCC) injections. A: TMPA concentration
measured simultaneously from ion-selective electrodes sealed into
ST and SV of the basal turn during two injections (of 7 min and
20 min duration) of 2 mM TMPA solution into the lateral canal at
1 μL/min. B: Computer simulation of the experiment in an
anatomically-based model, with injections driving volume flow
from the LSCC injection site towards the cochlear aqueduct

through the perilymphatic spaces of the lateral canal, vestibule,
scala vestibuli and scala tympani. The inset figure shows the
initial measured and calculated time courses in ST shown
enlarged. The increase of ST concentration during the initial
period when SV concentration was elevated was used to
quantify the rate of local cross-communication between ST and
SV in the basal turn.

FIG. 2. Schematic showing how perilymph of the ear can be filled
with drug solution by injection from a pipette sealed into the semi-
circular canal. During injection, fluid is displaced through the
cochlear aqueduct into the cerebrospinal fluid (CSF).
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between sample levels for 30 and 60 min injections.
These data are consistent with calculations showing that
a steady state is reached for injections of long duration.
They confirm that perilymph was loaded more effec-
tively with an injection of 60 min duration or longer. All
subsequent studies in the project used a 60 min loading
period.

As part of a search for markers that were better
retained in the perilymph space, we studied the kinetics
of fluorescein, which is summarized in Fig. 5.
Concentrations are shown normalized with respect to
the injection concentration (mean 0.73 mM, SD
0.17 mM , n010) measured in each experiment. The
waiting period between injection and sampling was
varied up to 4 h. Fluorescein was found to be far better
retained in perilymph than TMPA, with initial samples

(1 – 3) showing levels over 80 % of the injected
concentration at 2 h delay, compared with approxi-
mately 60 % for TMPA (from Figure 4).

A similar series of experiments was performed using
mDex, the results of which are summarized in Fig. 6.
The average concentration injected was 6.7 ug/ml.With
a 60 min waiting period, mDex levels in the initial
samples (1 – 3) were only ~50 % of the injected
concentration, falling to less than 20 % of the injected
concentration after 240min. ThemeasuredmDex levels
were substantially lower than both TMPA and fluores-
cein. A comparison of sample concentrations with
60 min injections and 2 h delay before sampling for
the 3 substances used in this study is shown in Fig. 7. The
sample concentration curves for each of the groups
were significantly different, with levels falling from
fluorescein9TMPA9mDex. These results show that
dexamethasone was lost from perilymph substantially
faster than either of the marker substances used.

A quantitative analysis of the pharmacokinetic data
was provided by computer simulations, which calcu-
lated sample concentration values resulting from
specific experimental conditions. Elimination rates
from the perilymphatic compartments were varied in
the model to produce a concentration distribution
along the perilymphatic chambers that gave calculat-
ed fluid sample concentrations as close as possible to
the measured values. The calculated sample curves for
mDex and fluorescein are compared with the mea-
sured data in Fig. 8. By adjustment of elimination and
flow parameters it was possible to reasonably replicate
the measured curves, although every detail of the

FIG. 3. A: Summary of sequentially-collected perilymph sample
concentrations at various delay times following a 30 min injection of
2 mM TMPA into the LSCC. Each curve is the average of the number of
experiments shown. B: Samples were each nominally 2 μL in volume and
represent fluid from different inner ear locations from the LSCC sampling
site to the cochlear aqueduct in the base of ST as indicated. C and D:
Individual samples for different experiments normalized with respect to
the measured injected concentration in each experiment and fitted with
exponential curves as a function of delay time. E: Half-times of curves
fitted to each sample group. Samples originating from the vestibule and
scala vestibuli (samples 2–4) declined at a slower rate (with longer half-
times) than those originating from scala tympani (samples 5–7).

FIG. 4. Sample concentration depends on the duration of TMPA
injection. In these experiments injection durationwas varied from 15min
to 90 min, with sampling taking place 2 h after the injection ended. Bars
indicate standard deviation. Concentrations were normalized with
respect to the measured concentration of the injected solution in each
experiment. For 15 and 30 min injections, lower concentrations were
measured than with 60 and 90 min injections, suggesting the perilymph
and adjacent tissues was not fully loaded with the briefer injections.

