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Abstract

Before new drugs for the treatment of inner ear disorders can be studied in controlled clinical trials, it is important that their phar-
macokinetics be established in inner ear fluids. Microdialysis allows drug levels to be measured in perilymph without the volume distur-
bances and potential cerebrospinal fluid contamination associated with fluid sampling. The aims of this study were to show: (i) that
despite low recovery rates from miniature dialysis probes, significant amounts of drug are removed from small fluid compartments,
(ii) that dialysis sampling artifacts can be accounted for using computer simulations and (iii) that microdialysis allows quantification
of the entry rates through the round window membrane (RWM) into scala tympani (ST). Initial experiments used microdialysis probes
in small compartments in vitro containing sodium fluorescein. Stable concentrations were observed in large compartments (1000 ll) but
significant concentration declines were observed in smaller compartments (100, 10 and 5.6 ll) comparable to the size of the inner ear.
Computer simulations of these experiments closely approximated the experimental data. In in vivo experiments, sodium fluorescein
10 mg/ml and dexamethasone–dihydrogen–phosphate disodium salt 8 mg/ml were simultaneously applied to the RWM of guinea pigs.
Perilymph concentration in the basal turn of ST was monitored using microdialysis. The fluorescein concentration reached after 200 min
application (585 ± 527 lg/ml) was approximately twice that of dexamethasone phosphate (291 ± 369 lg/ml). Substantial variation in
concentrations was found between animals by approximately a factor of 34 for fluorescein and at least 41 for dexamethasone phosphate.
This is, to a large extent, thought to be the result of the RWM permeability varying in different animals. It was not caused by substance
analysis variations, because two different analytic methods were used and the concentration ratio between the two substances remained
nearly constant across the experiments and because differences were apparent for the repeated samples obtained in each animal. Inter-
pretation of the results using computer simulations allowed RWM permeability to be quantified. It also demonstrated, however, that
cochlear clearance values could not be reliably obtained with microdialysis because of the significant contribution of dialysis to clearance.
The observed interanimal variation, e.g., in RWM permeability, is likely to be clinically relevant to the local application of drugs in
patients.
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1. Introduction

In recent years, an increasing interest in local drug appli-
cation to the round window membrane (RWM) has
emerged. Substances have been shown to enter scala tym-
pani and from there are distributed in the inner ear (Goy-
coolea, 2001). Recent pharmacokinetic studies have shown
that substances applied locally to the RWM produce signif-
icantly higher drug levels in the inner ear fluids compared to
systemic applications (Bachmann et al., 2001; Chen et al.,
2003a; Parnes et al., 1999). Thus, applying drugs locally
may avoid potential systemic complications and side effects.

Glucocorticoids have been shown to be able to thera-
peutically influence various disorders associated with a dis-
turbance of inner ear homeostasis, although the specific
mechanisms are not completely resolved (Trune, 2006).
There are a growing number of clinical reports with regard
to local treatments with corticosteroids in cases of acute
hearing loss of various causes (Chandrasekhar, 2001; Gian-
oli and Li, 2001; Gouveris et al., 2005; Ho et al., 2004;
Kopke et al., 2001; Lautermann et al., 2005; Lefebvre
and Staecker, 2002; Plontke et al., 2005; Silverstein et al.,
1996; Parnes et al., 1999), of Meniere’s disease (Itoh and
Sakata, 1991; Sennaroglu et al., 2001; Shea and Ge, 1996;
Silverstein et al., 1998) and of tinnitus (Cesarani et al.,
2002; Coles et al., 1992; Sakata et al., 1997; Shulman and
Goldstein, 2000; Silverstein et al., 1996). In addition, a
number of investigational drugs show promising results
with respect to protection when locally applied to the
RWM (Li et al., 2001; Chen et al., 2003b; Hight et al.,
2003; Keithley et al., 1998). However, no drugs are yet
approved for local application to the round window mem-
brane for a specific inner ear indication and success rates in
clinical reports vary considerably.

Before new drugs can be approved for clinical use, pre-
clinical studies are necessary. This includes determining the
time course and total dose of the drug within the inner ear
fluids. A critically important factor in experimental studies
of inner ear pharmacokinetics is the method of fluid sam-
pling used. It has been shown that the act of aspirating a
perilymph sample can markedly influence the concentra-
tion of the drug in the inner ear fluids. As a result, sample
concentrations may not always be a good indicator of the
drug level at the site prior to sampling (Salt et al., 2003;
Salt and Plontke, 2005; Scheibe et al., 1984).

In contrast, with microdialysis it is possible to measure
substances without taking fluid samples, which is especially
relevant to small volume compartments such as the inner
ear. In vivo microdialysis has been used for more than a
decade for clinical and preclinical research especially in
the central nervous system (Elmquist and Sawchuk, 1997;
Ungerstedt, 1991). Apart from its application to neuro-
chemistry and neurophysiology in studying neurotransmit-
ter release, uptake and metabolism, microdialysis has
increasingly been used to address pharmacokinetic ques-
tions related to drug distribution and metabolism (de Lange
et al., 2000; Elmquist and Sawchuk, 1997). In the peripheral
auditory system, microdialysis has been used to measure the
concentration of neurotransmitters (Hoya et al., 2001; Jager
et al., 2000; Matsuda et al., 1998), urea (Hunter et al., 2003)
and for pharmacokinetic studies after round window drug
delivery of gentamicin (Hibi et al., 2001).

The advantages of microdialysis for pharmacokinetic
studies in the inner ear include: (i) the use of repeated mea-
surements allowing the drug time course to be determined,
(ii) prevention of artifacts from perilymph volume loss
through leaks, and (iii) limited disturbance of perilymph
composition due to the low amount of drug recovery.
2. Materials and methods

2.1. Microdialysis

Microdialysis has been applied to a variety of tissues including the
measurement of drugs in the perilymphatic space of the cochlea (Hibi
et al., 2001; Hunter et al., 2003; Plock and Kloft, 2005). A microdialysis
probe consists of an inner tube and an outer tube that has a semiperme-
able membrane on its distal tip. In an experiment the inlet and the outlet
on the proximal end of the probe are connected with tubing to a syringe
mounted on a perfusion pump and a collecting vial, respectively. During
the perfusion, a physiological buffered salt solution is driven through
the inlet into the inner tube, crosses the tip with the dialysis membrane
and leaves the outer tube through the outlet. The transport of molecules
across the semipermeable membrane of the tip during the perfusion is dri-
ven by passive diffusion and can be described by the Fick equation. The
molecules within the extracellular fluid diffuse across the semipermeable
membrane into the perfusion fluid along their concentration gradient.
The perfusion fluid (dialysate) can be collected and analysed to identify
or quantify molecules that are present in the extracellular environment.
It is also possible however to use this method to deliver substances to
the extracellular environment. For that purpose a substance is added to
the perfusate and then diffuses through the semipermeable membrane into
the surrounding fluids (Plock and Kloft, 2005; Ungerstedt, 1991).
2.2. In vitro studies

Horizontal single chamber tubular compartments of different sizes
were used to perform microdialysis experiments in vitro. Acrylic glass res-
ervoirs with volumes of 1000, 100, 10 and 5.6 ll were produced at an in
house workshop facility. Using appropriate tubing, the inlet ports of
microdialysis probes (CMA/11 14/01/Cuprophane, CMA/Microdialysis
AB, Stockholm, Sweden and MAB 4 Cuprophane, TSE, Bad Homburg,
Germany) were connected to a syringe pump and the outlet ports con-
nected to a fraction collector. A microdialysis probe was then inserted
under microscope and micromanipulator control into the reservoir that
was filled with sodium fluorescein (1 mg/ml, Sigma–Aldrich, Taufkirchen,
Germany). The linear flow microdialysis probes with a 6-kDa molecular
mass cutoff, membrane length of 1 mm and external diameter of
0.24 mm were perfused with sterile phosphate-buffered saline (PBS) at a
rate of 2 ll/min (CMA/102 syringe pump). Dialysate samples were col-
lected into plastic vials, using a refrigerated fraction collector (CMA/
170) at 8.5 min intervals for up to 68 min. The sampling time interval
was dependent upon the combined dead volume of the microdialysis
probe, the outlet tubing and the cannula of the fraction collector. Samples
were stored at �20 �C for no longer than 14 days before analysis.
2.3. Assay of sodium fluorescein