776 SALT ET AL.: Perilymph Pharmacokinetics



curves could not be replicated for some conditions
due to the limited number of parameters used. The
parameters that provided a best fit to each data group
(calculated to minimize the sum of squares of differ-
ences between measured and calculated values) are
summarized in Table 1.

The measured and fitted calculated curves for a
limited number of experiments in which DexP was
injected into the LSCC are shown in Fig. 9. The
measured data were the sum of DexP and Dex base
components in the samples, normalized with respect

to the injected concentration. Measured sample Dex
levels were higher than the measurements made with
mDex (comparison with Figure 8).

The parameters derived from simulations are
shown graphically in Fig. 10. In common for all 3
substances, elimination from ST is shown to occur
more rapidly (i.e. with a shorter half-time) than
from SV. It was also necessary in many cases to
have more rapid elimination from the SCC than
SV in order to account for the initial sample data
i.e. to account for the rollover of the curve found
in many experiments. The elimination half-time of
TMPA from ST (average 24.5 min) compared well
with prior estimates but the rapid elimination of
Dex (both mDex and DexP) from ST was quite
unexpected. The elimination half-time from ST was
22.5 min for mDex and 18.3 min for DexP. The
difference between findings for mDex and DexP
was accounted for by a lower rate of elimination
from SV and SCC for DexP and a notable
difference in CSF inflow rates. The better retention
of fluorescein in perilymph compared to mDex
results from the lower rates of elimination at all 3
locations (SCC, SV+Vestibule and ST) for fluores-
cein compared to mDex. For most experimental
groups, the inclusion of a low rate of perilymph
flow during the delay period was necessary to
obtain the measured curve shape, i.e. to reduce
the concentration at the basal part of ST. The
exception was mDex, which gave better fits for all
3 delay periods with very low flow rates.

The changes in auditory function resulting from
injections into the LSCC are summarized in Fig. 11.

FIG. 5. Sequential perilymph samples taken at different delay
times after fluorescein injection into the LSCC. Concentrations are
shown normalized with respect to the measured concentration
injected in each experiment. Fluorescein concentration declines
very slowly with time, with initial samples (1–3) showing the
vestibule and basal SV retained over 60 % of the injected fluorescent
at 4 h (240 min) after injection. Bars indicate SD.

FIG. 6. Sequential perilymph samples taken at different delay
times after dexamethasone injection into the LSCC. Concentrations
are shown normalized with respect to the measured concentration
injected in each experiment. Dexamethasone concentration declines
quickly with time. Initial samples (1–3) show levels near 50 % of the
injected concentration at 60 min, falling to below 20 % at 240 min.
Bars indicate SD.

FIG. 7. Mean curves for three substances measured by sequential
sampling with a 120 min delay after a 60 min injection into the
LSCC. Concentrations were normalized with respect to the measured
concentration of the injected solution in each experiment. Fluores-
cein shows the highest curve, showing it is eliminated most slowly
from the cochlea. Dexamethasone (mDex) shows the lowest curve,
indicating it is eliminated most rapidly from the cochlea. The TMPA
curve falls at an intermediate level.
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Both artificial perilymph injections (control) and
mDex solutions produced an initial enhancement of
sensitivity at high frequencies, followed by a decline in
sensitivity that averaged less than 5 dB at high
frequencies but up to 10 dB at lower frequencies.
Changes induced by mDex were similar to those
induced by control injections. Fluorescein induced
substantially more threshold elevation, with threshold
increases varying from 25 to 35 dB at different
stimulus frequencies.

DISCUSSION

There have been numerous experimental studies of
the pharmacokinetics of the ear with locally-applied
drugs, but only a limited scientific framework is
available for interpreting such studies. The ear
appears to be unique in the body, with extracellular
spaces containing fluids that are not flowing to the
same degree as in other organs, such as in kidney
tubules or in the ducts of secretory tissues. Movement
of substances in the ear has been shown to be

dominated by passive diffusion, which occurs slowly
over the length of fluid spaces found in the ear (Salt
and Ma 2001; Salt and Plontke 2005). This slow
distribution results in sizeable gradients of drugs
along the scalae following local applications (Saijo
and Kimura 1984; Stöver et al. 1999; Salt and Ma 2001;
Imamura and Adams 2003; Chen et al. 2005; Mynatt
et al. 2006; Plontke et al. 2007, 2008b). In these
circumstances, it is difficult to quantify pharmacoki-
netic parameters when drug levels are being influ-
enced by the interacting processes of distribution and
elimination. Lateral canal injections, followed by
sequential sampling from the same site, provide a
novel tool for the study of perilymph pharmacokinet-
ics. Data analysis from these experiments is substan-
tially simpler, as drug gradients between different
regions of the ear are minimized. The LSCC injection
method allows the perilymph to be reliably and
consistently loaded with drug of known concentra-
tion. Sequential sampling from the LSCC allows the
drug levels in different parts of the ear to be
quantified, allowing differences in elimination rates
for different inner ear locations to be demonstrated.

The data presented here confirm that for the three
substances used, elimination from ST occurs more
quickly than from SV. This has been suspected from
prior studies where markers were measured simulta-
neously in ST and SV (Salt et al. 1991), but has not
been conclusively demonstrated previously. This ob-
servation is consistent with the view that the main site
of perilymph homeostasis may be the vasculature of
the spiral ganglion. Anatomic studies have shown the
fluid spaces of the spiral ganglion have extensive
communication with the perilymph of ST through open
channels in the bone in both guinea pigs (Shepherd
and Colreavy 2004) and humans (Rask-Andersen et al.
2006). The present sampling studies are consistent with
the view that the structures bounding ST play a more
prominent role in perilymph homeostasis than do those
bounding SV.

Analysis of these data also suggests that the decline
of drug levels in the basal turn of ST may partially
result from a slow influx of CSF through the cochlear
aqueduct. A slow, apically directed flow in ST has
been suggested in prior studies (Salt and Ma 2001;
Plontke et al. 2007, 2008b). It is notable that all the
prior studies were performed with the auditory bulla
widely opened by a ventral exposure. This leads to the
possibility that the CSF influx and induced perilymph
flow could have been non-physiological, possibly
resulting from fluid evaporation from the otic capsule
under the conditions of the experiment. However,
similar flow rates (somewhat higher in some condi-
tions) were derived from the present study which was
performed with the ventral bulla closed. The small
lateral bulla opening in the present study did not

FIG. 8. Determination of kinetic parameters by computer simu-
lations of the experiments. Open symbols: Mean sample curves for
mDex (upper panel ) and Fluorescein (lower panel) at three delay
times after injection, fitted by computer simulations, shown by solid
symbols. The parameters used to fit the curves are given in Table 1.
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result in drying of the mucosa covering the cochlea so
evaporative loss from the bone to the same degree in
this experiment is highly unlikely. This supports the
view that the low rate of CSF entry is a true physiologic
process. For many years the question of whether CSF
entry contributes to perilymph homeostasis has been

debated. Perilymph sampling studies in rats (reviewed
by Sterkers et al. 1988) showed that perilymph and
CSF had similar composition and showed similar
kinetics for D-glucose (Ferrary et al. 1987), suggesting
that a significant proportion of ST perilymph could be
derived from CSF. On the other hand, systematic
differences in substances such as glycine between CSF

TABLE 1
Pharmacokinetic parameters derived by simulation

Substance n
Injection
Time (min)

Delay Time
(min)

ST elimination
half-time (min)

SV/ SM elimination
Half-time (min)

SCC elimination
half-time (min)

CSF influx rate
(nl/min)

TMPA 5 30 120 29 172 170 0.058
TMPA 3 60 120 40 620 64 0.025
TMPA 3 90 120 38.9 188 256 0.059
TMPA 5 30 30 14 250 100 0.060
TMPA 3 30 60 13 2200 85 0.075
TMPA 3 30 180 36.4 241 102 0.100
TMPA 1 30 240 39.5 175 135 0.055
Average TMPA 24.5 259 109 0.062