The concentration of fluorescein in the dialysate samples was assayed
using a fluorescence plate reader (Tecan Fluorescence Reader; Tecan Deu-
tschland GmbH, Crailsheim, Germany) at an excitation wavelength of



Table 1
Gradient used for HPLC analysis of dexamethasone phosphate

Time (min) 25 mM KH2PO4 (%) Acetonitrile (%)

0 100 0
1.5 80 20
7 10 90
11 10 90
12 80 20
18 80 20
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485 nm and emission of 535 nm. Samples were diluted with PBS to 100 ll,
and fluorescein was quantified in 100 ll aliquots using a calibration curve
constructed for each experiment over the range of 10–1000 ng/ml.

2.4. Evaluation of in vitro dialysis probe recovery rate for sodium

fluorescein

The recovery rate (fractional recovery) can be considered as a measure
for the individual probe in respect to removing substance from a solution.
Individual probes were immersed in 1 ml of unstirred or stirred fluorescein
(1 mg/ml in PBS) in cubic reservoirs and perfused with PBS at a rate of
2 ll/min for 68 min. The recovery was calculated by dividing the measured
concentration in the microdialysis sample by the initial reservoir concen-
tration. The recovery rates measured in unstirred and stirred reservoirs
were nearly identical (3.03% ± 0.27 and 2.91% ± 0.29, respectively).

2.5. Animal experiments

Animal experiments were approved by the animal studies committee of
the University of Tübingen (number HN1/02). Fifteen specific pathogen
free guinea pigs (weight: 280–550 g, Charles River, Kißlegg, Germany)
were anesthetized with 6 mg/kg xylazine (Bayer, Leverkusen, Germany),
100 mg/kg ketamine hydrochloride (Pharmacia & Upjohn, Erlangen, Ger-
many) and 0.2 mg/kg atropine sulphate (Braun, Melsungen, Germany).
The trachea was cannulated and the body temperature was maintained
at 37.5 �C with a temperature controlled heating blanket. The animal
was mounted in a head-holder, the auditory bulla was exposed by a ventro-
lateral approach and was opened to expose the cochlea. The mucosa was
removed from the surface of the cochlea and the bone was allowed to
dry. The insertion site for the microdialysis probe in the basal turn of scala
tympani was coated with a thin layer of cyanoacrylate glue (Aesculap,
Tuttlingen, Germany). A small hole was drilled into the bone overlying
scala tympani with a 0.25-mm steel drill at a distance of 1.3–1.9 mm (mean:
1.6, SD: 0.2) from the round window. The microdialysis probe was con-
nected to the tubing system and then the tip was inserted under the control
of a micromanipulator and viewed with an operating microscope. After
complete insertion of the tip, cyanoacrylate glue was applied again fol-
lowed by the application of a thin layer of two part silicone adhesive
(KWIK-Cast silicone elastomer sealant, WPI, Sarasota, USA) onto the
dry cyanoacrylate glue layer. Perfusion of the probe was started immedi-
ately after probe placement. Substances were applied together to the
RWM through a glass pipette mounted on a micromanipulator: Dexa-
methasone-21-dihydrogen-phosphate disodium salt (Fortecortin� Inject,
Merck, Darmstadt, Germany, 8 mg/ml) and sodium fluorescein (Sigma–
Aldrich, Taufkirchen, Germany, 10 mg/ml). The application commenced
with a bolus application of 5 ll/min for oneminute in order to fill the round
window niche with fluid, continued by a slower rate (0.05 ll/min) to sustain
the drug level in the round window niche up to approximately 5 h.

2.6. Quantification of dexamethasone-21-dihydrogen-phosphate

using HPLC analysis

For the chromatographic separation and quantification of dexametha-
sone-21-dihydrogen-phosphate (DexP) an Agilent 1100 Series HPLC sys-
tem (Agilent, Waldbronn, Germany) was used consisting of Solvent
Degasser (G 1379 A), binary capillary pump (G 1389 A), autosampler
thermostat (G 1330 A), autosampler MicroALS (G 1389 A), a column
oven (G 1316 A) and DAD (G 1315 B). The chromatographic system con-
sisted of a GROM-SIL 120 ODS-3CP, 5 lm, column (150 · 2.0 mm id,
GROM Analytik, Herrenberg, Germany) and a solvent gradient of
25 mM potassium dihydrogen phosphate and acetonitrile was used. The
column was operated at 20 �C. The flow rate was set to 300 ll/min using
the gradient as shown in Table 1. UV detection wavelengths were 241 and
254 nm. For data processing, HP Chemstation Rev. A.09.03 was used.

We excluded data from five HPLC measurements due to technical dif-
ficulties with the HPLC system. Analysis in these experiments could not be
repeated due to the limited sample volume available from the microdialy-
sis procedure.
2.7. Computer simulations

Pharmacokinetics of the in vitro and the in vivo microdialysis experi-
ments and of the cochlear fluids were interpreted using a finite element
computer model (Washington University Cochlear Fluids Simulator, ver-
sion 1.6i, available to the public on http://oto.wustl.edu/cochlea/). A
detailed description of the model is given elsewhere (Salt, 2002). For this
study, the computer model was modified to include the simulation of sam-
pling by microdialysis. The model utilized the specific parameters of the
microdialysis experiment, e.g., geometric dimensions of the tubular reser-
voirs and the cochlear fluid space dimensions, the fractional recovery rate
of the microdialysis probe and the probe location, perfusion rate, sampling
intervals and the molecular weight of the substances applied. For the
in vitro experiments the measured concentrations were compared to the
concentrations that were calculated by the model. For the in vivo experi-
ments relevant pharmacokinetic parameters, specifically the round win-
dow membrane permeability, were derived by the means of inverse
parameter identification through multiple forward simulations. Parame-
ters were varied to minimize the sums of squares of differences between
the calculated and the experimental data (Plontke et al., 2002).

3. Results

3.1. Recovery of sodium fluorescein from the tube reservoirs

The retrieval of fluorescein by microdialysis in 1 ml res-
ervoirs remained near constant during the entire experi-
ment, while the concentration of fluorescein in samples
retrieved from the smaller reservoirs gradually declined
with time, as shown in Fig. 1. A regression analysis of
the mean concentration data time courses showed signifi-
cant slopes for the 5.6 ll (slope: �0.57%/min, p < 0.001),
10 ll (slope: �0.46%/min, p < 0.001) and 100 ll (slope:
�0.12%/min, p < 0.001) reservoirs, but not for 1000 ll
reservoir (slope: �0.011%/min, p = 0.78). These results
indicate that microdialysis allowed substances to be recov-
ered from large volumes without significantly influencing
the total reservoir concentrations, whereas in smaller com-
partment volumes the concentration of substances was
reduced during the experiment.

To confirm that the reduction in the fluorescein concen-
trations measured in 100, 10 and 5.6 ll reservoirs was due
to the retrieval of the dye by the microdialysis mechanism
and not caused by a change in fractional recovery rate, the
recovery rate was determined in 1 ml volumes before and at
the end of a set of experiments which included 100, 10 and
5.6 ll reservoirs, respectively. These experiments showed
that during the experiment the recovery rate and therefore
the properties of the individual probe remained constant
(data not shown).

http://oto.wustl.edu/cochlea/


Fig. 1. Solid symbols: dependence of dialysis sample concentration on
compartment volume in vitro. Compartment volumes were 1000 ll
(squares), 100 ll (triangles), 10 ll (circles) and 5.6 ll (diamonds). For
the large compartment volume, dialysis concentrations remained approx-
imately constant with time, but sample concentrations decreased progres-
sively with time for smaller compartments, with greater decreases for
smaller compartments. Open symbols: simulation of the experiments using
the Washington University Cochlear Fluid Simulator (http://oto.wus-
tl.edu/cochlea) showing predicted decreases of comparable magnitude
according to compartment volume.