Fluorescein 3 60 60 55 None 600 0.070
Fluorescein 4 60 120 58 3800 250 0.060
Fluorescein 3 60 240 50 680 262 0.095
Average Fluorescein 54.1 1730 316 0.075

mDex 3 60 60 33.2 90 89 0.010
mDex 3 60 120 18.8 125 55 0
mDex 3 60 240 20.0 126 130 0
Average mDex 22.5 110.9 80.8 0.003

Dex P 1 30 120 16 1250 1000 0.09
Dex-P 1 30 180 20 212 170 0.14
Dex-P 1 30 180 19.5 209 167 0.06
Average DexP 18.3 291.2 233 0.097

This analysis shows that elimination rates are different in ST and SV. As half-times are typically not normally distributed, the average half-time shown is calculated
as loge(2)/k, where k is the average of the individually-calculated rate constants, each calculated as loge(2)/half-time

FIG. 9. Experimental sample data and fitted curves for 3 experi-
ments in which DexP was injected into the LSCC and sampled after a
delay of 120 min (n=1) and 180 min (n=2). Measured data are the
sum of DexP and dex base, normalized with respect to the injected
concentration. The parameters used to fit the model curves are given
in Table 1.

FIG. 10. Summary of kinetic parameters derived from simulation
of LSCC injection / sampling data. The one fluorescein experiment
which was fitted with no elimination from SV is shown at the upper
limit of the plot. For dexamethasone, solid symbols show parameters
for mDex and open symbols show parameters for DexP.
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and perilymph, and the demonstration that samples
became more CSF-like as larger volumes were taken,
suggested that the similarity between perilymph and
CSF could arise as a perilymph sampling artifact
(Hara et al. 1989). An increasing degree of sample
contamination with CSF as the volume of sample
aspirated from the basal turn of ST was increased was
demonstrated by Salt et al. (2003) using a marker ion.
As a result, the degree to which CSF inflow contrib-
utes to perilymph homeostasis has been uncertain. All
sequential sampling studies, previously from the apex
(Mynatt et al. 2006; Plontke et al. 2007, 2008b) and
here from the SCC, have supported the existence of a
low rate of CSF entry into ST through the cochlear
aqueduct. On the other hand, we appreciate that
samples taken from the LSCC in the current study do
not give as good a representation of perilymph from
ST, especially that of the basal turn, compared to
samples from the cochlear apex. Although there may
be distortions, such as inter-animal variations of
cochlear scalae volumes that could influence flow rate
estimates given here, the results do support the view
that a slow rate of CSF entry into ST exists.

Dex was lost from perilymph more rapidly than
either fluorescein or TMPA. The derived elimination
half-times of 22.5 min (ST) and 111 min (SV) for
mDex (n09), and 18.3 mins (ST) and 291 min (SV)
for DexP (n03) are substantially faster than the rates
inferred from most prior studies. The analysis by
Plontke and Salt (2003) showed that Bachmann et al’s

(2001) prednisolone data were best fit by an elimina-
tion rate of 130 min. An uncertainty in the analysis of
this study of intratympanically-applied drug arises
from the unknown time course of drug concentration
in the middle ear. As a result, elimination rates for the
middle ear and perilymphatic compartments were
grouped and assumed identical. Based on our new
data, it now appears likely that elimination from
perilymph occurs more rapidly than from the middle
ear. The high rate of elimination seen here is more
compatible with Plontke et al’s (2008a) analysis of
methylprednisolone data from humans (Bird et al.
2007), which suggested an elimination half-time of
27 mins (also based on similar elimination rate from
ST and the middle ear). Differences between all these
studies could also arise from the fact that different
glucocorticoids were used and each could exhibit
different kinetics. It should also be appreciated that
the actual decline of Dex concentration in ST does
not occur with a 22 min half-time because of the
connection to other compartments, predominantly
SV, which declines at a slower rate. This results in a
sustained movement of Dex from SV to ST driven by
the prevailing concentration gradient. This inter-scala
communication was incorporated into the model.

The high rate of Dex elimination from ST has
important implications for the clinical administration
of the drug. Given this high elimination rate, Dex
applied intratympanically would not be expected to
distribute far along the cochlear scalae towards the

FIG. 11. Cochlear sensitivity changes measured during 60 min
injections of artificial perilymph (Control, n=3), of fluorescein (n=8)
or of mDex (n=9) at the concentrations used in the kinetic studies.
Sensitivity was assessed by CAP thresholds at the 4 frequencies
indicated using an automated procedure with a criterion of 10 μV.

Measurements were made at 2 min intervals but SD error bars are
only shown at 20 min intervals for clarity. Threshold changes produced
by mDex were almost identical to those induced by control injections.
Fluorescein caused substantial elevations of CAP thresholds.
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apex. With the new dexamethasone elimination rates,
base to apex perilymph concentration gradients in the
human are expected to be even more pronounced
than previously suggested (Plontke and Salt 2003).
Calculations (not shown) suggest that perilymph Dex
levels would be reduced by over 3 orders of magni-
tude relative to the concentration near the RWM in
less than 10 mm from the base of ST. An uncertain
component in this calculation is the rate of CSF entry
into the human cochlea through the aqueduct, which
could contribute to an apical distribution of drugs.
Even though the human aqueduct is narrower than
the guinea pig, it still typically allows enough flow to
balance pressure between the ear and the cranium in
young adults (Phillips and Marchbanks 1989). But if a
sustained flow exists in the human, its rate is currently
unknown. Given the larger scala volumes in the
human compared to the guinea pig, the influence of
flow is expected to be considerably lower in the
human.

There is still considerable uncertainty about where
in the inner ear Dex may be acting. In cases of
endolymphatic hydrops it is possible that modification
of fluid transport in one region of the endolymph
space may be sufficient to alter the status of all of it
(analogous to an entire balloon collapsing when a
portion is vented). Pondugula et al. (2004) showed
that cation uptake into the semicircular canals was
upregulated by Dex. Kim and Marcus (2009) found a
similar Dex-induced upregulation of sodium transport
into the sacculus. On the basis of these findings it is
possible that Dex levels in the basal regions of the ear
could influence endolymph or perilymph fluid status.
However, for conditions where Dex treatment is
required to be present throughout the inner ear,
then intratympanic applications may not be effective
even when applied as a sustained release delivery
(Wang et al 2009).

The suggestion from our analysis that mDex may
decrease the rate of CSF entry in the guinea pigs
could well be consistent with its influence on ion
transport of the vestibular system (Kim and Marcus
2009). We know that CSF is entering ST at the
cochlear aqueduct at a low rate but we do not know
where the exit site of this fluid volume occurs. An
ongoing loss of perilymph volume to the endolym-
phatic system of the sacculus, or other vestibular
organs, could account for our findings. More support-
ing data for the existence of such processes is needed.

The perilymphatic fluid spaces interact with adja-
cent fluid and tissue spaces in a manner that can only
be partially addressed in the computer simulations.
An important consideration is whether drug loss from
perilymph caused by drug movement to another
compartment in the ear could be interpreted as
elimination to the blood. The simulations used here

included the tissue spaces of the spiral ligament, spiral
ganglion, auditory nerve and organ of Corti. The slow
rate of decline in later samples with apical sampling
from the cochlea (Salt et al 2011b), due to CSF
washing through ST gaining drug from the adjacent
spaces, suggests very fast communication between ST
and its adjacent spaces, with half-times in the 10–
12 min range. Immunochemical studies in the mouse
also suggest that Dex very rapidly enters cochlear
tissues (Hargunani et al. 2006). With such fast
communication, the 60 min loading time used in the
experiments would be sufficient to allow the tissue
spaces to be loaded with drug so they should not
represent major sinks for drug or marker loss during
the delay period. The other compartment of sufficient
volume to provide a potential sink that needs to be
considered is the endolymphatic compartment.
Previous studies have shown that TMPA does not
readily enter endolymph (Salt et al. 1991). As
fluorescein was lost from perilymph considerably
more slowly than TMPA, we did not consider fluores-
cein losses to endolymph in this analysis. The
pertinent question is whether the entry of Dex into
endolymph could influence the interpretation of
findings. Endolymph measurements show that Dex
does enter endolymph but measured concentrations
were lower than that of basal turn ST perilymph after
applications of 6 and 24 h (Salt et al. 2011a),
suggesting no major accumulation. In the analysis of
the present Dex data we included a communication
half-time of 60 min between endolymph and SV and
between endolymph and the organ of Corti. This has
little influence on the samples, however, because most
of the entry into endolymph occurs during the injection
period, when drug level is controlled by the injection,
and the amount of efflux from endolymph during
sampling will be limited by the relatively short time
taken to collect samples. The fact that endolymph
volume is only ~25 % of perilymph volume also
minimizes its potential contribution. In order to sub-
stantially influence the perilymph samples a substance
would have to both enter and leave endolymph with fast
kinetics, which is unlikely for most substances due to the
tight cellular barrier between the two fluids. We
conclude that any distortion of our analysis of Dex
kinetics by its entry into endolymph, or other compart-
ment of the ear, is small.