Fig. 2. Measured concentration time courses of dexamethasone phos-
phate (DexP, upper panel, n = 10) and fluorescein (lower panel, n = 15) in
microdialysis samples from the basal part of scala tympani after
continuous application of a solution of the two drugs to the RWM of
guinea pigs in vivo. Full line: mean. Note that the applied concentration of
DexP was less (8 mg/ml) than that of fluorescein (10 mg/ml).
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Furthermore, to be sure that the decline in concentra-
tion was an actual decline in the concentration caused by
microdialysis and not a function of dissociation of the
dye from the probe surface, we measured the wash out
kinetic of the dye from the probe at the end of the experi-
ment. The probe was transferred to a 1-ml reservoir con-
taining perfusion fluid (zero fluorescein concentration)
and perfusion was started again. Within 1–2 samples, a
sharp drop in the dye concentration was observed, indicat-
ing a rapid washout kinetic of the system.

3.2. In vivo experiments

The concentration measured in microdialysis samples
after continuous application of a solution containing both
DexP (8 mg/ml) and sodium fluorescein (10 mg/ml) was
higher for fluorescein than for DexP as shown in Fig. 2.
The ratio between the averaged fluorescein and DexP con-
centrations measured in microdialysis samples was almost
constant over time (2.3±0.7).

Conventionally, the estimated concentration at the sam-
ple location is obtained by dividing the measured sample
concentration by the fractional recovery rate of the probe
for each individual experiment, as shown in Fig. 3.

The recovery rates for fluorescein ranged from 0.96% to
3.82% (mean: 2.25%, SD: 0.90). The recovery rates for
DexP ranged from 0.88% to 2.42% (mean: 1.63%; SD:
0.46).

A comparison of the ‘‘terminal’’ concentrations for the
two substances was performed by averaging the concentra-
tion measured at the time points 187.5, 200 and 212.5 min
(Fig. 4). Values at these time points for both DexP and
fluorescein were available in nine experiments. In these
experiments, the mean terminal concentration for fluores-
cein was 585.5 ± 526.6 lg/ml, and that for DexP was
291.5 ± 369.3 lg/ml. After correcting for differences in
the concentration applied to the RWM, the concentrations
reached in the basal turn of scala tympani after approxi-
mately 200 min of drug application differed by a factor
1.6 between the two substances.

Considerable variation in the amplitudes of the concen-
tration time-courses were found between animals. For all
experiments, the average minimum and maximum ‘‘termi-
nal’’ concentrations were 48.4 and 1621.2 lg/ml for fluores-
cein and 29.6 and 1214.4 lg/ml for DexP, respectively.
Thus, the measured maximum and minimum values varied
by a factor of 34 for fluorescein and by at least 41 for
DexP.

http://oto.wustl.edu/cochlea
http://oto.wustl.edu/cochlea


Fig. 3. Conventional way of presenting substance concentrations in
microdialysis experiments based on the measurements shown in Fig. 2 and
after correction for the recovery rate of the microdialysis probe. The data
are not corrected, however, for additional clearance due to substance
removal through the dialysis itself.

Fig. 4. Comparison of substance concentrations of dexamethasone
phosphate (DexP) and fluorescein in the basal turn of scala tympani.
The average concentrations of DexP and fluorescein at the sampling time
points of 187.5, 200 and 212.5 min are plotted only for those experiments
where data for both of the two substances are available (n = 9). Note, that
the applied concentration of DexP was less (8 mg/ml) than that of
fluorescein (10 mg/ml). The right panel shows the correlation between
DexP and fluorescein concentrations in individual animals.

Fig. 5. Comparison of RWM permeabilities (RWM perm.) for dexa-
methasone phosphate (DexP) and fluorescein, derived from simulations.
The left panel shows the averaged RWM permeability for the two
substances and the right panel shows the correlation between RWM
permeabilities for DexP and fluorescein in individual animals.

Fig. 6. Computer assisted interpretation of in vivo microdialysis exper-
iments. Upper panel: time course of dialysis samples calculated by the
model (filled circles), using model parameters (such as RWM permeability)
to best fit the model results to the measured concentration time course
(open circles). Lower panel: calculated concentration time courses in ST
based on: (1) correction for the recovery rate of the microdialysis probe
(open squares), (2) the concentration at the dialysis location determined by
the computer simulation (solid triangles), and (3) the concentration at the
dialysis location determined by the computer simulation without the
additional clearance due to the removal of substance from the cochlea by
microdialysis (solid squares). ST, scala tympani.
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Round window membrane permeability was estimated
using the finite element computer model as described in
the methods section. This calculation considered all exper-
imental details, including distance of the probe to the
round window membrane and individual fractional
recovery of the probe. The calculated average RWM
permeability for fluorescein was 0.57 ± 0.61 · 10�7 m/s
(minimum: 0.06; maximum: 2.10), and for DexP



Fig. 7. Calculated influence of dialysis on perilymph concentration of
dexamethasone phosphate with distance along scala tympani. The kinetics
in perilymph is markedly influenced by the loss of drug into the dialysis
probe.
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0.35 ± 0.46 · 10�7 m/s (minimum: 0.04; maximum: 1.60)
(see Fig. 5).

After determination of the round window permeability
through reverse parameter identification using multiple for-
ward simulations, the expected concentration time course
at the sampling location was calculated in the presence
and in the absence of microdialysis. An example is shown
in Fig. 6. The upper panel shows that the dialysis samples
predicted by the model compare well with the experimental
data. In the lower panel, the scala concentrations giving
rise to the samples are calculated. The scala concentration
calculated in the presence of dialysis again compares well
with the concentration predicted from the measured data
when considering the recovery rate. The third curve, how-
ever, shows the model calculation for exactly the same
parameters except that the dialysis was turned off. The
scala concentration in the absence of dialysis appears much
higher than that when dialysis is present, demonstrating
that microdialysis contributes a significant additional clear-
ance of substance from the system. Thus, the concentration
time course of drug in the cochlea would be higher if dial-
ysis were not performed, than it is in the presence of dial-
ysis. This is further demonstrated in Fig. 7, which shows
the calculated longitudinal distribution of substance along
the cochlea in the presence and absence of dialysis. It can
be seen that the dialysis probe acts as a ‘‘sink’’, removing
a significant proportion of solute from the perilymph and
thereby significantly disturbing the perilymph kinetics that
would otherwise occur.

4. Discussion

There is limited information concerning drug levels
inside fluid spaces of the inner ear after topical administra-
tion to the round window membrane of both human
patients and laboratory animals. Since there is no drug
approved yet for clinical application to the RWM
preclinical data are necessary including pharmacokinetic
data. Microdialysis has been proposed as an effective way
of assessing cochlear fluid composition of laboratory ani-
mals. It has the advantage of repeated measurements
allowing drug time course determination, prevention of
artifacts from perilymph volume loss through leaks and
less disturbance of perilymph due to the low amounts of
drug recovery.