A similar rationale applies to the binding of Dex to
cellular receptors, which could cause accumulation in
tissues and loss from perilymph. If the binding occurred
rapidly then the receptors would be saturated during
the injection period. Indeed, such buffering could even
stabilize Dex levels and result in them to fall more slowly
over time as elimination occurs. Another possibility that
has to be considered is whether the loss of Dex from
perilymph could represent metabolism rather than
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elimination. In the liver and kidney, Dex primarily
undergoes 6β-hydroxylation by Cytochrome P450 3A4
(CYP3A4), but may also undergo side-chain cleavage by
the hydroxalase CYP17A1 to form 9αfluoro-androsta-
1,4-diene-11β-hydroxy-16α-methyl-3,17-dione (9α-F-A)
which subsequently also undergoes 6β-hydroxylation
(Tomlinson et al. 1997). Lecain et al. (2003) showed
that CYP17A1 was expressed in the lateral wall, the
organ of Corti and in the modiolus of the rat cochlea,
although in situ hybridization experiments failed to
detect transcripts. Although it is possible some Dex is
being metabolized, there is presently no data indicating
the rate that this could occur. Assuming it does not
occur to the degree required to account for these data,
the sustained decline seen over 4 h in our experiments is
consistent with loss to a compartment that does not
saturate, most likely representing elimination to blood.

The derived parameters allow the model (the model,
including the parameters derived from this study, is available
on the internet) to closely replicate the decline of drug
concentrations with time found in the present experi-
ments. There are a number of limitations of the model
to consider. We have fitted the data using as few
parameters as possible, specifically four. Each parameter
had a unique influence on the calculated sample curve.
The assumption made by this approach is that elimina-
tion occurs with a uniform half-time with distance along
each compartment, even though the compartment
dimensions are changing. We used three elimination
rates, one specifying elimination from the SCC, one
from the vestibule and SV, and one from ST. We could
have obtained better fits using 10 elimination variables,
each representing elimination from the segment con-
tributing to each sample. There is no evidence that
elimination rate varies markedly with distance along
cochlear scalae, so at present the simple, 3-variable
approach seems appropriate. The model included
communication between ST and the spiral ligament,
and SV and the spiral ligament (thereby enabling local
cross-communication between ST and SV). The proto-
col, in which drug concentrations are elevated in both
SV and ST, will rapidly load the spiral ligament with
drug. As the concentration gradients across the spiral
ligament will be very low, solute movements between ST
and SV by this pathway will be small and can have only a
minor influence on the results. In this respect, the
experimental design achieves its intended aim of
minimizing the number of processes that need to be
considered in detail to replicate the experimental data.

Functional changes measured during lateral canal
injections show that function is well-maintained with
both control and mDex solutions although minor
systematic changes do occur. The changes occur slowly
with time, not rapidly at the start and end of injection, so
they probably result from fluids composition changes,
rather than from injection-induced mechanical distur-

bance. The initial improvement in function may be
accounted for by the normal SV perilymph, which has a
higher K+ concentration of that in ST, being displaced
into ST by the injection and causing the endocochlear
potential to rise. We can conclude that the pharma-
cokinetic method itself is not damaging to the ear. In
contrast, we found that the marker fluorescein had a
substantial influence on cochlear function. The 25–
35 dB threshold elevations, which varied with test
frequency, are consistent with a disturbance of outer
hair cell amplification by this anionic marker.
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