The in vitro experiments in this study with tubular mod-
els of different size showed that despite the low amounts of
drug recovery, microdialysis causes a decrease in measured
substance concentration which is relevant for small fluid
compartments comparable to the dimensions of the
cochlear scalae. The loss of drug from the fluid space into
the dialysis probe therefore needs to be considered when
interpreting pharmacokinetic studies using microdialysis
in vivo. Since the dialysis represents a form of clearance
of drug from the scala, it has to be considered whether
the clearance by dialysis is significant. This depends to
some extent on the cochlear pharmacokinetics, as for sub-
stances that are cleared rapidly by the cochlea, the influ-
ence of dialysis is less significant than that for a
substance which is cleared very slowly by the cochlea.
Other groups have presented clearance values (elimination
kinetics rate constants) derived from measurements of the
decline in perilymph concentration using microdialysis
after RWM application is terminated (Hibi et al., 2001;
Hunter et al., 2003). These clearance rates are likely to
greatly exaggerate the physiologic clearance rate and
should not be regarded as accurately representing peri-
lymph kinetics in the absence of microdialysis. Thus, for
dialysis experiments, in addition to drug clearance to the
systemic blood flow, binding or metabolism, the loss of
drug from the perilymph due to the dialysis procedure itself
needs to be considered. One useful approach in the consid-
eration of these sampling artifacts is by estimating the
actual concentration using the above mentioned computer
model or by a similar mathematical strategy. However, it is
not possible to accurately assess the physiologic clearance
rate through such analysis in the presence of a non-physi-
ologic clearance caused by dialysis. This limitation does
not invalidate all uses of dialysis data. For example, the
RWM permeability properties established in the present
study are thought to be an accurate representation, since
the analysis takes into account the concentration gradient
and should be unaffected by the dialysis. However, quanti-
fication of the perilymph kinetics of a drug, which depends
critically on the rate of clearance of the drug from the
cochlea, cannot be reliably assessed with the present micro-
dialysis method. Nevertheless, it is apparent that the values
derived by microdialysis are still much closer to the
expected actual concentrations in perilymph than those
obtained through ‘‘conventional’’ volume sampling tech-
niques through the RWM or through the cochlear wall in
the basal turn. There, it has been estimated that 10 ll fluid
samples contain as little as 15% perilymph with the balance
of the fluid volume being cerebrospinal fluid which is
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drawn into ST through the cochlear aqueduct (Salt et al.,
2003).

When compared to the two other published studies mea-
suring dexamethasone concentration in the guinea pig
cochlea after RWM application, our values are much
higher: 291.5 ± 369.3 lg/ml versus 1.6 ± 1.0 lg/ml in Par-
nes et al., 1999 and 13.2 ± 10.6 lg/ml in Chandrasekhar
et al., 2000 study, respectively. Several factors have to be
considered when comparing the available results for drug
concentrations in the three studies: (1) the applied concen-
tration, (2) the application time, and (3) the sampling pro-
cedure including sampling volume and location of
sampling. For one study (Parnes et al., 1999) it was shown
that the published steroid levels grossly underestimate the
actual levels in perilymph before sampling due to artifacts
associated with repeated large volume samples (4 · 10 ll
perilymph aspiration near the cochlear aqueduct with sub-
sequent dilution by cerebrospinal fluid) (Salt et al., 2003;
Salt and Plontke, 2005). A similar explanation probably
accounts for differences with the study by Chandrasekhar
et al. (2000) although quantitative interpretation is not pos-
sible due to the incomplete description of methods in that
publication.

Another factor contributing to the differences is the
application time. The continuous application paradigm
used in this study is likely to cause higher intracochlear
drug levels than the single shot application which was used
by the other groups. In our experiments, the estimated peri-
lymph concentration giving rise to the average concentra-
tion in the 25–37.5 min microdialysis sample was 28.4 ±
34.5 lg/ml. After considering all of the above factors in
the application and sampling strategies, this value appears
in good correspondence with the measurements in the two
other studies.

In addition to the quantification of substance concentra-
tions in perilymph, a major conclusion from our in vivo
experiments is the considerable range in concentration
observed for both, fluorescein and DexP concentration in
scala tympani. A high variation in drug concentrations
measured in perilymph samples after RWM application
has also been described by other authors: Parnes et al.
(1999) found maximum concentrations of 1.6 ± 1.0 lg/ml
for dexamethasone, 72.4 ± 23.3 lg/ml for hydrocortisone,
and 50.4 ± 19.1 lg/ml for methylprednisolone in scala tym-
pani perilymph samples after round window delivery.
Chandrasekhar et al. (2000) measured 13.2 ± 10.6
lg/ml of dexamethasone. A peak concentration of
952.3 ± 382.7 lg/ml prednisolone was recorded by Bach-
mann et al. (2001). Hoffer et al. (2001) reported a peak con-
centration of 900 lg/ml (gentamicin) with a standard
deviation of 1994 lg/ml and a range of 633–6950 lg/ml
after intratympanic injection and sample volume aspira-
tion. Using microdialysis for measuring drug perilymph
concentrations Hibi et al. (2001) reported gentamicin peak
concentrations of 2900 ± 1200 and 3000 ± 900 lg/ml
depending on the protocol for application to the round
window membrane.
We think that these variations in perilymph concentra-
tions are mainly based on a significant variability in
RWM permeability. Therefore, the quantification of
RWM permeability is extremely important as this factor
appears to dramatically influence the perilymph levels of
drug achieved. A high inter-individual heterogeneity of
the drug concentration within the inner ear due to variabil-
ity in RWM permeability with subsequent variability of the
therapeutic effects was specifically suggested by Chelikh
et al. (2003) who applied inulin or mannitol topically to
the RWM. The radioactivity in cochlear perilymph mea-
sured at day four after application of 3H-mannitol and
3H-inulin were 156 ± 80.3 and 16 ± 10.6 cpm/ll,
respectively.

Studies using methods other than fluid aspiration (i.e.,
‘‘volume sampling’’), and thereby avoiding or at least min-
imizing sampling artifacts also suggested a considerable
inter-animal variation in RWM permeability. Using ion
selective electrodes, Salt and Ma (2001) and Salt et al.
(2003) measured TMPA levels in scala tympani after round
window application before and during sample aspiration.
Measured TMPA levels and calculated round window per-
meabilities showed a rather larger degree of variation and it
was hypothesized that RWM permeability may also be
influenced by manipulations of the middle ear and/or
intracochlear pressure (Salt and Ma, 2001; Salt et al.,
2003). Understanding the origins of RWM permeability
variation and of treatments that influence permeability
could be of potential interest for clinicians.

In our experiments, variation in the concentration
reached after continuous application do not appear to be
caused by the analytic methods employed. Fluorescein
and DexP were analyzed by different methods and the ratio
between fluorescein and DexP concentration measured in
microdialysis samples were rather constant throughout
the experiments. Since sampling substances from cochlear
fluids using microdialysis is a continuous sampling tech-
nique, variations are also unlikely to be a problem of
inter-sample variation.

Another aspect, however, is the conversion of dexameth-
asone-21-dihydrogen-phosphate as the commercially avail-
able, stable, applicable form into the active moiety
dexamethasone by phosphatases (Kroin et al., 2000).
Although we think that due to the short distance between
the application site (RWM) and the microdialysis probe
location, the amount of conversion before detection by
the probe is low, we have not quantified this in our study.
However, separately quantifying the prodrug and the
active drug might be of interest in further studies, especially
when investigating dose–effect relationships.

The conversion of the prodrug into the biologically
active drug, but also binding to cochlear glucocorticoid
receptors and the method of microdialysis contribute to
removal of dexamethasone phosphate from the cochlear
fluids. They are pooled together in what we call clearance
in general and cannot easily be separated from each other.
Since clearance was considered in the computations, the
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calculated RWM permeability values should not be
affected. In addition to the RWM permeability, however,
these biological processes and the microdialysis method
itself may all contribute individually to the large variation
seen in the scala tympani perilymph concentration.

Despite the advantages described above, microdialysis
does not appear to be a suitable method for measuring con-
centrations at locations distant from the basal turn of the
cochlea. The probe used in our study was the smallest
commercially available to this date, with a probe tip of
0.24 · 1 mm. It is currently not possible to insert a
probe tip of this size into higher turns of the cochlea
without damaging the boundaries between the fluid
compartments.

In summary, microdialysis is a suitable method for: (i)
quantification of substance concentrations in the basal part
of scala tympani in animals with a cochlea the size of the
guinea pig or larger, (ii) for quantification of round win-
dow membrane permeability and (iii) for the reduction of
sampling artifacts due to the low amount of drug recovery.
The limitations of the method in pharmacokinetic studies
in the inner ear are: (i) the greater technical difficulty of
the method, (ii) the restricted locations available for mea-
surement (i.e., basal turn), and (iii) the inability to quantify
clearance values accurately for the inner ear.
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